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ABSTRACT

The underwat er acoustic environnent and sound propagation
characteristics associated with five offshore oil drilling
industry sites in the Al askan Beaufort Sea were neasured during
the m d- August to m d- Septenber 1985 period, conpleting the first
year field effort of a tmo-yearcfrogran1 Simlar information on
a sixth site had to be estinated since heavy sea-ice prevented
research vessel access. Sone of these sites were active.
Analysis of the field data has resulted in a conpilation of
anbi ent noi se statistics, noise signatures of sources of sound
associated with oil industry activities at those sites, and a
quantitative ability to predict noise levels fromoil industry
activities as a function of distance fromthe sound source.
Previous research by LG (environnental research associates) and
BBN Laboratories regarding behavioral responses of bowhead whal es
(Balaena mysticetus) and gray whal es (Eschrichtius robustus) to
acoustic stimuli have been used in this study as well. The
synthesis of the new acoustic data with prior information
regardi ng whal e behavioral response to underwater sound has
permtted the derivation of site-specific estimates of zones of
i nfluence relating whal e response to industrial noise. The
results of this first year effort are provided in this report.
The summer 1986 field measurement research will be used to
suppl ement these results.

_ The sound propa?ation findings to date indicate that there
is very efficient cylindrical spreading (10 |og Range) of
acoustic energy at least to ranges of about 5 km near the Al askan
Beaufort sites studied. A 10 log Ralgorithmis used to
extrapol ate | osses beyond the 5 km neasurement range but nust be
verified by experinment in 1986. Two acoustic criteria have been
used in relating industrial noise |levels to whal e behaviora
response; predicted signal-to-noise ratio (S:N)in the 1/3-octave
band of highest S:N and absolute received sound pressure level in
the effective bandwi dth of the signal. Since it is not known at
the present tinme which criterion Is nore inportant in eliciting
response in bowhead and gray whal es, both have been considered in
developin% behavi oral response predictions. However, major
enphasi s has been on signal-to-noise ratio in the bowhead
response di scussions and absol ute received |evel has received the
nost attention in gray whal e response.

Site-specific zones of potential responsiveness of bowhead
whal es (for a signal-to-noise ratio at the whale of 20 dB) are
estimated to extend to 6-22 km from a dredge noi se source, 11-30
km for tug noise, 6-19 kmfor drillship noise and 0.1 to 1.7 km
for man-nmade gravel island drilling noise. Only a fraction of
t he bowhead whal es are expected to respond in the 20 4B signal-
t 0-noi se situation.
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However, roughly half of bowheads have been observed to
respond (approxi mate avoi dance probability of 0.5) when the
signal -to-noise ratio is 30 dB. At the sites investigated, 30 dB
signal -to-noise ratios are expected to occur at distances of 1.5
to 7.4 kmfor dredge noise, 2.7 to 13 km for tug noise, 1.3 to
6.5 km for drillship noise and 0.02 to 0.7 kmfor island drilling

noi se.

Simlar zones of responsiveness predictions for gray whale
response to drillship noise in the Beaufort Sea are presented for
signal -to-noi se ratios of 20 and 30 dB.

Wth regard to using the absolute received level criterion
associated wth drillship operation at the selected sites, zones
of responsiveness of gray whales vary in range fromthe sites
from1.9 to 16 kmfor a received level of 110 dBre 1 yPa and 0.1
probability of avoidance and 0.6 to 6.0 kmfor 120 dB received
l evel (0.5 probability of avoidance). Bowhead whal e zones of
responsi veness on the other hand vary from 1.1 to 11 kmand 0.2
to 2.9 kmfor received levels of 110 dB and 120 dB, respectively.

--ﬁ-‘---—_-—ﬁ-ﬁ
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EXECUTI VE SUMVARY

Thi s reFort presents the results of the first year of
research applied in a two-year program concerning behaviora
responses of endangered whales to industrial noise sources
associated with offshore oil exploration in the Al askan Beaufort
Sea. The basic purpose of the research is to derive, conpile and
apply the data and support information needed to devel op an
under standi ng of the distances between a sound source and whal e
when one may expect industrial noise to be detected by whales as
evi denced by elicitation of some behavioral response. The
endangered whal es of concern to this project are the bowhead
whal e (Bal aena mysticetus) and gray whale (Eschrichtius
robustus). Field work was required to develop a quantitative
escription of the acoustic environment, including definition of
t he sound propagati on characteristics, at planned and active
of fshore oil drilling sites. The first increment of that work
was performed from 16 August to 19 Septenber 1985. O her
essential ingredients in the research reported here are
hi storical data regarding responses of bowhead whal es and gray
whal es to industrial underwater noise, derived in recent years by
LG Ltd. and BBN Laboratories, respectively, and statistically
based anal ytical techniques.

Five offshore drilling sites in the A askan Beaufort Sea
were selected by Mnerals Managenent Service to be studied:

Orion, where the Concrete Island Drilling System (CIDS)
was operated by Exxon in Harrison Bay; the CIDS was at
the Orion site during our field period but not in full

operati on,

Sandpi per |sland, a man-made gravel island used as a
base for standard drilling equi pment, operated by Shel
near Prudhoe Bay

Hammer head Prospect, drillship CANMAR EXPLORER I, north

of Flaxman Island; Union G| of California (Unocal)

Eri k and Belcher Prospects, drilling expected to be
performed by drilling vessel KULLUK, north and east of
Barter Island, respectively; Amoco.

In addition, Shell’s Corona prospect was visited; CANMAR EXPLORER
Il was also scheduled to operate at Corona. Similarly, sone
acoustic data were acquired at Northstar and Seal |slands, two
man- made gravel islands near Sandpiper, to supplenent the
description of the acoustic environnent of the region.

Vii
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The environmental conditions existing during the field
measur ement work were domi nated by drifting sea ice and, at
times, heavy w nds, which conbined to permt acoustic measure-
ments during only 15 daKs of the contracted 35 day field
per iod. The unusually heavy ice conditions in 1985 prevented the
acqui sition of any data at Hanmerhead and hanpered data
acquisition at other sites. The acoustic data acquired by us
have been suppl emented with copies of 1985 data tapes obtained by
G eeneridge Sciences, Inc., providing acoustic signatures from
drilling at Sandpi per Island and drillship CANMAR EXPLORER || at

Hanmer head.

Ambi ent or natural background underwater noise data were
acquired at the above sites ?except Hamrer head) during 5-15
mnute periods at randomintervals during the day. The resulting
recordings were anal yzed to provide both narrowband and one-third
octave band spectra. Cunulative distribution functions were
derived to estimate the 5th, 50th and 95th percentile statistical
levels of anbient noi se experienced at each site. The resulting
dat a Presented in this report are critical to the devel opnment of
signal -to-noise ratio statistics which are used in predicting the
behavi oral responses of whales. The acoustic environnenta
characteristics of Hanmmerhead have been estimated based on
qgggurenents at simlar sites, pending actual neasurenents in

The radi ated noise or underwater sound signatures of two
t ugs working together at Sandpi per Island, one tug working with a
dredge barge at Erik, a clamshell dredge at Erik, EXPLORER I
drillship operations at Hamrerhead and gravel island drilling at
Sandpi per were all acquired and anal yzed. Both narrowband and
one-third octave band anal yses were perforned.

Measurement of the sound propagation or transm ssion |o0ss
(TL) characteristics from each site toward the expected |ocation
of whal es was performed, usually using a controlled sound source
and neasuring received sound level as a function of distance from
that source. A second nethod used was to neasure noise |evels
versus distance from sone continuous industrial noise source
associated with a particular site. These methods are range
limted to a maxi num di stance of about 5 km To estinmate
propagati on | oss rates over |onger ranges, published data on
recei ved levels of seismc survey pulses in a typical Al askan
Beaufort Sea area were considered. Acoustic transmission loss is
very site-specific and hence there is a need to neasure the TL
characteristics of each site. These data are the nobst critica
el ement in the description of the acoustic environment of mgrat-
ing or feeding whales since only a quantitative description of
the site-specific TL will permt valid predictions of Industrial
noi se levels at expected whale |locations. The neasurenents have

viii
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denonstrated that a cylindrical spreading |aw applies, at |east
over short ranges, at each of the sites visited. This law
describes a I oss of acoustic energy according to 10 | og (range)
fromthe source. Variations in ocean bottom and surface
conditions at each site, e.g. bottom composition, ice cover, wave
conditions, cause site-specific differences in the TL algorithns.

Sub-bottom conditions also influence sound propagation
There is strong evidence that the presence of sub-sea pernafrost
and overconsolidated clay sedinments contribute in an inportant
way to unusually efficient sound transm ssion over the
continental shelf of the Beaufort Sea. In fact, conparison of
the TL characteristics in the Beaufort with those neasured in
simlar water depths in nore tenperate ocean areas denonstrates
that the Beaufort TL characteristics are unusually efficient; TL
in other areas frequently is found to vary as 15 [og R and
sometimes as high as 25 log R

It nust be enphasized that the 1985 TL data are based on
short range (5 km) experiments. Extrapolation of the 10 log R
algorithmto distances of 20-30 kmcan only be considered a
prelimnary estimate and nust be substantiated through |ong-range
experiments at each site in 1986.

The anbi ent noise statistics, industrial noise data and
acoustic transm ssion | oss data were conbi ned in anal yses
performed by LG Ltd. to estimate those distances fromthe sound
sour ces when bowhead whal es coul d be expected to detect and/or
resPond to the presence of industrial sounds. Zone of influence
tables and figures are presented which relate predicted
industrial sound levels at particular sites to historical data
regarding whale response to acoustic stinuli. Simlarly, BBN has
summari zed fromprior yet simlar research conducted in
California and the Berin? Sea investigating the behaviora
responses migrating and tfeeding gray whales to industria
underwat er acoustic stinmuli, and has discussed those data as they
may apply to gray whale response in the Beaufort Sea.

Two acoustic criteria have been used in relating industria
noi se levels to whal e behavioral response; predicted signal-to-
noise ratio (S:N) in the |/3-octave band of highest SIN and
absol ute received sound pressure level in the effective bandw dth
of the signal. Since it is not known at the present tine which
criterion is nore inportant in eliciting response in bowhead and
gray whal es, both have been considered In develoEing behavi or al
response predictions. The analysis applied in this research has
assuned that either one or both of these two criteria represent
t he basic causal acoustic neasure(s) regardinﬁ behavi or a
response. Less enphasis has been given to other factors such as
visual cues. For i1nstance, both the previous bowhead and gray
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whal e sound pl ayback research discussed in this report considered
visual cues as a possible influencing factor in the experinental
prot ocol through observing whal e behavior during vessel presence
but without sound playback or seismc sound radiation. However,
maj or enphasis has been on signal-to-noise ratio in the bowhead
response discussions and absolute received level has received the
nost attention in gray whale response studies.

Wth regard to the bowhead whal e, which comonly inhabits
the coastal regions of the Beaufort Sea in the sumer (the gray
whale is rarely seen), LG has estimated that depending on the
specific site of interest, the zones of potential responsiveness
(di stance between sound source and whale) typically have a radius

of :

Dr edge: 1.5 to 7.5 km
Tug 2.5t0 13 km
Drillship: 1.3 to 6.5 km

icial Island Drill I nQ: 0.02 to 0.7 km

=5

These radii are based on the observation that about half of the
bowhead whal es show avoi dance responses (probability of avoi dance
of about 0.5) to the onset of industrial sounds which have a 30
dB SSN. A small proportion of the bowheads react when the s:N
ratro is about 20 dB, which would occur at greater ranges than

t hose sunmarized above. On the other hand, sonme bowheads
apparently tolerate S:N ratios as high as 40 dB; for those

i ndi vidual s the zone of responsiveness is snaller.

Predi ctions of gray whal e zones of responsiveness based on
S:N ratio are quite simlar to those noted above for bowheads.
The followi ng zones of responsiveness to drillship noise are
estimated for gray whales in the Beaufort Sea. The estimtes
have been calculated for 0.1 and 0.5 probability of avoi dance
corresponding to received levels of 110 dB and 120 dB re 1 uPa,
respectively. The radius of the zone of responsiveness is site-
specific, as is the case for use of the SN ratio criterion for

zone estinates.

Drillship Noi se: 110 dB re 1 uPa 120 dB re 1 nPa

Probability of Avoi dance: 0.1 0.5

Est. Range (Zone of Responsiveness)

Belcher 4.1 km 0.9

Erik 7.7 2.0

Hammer head 8.0 1.8

Sandpi per 15.6 6.0

Oion 10. 2 3.7
X
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Bowhead whal e zones of responsiveness estimted on the basis
of these same absolute received | evels of drillship noise are 1.1
to 11 kmfor 110 dB and 0.2 to 2.9 kmfor 120 dB, respectively,
depending on the specific drillsite.

All of the details of the findings of this first year

research effort covering the 1985 neasurenent season are
contained in the body of this report.

Xi
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1. | NTRODUCTI ON AND OBJECTI VES

The continuing exploration and devel opnent activities
regarding oil and gas resources in the Alaskan Beaufort Sea,
Quter Continental Shelf (OCS) region, carries with it the need
for investigations relating to potential environnental inpact.
Included in that issue is a need to quantify the extent to which
i ndustrial acoustic stimuli may influence the behavior of endan-
gered whales. The bowhead whal e (Balaena mysticetus), in parti-
cular, frequents the Beaufort Sea from March into Cctober (e.g.
Braham et al, 1980, Ljungblad et al, 1985a), including areas of
oil and gas exploration and devel opment. The gray whale
(BEschrichtius robustus) also feeds in the Arctic during sumrer
nmont hs, although they are not sighted frequently in the Beaufort
(Braham, 1984; Marquette and Braham 1982). Concern regarding
potential environmental inpact has centered on these two
endangered species. |In the process of developing a quantitative
under st andi ng of whal e behavioral response to acoustic stinmuli,
it is necessary to quantify the underwater anbient noise
characteristics, the acoustic signatures of various industria
“activities, and the underwater sound propagation characteristics
of the region (which, nore often than not, are site-specific) in
order to predict sound |levels at potential whale |ocations. The
resul ting data nmust be conbined with the results of research into
t he behavioral response of whales to acoustic stinuli obtained
t hrough extensive observation of undisturbed behavi or under
natural conditions, during disturbed conditions fromuncontrolled
“intrusions” by industrial activity, and during controll ed
experiments. Statistical analysis of the resulting data provides
t he needed understandi ng of the behavioral response of whales to
acoustic stimuli as a function of such variables as anbi ent
background noi se and the frequency content and |evel of the
sounds (which vary with di stance between the sound source and
whal e)
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Accordingly, Mnerals Managenent Service (MVB) contracted
BBN Laboratories Incorporated and their subcontractor? LG Ltd.,
(environmental research associates), to performa two-year
research project which will devel op the needed quantitative
under st andi ng of whale behavioral response to acoustic stimuli at
site-specific sites in the Al askan Beaufort Sea. Required tasks
under the project includes neasurenent and nodeling of the
acoustic environment at selected sites on the Al askan Beaufort
Sea OCS during the 1985 and 1986 sunmer/fall seasons by BBN and
the use of the resulting data by LG to devel op an understandi ng
of whal e behavioral response. Field data and anal yti cal
experience gained by BBN and LG in previous research projects
regardi ng environnental acoustics and the responses of bowhead,
gray and hunpback whales to controlled acoustic stinmuli (Malme
et al., 1983, 1984, 1985, 1986; Ri chardson 1985; Richardson
et al., 1985a,b,c) are key elenments in the design and performance
of this project. The follow ng purpose and objectives of this
project are quoted fromthe contract.

Pur pose

The purpose of this project is “to provide information
necessary to predict the range at which bowhead and gray whal e
behavior is likely to be influenced by sounds produced at

specific offshore drilling sites.”

obj ecti ves

The objectives are “to develop and inplenment a research plan
in the Beaufort Sea | ease sale area to:

A, Acquire measurenments of the acoustic environment prior
to the onset of industrial operation
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B. Measure transm ssion |oss characteristics of sounds
associated wth activities of each offshore drilling
site concurrent with the major period of exploration (in
1985 and 1986) resulting from Diapir Field Lease
Sales 71 and 87.

C. Mnitor the characteristics of sounds associated with
offshore drilling sites throughout the study period. As
appropriate for the specific site, marine geophysical
sounds will also be nonitored as a secondary focus.

D. Synthesize, through mat hematical/statistical techniques,
the results of objectives A-C with data and/or sinple
nodel s of bowhead and gray whal e response to sounds
associated with offshore drilling activities in order to
develop site-specific “zone of detection/potential
I nfl uence” projections.

E.  Coordinate with ongoi ng endangered species studies in
the Beaufort Sea area and maintain appropriate |iaison
with |ocal residents and governnent agencies.

F. Prepare appropriate tabular or graphic results, synthe-
size with other recent literature and report findings.”

This report summarizes the measurenents nmade during the 1985
field season (16 August-19 Septenber) and presents the results of
t he anal yses perforned on the field data, the synthesis of whale
response in the context of the 1985 acoustic environment, and the
derivation of zones of potential influence on whales. MV re-
quested that data be acquired at five sites within the specified
| ease sal e area:
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Hanmmer head (Unocal),
Sandpi per (Shell),
Orion (Exxon),
Erik ( Anoco),

¢« "Belcher (AnDCO).

One additional site was visited, Corona (Shell). Since a limted
anmount of industrial noise data were obtained at these sites
within the contracted field period (BBN could not reach

Hammer head during drilling operations due to intervening pack
ice, for instance), sone noise data were obtained for Hanmerhead
and Sandpi per from Greeneridge Sciences Inc. through MV5, LG,

Unocal and Shell. Greeneridge (Dr. Charles G eene] acquired
acoustic data for other purposes at Hammerhead and at Sandpi per
(which conducted drilling operations before or after BBN was in

the field) and provided those data to this project. Detailed
results fromthe Geeneridge studies are given by McLaren, et al
(1986) and Johnson et al. (1986). Mre detail on site locations
and site activity will be given in Sec. 2. The 1985 sunmer
season in the Al askan Beaufort Sea was dom nated by unusually
heavy drifting sea-ice conditions. Since our vessel, the M,v.
JUDY ANN operated by Cceanic Research Services, could only work
in up to 2/10 ice cover conditions, the fluctuating insurgence of
ice and heavy wind at the sites resulted in acquisition of
approximately half of the desired data.

As noted in the stated purpose of this research project, the
potential inpact of industrial acoustic stinuli on gray whales in
the Al askan Beaufort Sea must be evaluated. \Wile the dom nant
endangered whal e species in that area is the bowhead, gray whal es
are observed occasionally in the western regions of the Beaufort
Sea and in the eastern Chukchi Sea (Braham 1984, Ljungblad et al.
1985a, Marquette and Braham, 1982). Sone have also been seen at
ti mes near Prudhoe Bay, and near Tuktoyaktuk in the Northwest
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Territories (Rugh and Fraker, 1981; Richardson, 1985). The
primary gray whale sumer feeding grounds are in the Northern
Bering Sea and Sout hern Chukchi Sea regions (Braham, 1984). A1
of these areas are candidates for oil exploration and

devel opnent .

BBN has performed research studies (Malme, et al. 1984,
1985, 1986) regardi ng behavioral responses of mgrating and
feeding gray whales to controlled acoustic stinmuli (playback of
underwat er sounds associated with oil and gas exploration and
devel opment). This report will discuss the responses of
mgrating gray whales to acoustic stimuli in the Beaufort Sea
envi ronment by applying the results of BBN studies of mgrating
gray whales in California and feeding gray whales in the Northern
Bering Sea.

Section 2 of this report provides details of the study area
and met hods used to acquire the data needed to describe the
acoustic environnent of the selected sites and to performthe
behavi oral response analysis. The results of the 1985 portion of
this project are presented in Sec. 3 including:

a statistical description of the short-term anbi ent noise
envi r onnent

a presentation of the underwater industrial sounds
measured at various sites,

sound propagati on characteristics of each site (acoustic
nodel s), and

synthesis of whale response to sounds including
derivation of zones of potential influence.
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Concl usi ons and recomrendations fromthis initial 1985 phase of
the research effort are given in Sees. 4 and 5, followed by a
listing of cited literature. Appendix A provides a sumary of
sound propagati on (range) for various conbinations of industria
noi se types, signal-to-noise ratio, absolute received level, and
bottom sl ope. Appendix B sunmarizes previous data on observed
and neasured endangered whal e responses to industrial noise, and
Appendi x C presents a review of selected literature, regarding
bowhead whal e research in the Beaufort Sea.
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2. DESCRI PTI ON OF THE STUDY AREA AND METHODS

2.1 The Study ‘Area and Selected Sites

The study area for this project, as noted previously, is the
continental shelf of the Al askan Beaufort Sea. The specific
sites to be studied were selected by M nerals Managenment Servi ce.
Figure 1 gives the layout of the coast from Point Barrow in the
west to Demarcation Bay at the U S./Canadi an border to the east
with the six sites |ocated fromHarrison Bay to the Barter Island
region and Table 1 provides details of the site locations, water
depths, operators and general comments. The field neasurenent
period was 16 August-19 September 1985. Expected industria
operations on several of the sites were not begun during the
field period, in part because of seasonal drilling restrictions
designed to prevent drilling during the bowhead m gration
season. The Concrete Island Drilling System (CIDS), t he GLOMAR
BEAUFORT SEA |, did not reach the Orion site (coordinates shown
in the table) until late in August and drilling operations there
di d not commrence until after the BBN field period. Drilling at
Sandpi per Island was curtailed during part of the bowhead
mgration period. The drillship CANVAR EXPLORER II was forced
off the drillsite at Hammerhead by ice before the BBN vessel
(JUDY ANN) could reach the site and did not resune operations
until 19 Septenber, when BBN had to stop neasurenent work. The
circular drillship KULLUK did not occupy either Erik or Belcher
sites as scheduled. A dredge (ARGILOPOTES) and tug (ARCTIC FOX)
were working at Erik at the tinme of acoustic neasurenents by BBN,
however .
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2.1.1 Mgration habits

It is inportant to summarize briefly the mgration habits of
the bowhead in relation to the study area and the sel ected opera-
tional sites. Figure 2 includes a general indication of the
routes and/or corridors for spring and fall mgration. The
spring mgration route in the March-Muy period heads eastward
from near Point Barrow to 50-90 n.m. offshore follow ng open
| eads in the ice cover, often categorized as 8/10-10/10 condi -
tions. Most of the mgration route is in deep water north of the
continental shelf edge. Ljungblad (1985a) and Braham et al.
(1980) provide anple evidence of the regularity of the spring
mgration route. Swinmng speeds are generally between 3-8 km/h
(Carroll and smithhisler, 1980) and behavi or consists primarily
of traveling with some social activity once the whales |eave the
Barrow area. Ljungblad distinguishes between the specific
mgration corridor and the broad migration route since his year-
t o-year observations generally show that the “corridor” w dth may
change from year-to-year but that the general route is relatively
invariant. The general inpression fromthe results of Ljungblad,
Braham and others is that the offshore spring route is probably
dictated by ice conditions. Bottomfast ice and floating fast
ice extend at least north to the offshore shoal regions on the
North Slope. In early spring the 10/10 solid ice cover extends

far offshore.

The fall west-bound mgration pattern is equally repeatable
in all reported observations, with the Ljungblad dat a- base being
the | argest (Ljungblad, et al. 1985a). A few bowheads start to
| eave their traditional summering grounds in the Canadian
Beaufort Sea in |late August, but many whal es do not enter Al askan
waters until |ate Septenber, depending on the ice conditions. In
their westerly novenent, the bowheads travel parallel to the
coastline, generally offshore of the 10-fathom (18-m bathynetric

10
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contour. The 10-fathom contour also defines the |ocation of
shoal regions in-shore of that contour where grounded ice occurs
in winter (these regions are called stamukhi zones by Arctic
marine geol ogists]. The inshore fall migration route nay be
related to the need to continue summer feeding wherever possible
during the return to the Chukchi and Northern Bering Sea regions
for the winter. Ljungblad et al. (1985a, 1985c) report that

f eedi ng bowheads tend to migrate within a corridor which is
approxi mately 40-50 km wide with the southern boundary at about
the 1$-neter contour. Particularly during 1983 he reports that
non-feeding fall mgrants were observed as nuch as 120 km

of fshore, traveling in the southern region of the spring
corridor. Their southern boundary was again the 18-m contour
During light ice conditions, the westward mgration is slow

(~1 km/hr). It is acconpanied or interrupted by feeding, and
whal e calls are frequently heard. In heavy ice years, the fall
swmrng rate is fast (3 to 5.5 km/hr) and there are few calls.

Drill-site noise is probably undetectable to bowheads in the
spring mgration corridor which is 60-90 nmiles away. However the
potential exposure to detectable site noise during the fall
mgration is high. Note that Hammrerhead, Corona, Erik and
Belcher are all located within the mgration corridor. Sandpiper
and Orion are 10-15 n.m. (18-28 km south of the south edge of
the fall mgration corridor as described by Ljungblad et al.
(1985a). Sonme bowheads have been seen during fall mgration in
the general areas where oil exploration is underway (Hickie and
Davis 1983; Davis et al. 1985; Ljungblad et al. 1985a, 1985c).

2.1.2 Qcean bottom conditions

There are several inportant variables which influence the
propagation characteristics of underwater sound, including water
depth, the speed of sound (which in turn varies primarily with

12
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wat er tenperature and salinity) and the physical characteristics
of the ocean surface (roughness and ice cover) and ocean bottom
There is anple evidence (for instance, see Urick, 1983) that the
types and thicknesses of materials in the ocean bottom can cause
significant differences in propagation characteristics as the
acoustic energy interacts with the sand, silt or clay sedinents.
Exposed or sub-bottom regions of hard |ayers of bedrock, semi-
consol i dated and consol i dated sedinents often result in nore
efficient sound transm ssion than would occur with thick
absorptive soft materials such as silt and clay. Mre wll be
sai d about site-specific sound propagation |oss and the influence
of the ocean bottomin Sec. 3. It is useful here, however, to
di scuss briefly the ocean bottom characteristics in the Beaufort
Sea study area. The region of interest lies on the continental
shelf and south of the shelf edge (which is comonly defined as
the 100-fathom (180-m contour*). The 180 neter contour in the
study area is about 40-50 n.m. (>75 km) from shore. The average
sl ope of the ocean bottomto at |east 20 mles seaward fromthe
selected sites is 0.02 degrees at Sandpi per, 0.04 degrees at
Hammer head, 0.06 degrees at Oion and Corona, 0.06 to 0.16
degrees at Erik and to about 0.04 to 0.6 degrees at Belcher.
Wil e these slopes are small, they do have an inportant influence
on long range sound propagation.

Bottom naterials at the water/bottominterface on the shelf
are quite site-specific and poorly sorted but generally grade
from sand and gravel near shore (except inside the barrier
i slands where silt and clay (or “mud”) is common) to medi um and
fine sand, silt, and clay offshore, near the 100-fathom contour
(Barnes and Reimnitz, 1974; Mrack and Rogers, 1984; Naidu et

*Some Arctic marine geologists place the Beaufort Sea continental
“shelf break” at a depth of 50-70 meters (27-38 fm which occurs
about 35 n.m. from shore.

13
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al., 1984). Sedinent thicknesses below the water/bottom
interface and above the bedrock interface in the vicinity of the
sites apparently can be 750 neters or greater (Neave and Sellman,

1984) .

Two fornms of acoustically reflective intermediate |ayers
occur within the oceanic sedinentary colum of the Beaufort Sea
continental shelf; sub-sea permafrost or ice-bonded sedinents and
"overconsolidated" clay. These layers are inportant to discuss
since they alnost certainly influence underwater sound

propagati on.

| ce- bonded sub-sea pernmafrost zones are comonly encountered
in drilling operations offshore and have been attributed to
relict permafrost which formed of fshore approxi mately 18, 000
years ago when sea level fell to a mninmm (Morack and Rogers,
1984) .  These zones appear to be quite variable in thickness and
horizontal extent. Seismic refraction survey data and physi cal
sanpling have |ocated sub-sea pernmafrost at |ess than.10 neters
below the near shore water/bottominterface to 20-40 nmeters as
far as 20-60 km (11-32 n.m.) offshore from Prudhoe Bay and
Harri son Bay (Morack and Rogers, 1984; Neave and Sellman,
19849. The depths to this ice-bonded sedinent zone are quite
variable both locally and fromarea to area. Thicknesses in sone
areas may be several hundred neters and seismc refraction data
indi cate a probable pernmafrost zone as deep as 200 to 450
meters. Neave and Sellmann (1984) present data which strongly
indicate that both Orion in Harrison Bay and Sandpi per near
Prudhoe Will in all likelihood have sub-sea permafrost zones
extendi ng seaward fromthose sites. It is' probable that ice-
bonded sedi nents exist at Hamrerhead, Corona, Erik, and Belcher
as well. These layers exhibit high seismc compressional wave
speeds providing a strong acoustically reflective zone. Figure
3, adapted from Morack and Rogers (1984) and expanded to include

14
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typical “hard-rock” data, denonstrates the compressional wave
speed contrasts between unbended and ice-bonded sedinents. It is
common to nmeasure wave speeds of 2500 m see to over

4000 m' see, providing the needed conpressional wave speed
contrast for an acoustically reflective interface.

It has al so been suggested* that "overconsolidated" sub-
bottom sedinentary layers, primarily in the formof dense clay,
could also contribute to acoustic reflectivity. Laboratory tests
and field observation of environmental parameters such as water
and sedi ment tenperatures and pressures indicate that exposure to
many freeze-thaw cycles is a probable major contributor to the
overconsolidation of the clay and silty-clay sedinments*. The
result is a nmaterial which is nearly inpervious to diver-operated
sanpl i ng devi ces and which is w despread and geonetrically
honobgeneous to depths of 20-mor nore on the North Slope. It is
entirely possible that this dense clay zone works in concert with
sub-sea permafrost regions to provide efficient acoustically
reflective regions which strongly influence acoustic propaga-
tion. Mre will be said on this subject in Section 3 regarding
the site-specific acoustic propagation neasurenments and nodel s.
| deal 'y, it would be very useful to this project to obtain
substantiation of these two types of sub-bottom|ayers at each of
the sites. Attenpts will be nmade to do so through further
literature search and discussions with off-shore operators
(through MVBS) and CRREL.

*Personal comunication: Paul V. Sellmann, U S. Arny Cold
sagigpfzfggearch and Engi neering Laboratory (CRREL), Hanover
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2.2 Acoustic Environnment Measurenent and Anal ysis Met hods

The basic objective of this research project is to use
exi sting data on the behavioral responses of bowhead and gray
whal es to assess the potential zones of influence of underwater
sounds associated with industrial activities at six pre-selected
sites associated with Diapir Field Lease Sales 71 and 87 in the
Al askan Beaufort Sea. Therefore, the acoustic environment of
that region nust be defined before any site-specific analysis of
potential whale behavioral response can be acconplished. Because
of the variability of industrial activity at the sites, fluctuat-
i ng weat her and sea-ice conditions, and |limted duration of the
measur ement season, the acoustic environmental measurenents have
been scheduled to span two summer periods. As noted, this report
di scusses details of the 1985 nmeasurenents and the results of the
data analysis and interpretation in the context of whale
behavi oral response. Defining the underwater acoustic environ-
ment entails the measurenment of anbient or background noise
conditions (ideally without industrial activity contributions)
and their variability, the radiated noise signatures of the
various industrial operations proceeding at the selected sites,
and the sound propagation characteristics as a function of
di stance fromeach site (transmssion loss or TL). The analysis
of the resulting data provides a basis for predicting industria
noi se as a function of range fromeach site, and for evaluating
the detectability of those sounds in the presence of typica
variations in anbient noise.

Table 2 sunmarizes the data acquired during the planned
35 days of acoustic neasurenments during August and Septenber
1985. As noted, sone of the needed data were acquired during the
15 days when work was possible. Heavy sea-ice conditions and
poor weather frequently caused |engthy delays in reaching the
selected sites if not actual cancellation of departure of the

17



TABLE 2. BEAUFORT SEA measureMeNTs (Test Period: 16 August - 19 September 1985 = 35 Field pays).

5819 °ON 3210d3Y

Sound Sound 1 \
Anbi ent Transmi ssion Speed )
Site Noi se Loss (TL) Profile | Signatures and Comments
Hamer head None 1ee CONdi tions prevented access

AN e

d
% Wﬁalegcaﬂ during sIJL of telan
1 9/05 Drilling schedul ed but not detected
2
1

Sandpi per 1sland % 3/3%7( é)Z) ;
i

gy e LR | BB | BRI | e RSN

e VYR | e | YR |91 Aonshe] S 1w gun

3 ' backgr ound

8T

Not es: Pi\rﬁonthencal nunbers deno e nunber . of rreasurerrents or tests.
npi se segmams are 0 15 | 0

3% 8 i R”ee:ls;:h?geg Rl

CSS r lslan
roa |te

er P t 10 (1 [10 (1 oaCtivit t
Belcher Prospec %(11 m 8%19 Ed 8/19 fﬁ vmactivities on site E
Corona Prospect 9/08 (2) 9/08 (1) | No activities on site i
Northstar Island /0 (12 9/01 (1) /8% H 9/01 Island construction activity 8
/ 2 (1) / A
04 (1) 104 (1) ps
o
Seal |sland 8/18 (1) | mactivities msite .
(11
No. Site days per 14 8 15 | T @
parameter =
=]
Q
o
a]
3
™
1]
”
1]
Q2

drill r]!(ﬂz



Report No. 6185 BBN Laboratories |ncorporated

research vessel, M.v. JUDY ANN, from port. The neasurenents
achieved at the five sites specified by MVS are shown in the top
five rows of the table. Oher industrial sites visited because
they were accessible when required sites could not be reached,

i nclude Corona (a site where drillship CANMAR EXPLORER || was
expected to drill after our field season), Northstar Island, and
Seal Island, which are both artificial islands near Sandpi per
Island. The parenthetical nunbers in the table indicate the
nunber of neasurenents or tests of each type at each site. The
anbi ent noi se segments were selected at random tines during
occupation of a site, and lasted from5 to 15 m nutes each.

Since G eeneridge Sciences was al so perform ng acousti C measure-
ments at Hammer head and Sandpi per |sland for other purposes and
at a time when industrial activities were proceeding (Johnson et
al. 1986; MLaren et al. 1986), it was arranged through MV, LG,
Unocal, and Shell to obtain copies of the Geeneridge taped
signatures. Those taped signatures are listed in the notes
section of the table.

The results of the analysis of the data sunmarized in
Table 2 are provided in Section 3. Presented below are brief
di scussi ons of the neasurenent and anal ysis nethods applied under
this project.

2.2.1 Measurenent systens

Ambi ent noi se data should be acquired at the selected sites
either prior to the onset of industrial activity or, at |east,
during periods when such activities are intermttent or at a
mnimum  Such data on natural background noi se are needed as a
basis for conparison of industrial noise neasured at each site,
and to determ ne the potential zone of influence on whales.
| deal |y, an anbi ent noi se nodel should be devel oped which could
predi ct noise spectrumlevels at each site as a function of
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easily measurable environmental paraneters (e.g., Sea-state and
percent ice cover). Unfortunately, past experience in the arctic
and in nore tenperate regions has shown that the relationship

bet ween noi se level and the environnment is a conplex function and
I's dependent on a large: number of environmental paraneters.
Accurate nodels require extensive anounts of data recorded over
long periods of tine. Cearly, this is beyond the scope of this
project; but the work discussed in this report constitutes a
useful step toward that goal. Qur approach is to develop a
sinple enpirical nodel which provides a statistical characteriz-
ation of the anbient noise field. Five- to 15-mnute recordings
of anbient noise are recorded at randomintervals during the nore
l engthy period of site occupation. Analysis of the resulting
data provides a reasonable statistical sanple of the anbient

noi se conditions at that site under the conditions prevailing at
the tines or recording. |In addition to recording anbi ent noise
at each site, it is necessary to docunment physical factors which
i nfl uence background noi se, such as sound speed profile, water
depth, ice cover, sea state, wind speed, wind and wave directions
and nmeasurenent hydrophore depth.

Simlarly, the nmeasurenment of industrial noise data requires
cl ose coordination or communication with the industrial operator
to relate any changes in received sound to specific industrial

functions. In addition to |ogging the above noted physical

vari abl es, which influence industrial noise as well as anbient
noi se characteristics, it is necessary to neasure and | og the

di stance between the measurenment system and the industrial noise
sour ce.

Measurenents of the sound propagation or transm ssion |oss
(TL) characteristics associated with each site are a critical
element in developing the ability to predict potential industria
noi se |level s at expected positions of whales. These site-
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speci fic nmeasurenments were acconplished through controlled

proj ection of bands of noise froman underwater sound projector
at the research vessel and neasurenent of sound received from
that projector as a function of distance using a second vesse
(an inflatable AVON). Measurenents were made out to distances
(4 to 5 km which were limted by either the need for a
measurabl e signal-to-noise ratio or environmental (w nd, sea-
state, and ice) conditions.

2.2.1.1 Physical Measurenents

Di stances and relative positions of M.V. JUDY ANN,
industrial noise sources, and the Avon (during TL measurenents)
were obtained using the JUDY ANN s radar system \Wen the AVON
radar return was difficult to nmeasure at |arge distances due to
clutter fromdrifting sea-ice, it was necessary to resort to
measurenment of the acoustic travel times of underwater inpulses
transmitted fromthe JUDY ANN received at the AVON. Radio
transm ssion of the received inpulse time was recorded on the
JUDY ANN and conpared with the recorded inmpulse initiation tine.

A standard fathoneter provided depth infornation at the
JUDY ANN. Navigation charts were used to estimate depth profiles
along the TL paths.

Sound speed profile data were obtained through use of a
Beckman Mbdel RS5-3 I nduction Salinonmeter which provides tenpera-
ture, salinity, and conductivity of the ocean water as the sensor
is lowered in depth. Sound speed is calculated at discrete depth
intervals using a hand cal cul ator pre-programed with Wlson’s
equation:

¢ = 1449.2 + 4.623T - 0.0546T°+ 1.391 (S-35) ,
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where ¢ is the sound speed in meters/second, T is the tenperature
(“C and Sis the salinity in parts per thousand (Urick 1983).

Wnd conditions were obtained fromthe shipboard anemometer,

and sea wave and swell heights were estimated visually, Ice
cover estimtes were also estimated visually.

2.2.1.2 Acoustic Measurenent Svstems

Three acoustic neasurenent systens were applied in this
project; a primary dual channel system used for both anbient
noi se and industrial noise nmeasurenents, a single channel system
used on the AVON during transm ssion | oss experinents and for
anbi ent noise and industrial noise data collection, and a
sonobuoy system that permtted renote measurenent of ambient
noi se, industrial noise, and is also useful for transm ssion |oss
data measurenents.

Ambient and Industrial Noise Measurement System

A standard hydrophore system that conbined an ITC Type 6050C
hydrophore with a | ow noise preanplifier and tape-recorder was
used to obtain anbient noise data. The hydrophore sensitivity
and el ectrical noise-floor characteristics are showmn in Fig. 4.
The acoustic noise measurement system bl ock diagram is shown in
Fig. ba. Overall frequency response of the measurenent system
was generally flat from20 Hz to 15 kHz. All conponents of the
system were battery operated during ambient and industrial noise
measur enents. Cabl e fairings and a support float system were
used to mnimze strummng and surge noise effects on the ambient
nmeasur enment hydrophore. At tines, particularly when recording
transi ent sounds and industrial noise requiring w de dynamc
range, it was useful to record data from a single hydrophore at
two different gain settings, using both record channels. At
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7.5 in. per second, the recorder has a nom nal flat frequency
response from25 Hz to 20 kHz and a 60 4B dynam c range.

Si ngl e Hydrophore Receiver System (Avon)

Figure 5b provides a diagram of the single channel hydro-
phone system used by the second vessel (AVON). As noted, it also
uses an | TC 6050C hydrophore and i s compact, battery-operated,
and provi des the needed frequency response (30 Hz to 10 kHz at
7.5 in./sec) and dynamc range (60 dB)

Sonobuoy Measur enent System

The sonobuoy neasurenent system permits renote measurenent
(3 to 4 km of industrial noise, anbient noise, or transm ssion
| oss data, and is particularly useful when shipboard sound
sources woul d cause contam nation of the underwater acoustic data
due to their proximty to a ship-nmounted hydrophore. The sono-
buoy electronics (a Navy SsQ57a transmtter coupled with an Edo
hydrophore and Ithaco anplifier) are mounted in a 4 1/2-ft spar
buoy which can either be free-drifting or noored. The frequency
response of the systemis flat frombelow 100 Hz to 10 kHz. \Wen
nmoored, it is often placed near an industrial site and sanpled
periodically during the day while the research vehicle is per-
form ng other experiments or it can be used to receive acoustic
transm ssions during transm ssion | 0oss experinments. Figure 6 is
a bl ock diagram of the sonobuoy/spar-buoy measurenment system used
for this project. The buoy incorporates a high sensitivity,
cal i brated hydrophore, a | ownoise signal preanplifier, and a
sonobuoy radio transmtter. Battery life permts continuous
operation for about three days. A range of about 5 km has been
obt ai ned depending on the avail abl e antenna hei ght on the
receiving vessel
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2.2.1.3 Sound Projector System for Transm ssion Loss Experinents

As described previously, it is necessary to determ ne the
site-specific characteristics of sound propagation fromthe
selected industrial sites. To acconplish this, a sound source
wi th known frequency and sound | evel characteristics nust be
| ocated near a site and the level of the controlled radiated
signal neasured as a function of distance fromthe source. [If an
i ndustrial source radiates sounds in a continuous or invariant
manner, that industrial source can be used as the “transducer”.
Recordi ng that continuous sound as a function of distance
provi des the needed TL data. However, industrial sources rarely
produce invariant sounds. Hence, a calibrated source of known
characteristics is a nore useful alternative. The industria
noi se spectrum of interest to this project is primarily |ow
frequency in character, nostly concentrated below 1 kHz (e.qg.,
Greene 1985). Since sonme energy is encountered occasionally in
the 1 to 4 kHz region, it was decided that a standard U S. Navy
J-13 sound projector would suffice for the expected 1985 field
nmeasurenment conditions.* Figure 7 provides a plot of the
transmt frequency response characteristics of the J-13
transducer together with a block diagram of the sound projector
system used during this project. The J-13 projector is cali
brated by the U S. Navy Underwater Sound Reference Division of
the Navy Research Laboratory. In order to maintain continuity
fromone experinment to the next, a series of 1/3 octave band
tones and pul ses from 100 Hz to 4 kHz were recorded on a cassette
tape. The output of that tape is anplified and adjusted for
consi stent and repeatable drive signals to the J-13 projector.

As noted, the acoustic output of the J-13 is nonitored

*It appears fromanalysis of the resulting data that two J-13
transducers operated in parallel froma single |ocation probably
shoul d be used in 1986 to obtain transm ssion |oss data to
greater distances.
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continuously with an LG 10 hydrophore. The J-13 was suspended
over the side of the JUDY ANN and operated with the vessel free
drifting (engines off) next to a selected site. Ideally, the
vessel should be noored but this was not possible in the Beaufort
because of the potential-for damage by drifting ice and because
the water depths at some sites (Hammerhead, Erik, Belcher, and
Corona) were beyond the anchoring capability of JUDY ANN.

Since the variation of sound speed with depth is inportant
to the interpretation of the neasured transm ssion |oss (TL)
data, the sound speed profile is determ ned at regular intervals
with the Beckman salinometer at each site, not only before and
after the TL experinents but at the tine of measuring ambient
noi se segnents and industrial noise signatures.

2.2.2 Analysis of acoustic data

Recorded data on anbient noise, industrial noise, and under-
wat er sound propagation were analyzed to provide a quantitative
definition of the underwater acoustic environment in the Diapir
Field region of the Beaufort Sea. The analysis format was
sel ected to be conpatible with the requirenents of the ‘zone of
influence’ assessnent to be performed by LG Ltd. For exanple,

t he enphasis on third octave data in this report is a result of
data requirements for the ‘zone of influence assessnment. The
anal ysis procedures and results used by LG are described in
Section 2.3, Section 3, and Appendix B. The nethods used in

anal ysis of the acoustic data are described below, the results of
whi ch are provided in Section 3.

2.2.2.1 Anbi ent Noi se Anal ysis

The objective of the anbient noi se neasurenment and anal ysis
effort is to develop a statistical description of the variation
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of the underwater background noise conditions at each of the
selected sites. ldeally this should include |ong-term measure-
ment of noise conditions as a function of time of day, month, and
season to permit a conplete statistical description. For practi-
cal reasons, this project was only able to collect short-term
sanpl es of the anbient noise field during a 35-day period. This
results in an inconplete description of the anbient noise
condition for the sites of interest. In order to estimate the
noi se statistics over a wder range of conditions and times,

addi tional analysis was done using published wind and ice data
for the North Slope area to supplenent the summertinme neasure-
ments, resulting in noise statistics over a w de range of
conditions and times.

Estimation of the 5th, Soth, and 95th percentile levels of
the site-specific anbient noise statistics was acconplished for
both a 1-Hz band basis and for one-third octave bands spanning
the frequency range of interest. Typically, estinates were
derived for 1/3 octave bands centered at 100, 500, and 2000 Hz.
However, at the Oion location there were interfering tona
sounds at 2 and 4 kHz, so we anal yzed noi se statistics at that
site for bands centered at 100, 500, 1000, and 3000 Hz

The data anal ysis procedure enployed was as follows. The
anal og tape recordings were passed through a signal conditioner
and then through a one-third octave band filter set at the
desired frequency. The band limted signal was then anplified
using a logarithmc amplifier, filtered with a 10 Hz | ow pass
filter that acts as an envel ope detector and fed into a spectrum
anal yzer (Hew ett Packard Mdel 3562) for histogram generation
and calculation of the cunulative distribution function (CDF).
Figure 8 is a block diagram of the data analysis system Average
narrowband power spectra were also developed to provide a genera
overvi ew of the noise characteristics.
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Fromthe CDFs, three anbient noise |levels were collected:
the [ evel below which the third octave band noi se remai ned 95% of
the tinme, the nedian (50th percentile) noise |level and the |evel
below which the noi se occurs 5% of the time. The data samples
were relatively short (3 to. 5 mnutes) since we are not trying to
characterize the long term (seasonal or yearly) anbient noise
statistics. This is beyond the scope of the current effort. Qur
goal is to characterize the site-specific noise statistics at the
times we occupied the site. It is expected that the 1986
nmeasurenment effort wll result in a strengthening of the 1985
anbi ent statistics described here and in Section 3.

| ce cover and wind statistics for the Beaufort Sea regions
of interest to this study were obtained froma recent NOAA
publication (Brewer, et al., 1977). Those data, together with
established algorithnms used for estimating the dependence of
anbi ent noi se levels upon ice cover and w nd speeds, permtted
the derivation of |ong-term anbient noise statistics for ice and
w nd extrenes not encountered in the 1985 field season. The
resulting 95th, 50th, and 5th percentile anbient spectra
estimates were provided to LG for their consideration in the
synt hesi s of whal e behavi oral response.

2.2.2.2 Industrial Noise Analysis

A quantitative description of the underwater noi se associ-
ated wth industrial operations at selected sites on the North
Slope is a necessary part of this research effort, as described
previously. The objective of the industrial noise neasurenent
and analysis effort is to determ ne the source |evels of dom nant
frequency conponents of underwater noise related to industrial
operations. The 1985 field season produced a relatively snall
sanple of industrial noise due to limted site accessibility
caused by unusual |y heavy sea-ice conditions. The 1986 fiel d
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season shoul d produce a larger sanmpling of industrial noise
signatures. The analysis procedures used on the available data
are described bel ow.

The anal og recordi ngs of anbient noise and industrial noise
obtained in the field were played back into a spectrum anal yzer
and average power spectra were neasured. The durations of these
averages varied depending on the noise source but typically were
on the order of 1 to 2 minutes. The spectra were corrected for
system gai ns and hydrophore sensitivities to produce data on
absolute received levels versus frequency. These calibrated
| evel s were then conpared to anbi ent noi se neasurenents taken at
the specific sites to establish data validity in terns of
acceptable signal-to-noise ratio. Narrowband tonals and
broadband conponents that exceeded the anbient noise spectra were
assumed to be due to the industrial activity.

In some cases, where nmeasurements were made at various
ranges, the noise conponents were exam ned as a function of
range. Those which di sappeared at short ranges are typically
ignored in this analysis. (For exanple, the 90 and 100 Hz tonals
observed during drilling at the Sandpiper site, discussed in
Section 3.)

The final step in the analysis was to correct the received
level s for the site-specific transm ssion loss (TL) character-
istics to provide spectra in ternms of radiated noi se source |evel
referred to a standard reference distance of 1 neter. |ndepen-
dent measurenments of TL at the Erik site were used to derive
source level estinates, corrected to a 1 mreference range for
the two industrial activities at that site. For the Hammrerhead
data, no TL neasurenments with a calibrated invariant source were
avail able, requiring the use of the industrial noise itself
(McLaren et al. 1986) to estimate the local site-specific TL
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characteristics. The drilling activity atSandpi per |sland posed
anot her problem Although we had neasured the TL character-
istics, the environnental conditions had included 1/10-2/10 ice
cover at the tinme. The Greeneridge Sciences drilling noi se data
(Johnson et al. 1986) were acquired later, with 8/10-10/10 ice
cover. Since ice cover directly influences the sound trans-

m ssion | oss characteristics, rather than use potentially

I nappropriate TL estimates, the actual radiated noise nmeasure-
ments were used to estimate the site-specific local TL char-
acteristics and thus to adjust the Sandpiper noise spectra to 1-
meter source |evels.

2.2.2.3 Transm ssion Loss Data Anal ysis

Sound propagation data were acquired and anal yzed to deter-
m ne the dependence of received level on the range froma
calibrated source. Warble tones with a 1/3 octave bandw dth were
projected in a sequence with center frequencies of 100, 200, 500,
1000, 2000, and 4000 Hz. Recei ved sound levels of these
controlled tones were nmeasured at discrete distances fromthe
sound projector. Measurenments were made to determ ne the sound
speed profile at each of the test sites. This information was
used to select the sound source and receiving hydrophore depths
for the TL measurenments. Generally depths of 10 to 12 mwere
used which were bel ow nost observed surface |ayer effects and
representative of md-depth conditions.

The transm ssion characteristics were expected to foll ow
either a 10 Log R or al5 Log R spreading |aw depending on the
prevailing sound velocity gradients and ocean bottom conditi ons.
A 10 Log R relationship has been found tobe wi dely applicable in
t he Canadi an Beaufort Sea (G eene 1985), but few correspondi ng
data for the Al askan Beaufort were avail abl e previous tothis
project. Accordingly, a procedure wasused todeterm ne which of
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t hese characteristics provided the best fit to each data set
using a 2-parameter, | east-squares regression technique.
Cenerally the 10 Log R characteristic was found to provide the
lowest mean square error values between the neasured data and
model predictions.

The sem -enpirical transm ssion loss (TL) nodel s provided
for a selected spreading loss and two enpirically determ ned
parameters to incorporate the effects of local conditions. A
cylindrical spreading |oss nodel is appropriate for conditions
where the water depth is conparable to the dom nant acoustic
wavel engt hs, depth variation is small, and nodal acoustic theory
is applicable. It is also appropriate for conditions where
acoustic ducting and upward refraction are dominant. The node
used for these conditions can be stated as:

TL = 10 Log(Hgy) + 10 Log(R) + A(R) + Av(R) - An
+30(dBre1m (1)

where H, = (Hs + H.)/2, the average of the water depths at
the source (Hg) and receiver (H) (m,

R = the range (km,

A = the attenuation (dB/ km caused by |osses at the
bottom and surface,

Av

the attenuation (dB/ km caused by volunetric
absorption in the water (this termcan be negl ected
for frequencies |ess than 500 Hz and ranges |ess
than 20 km, and

An = the local anomaly in the source |evel caused by
bottom and surface-reflected energy (dB).

A spreading loss intermedi ate between cylindrical and
spherical spreading is applicable to shallow water propagation
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conditions where ray theory is appropriate and a significant
amount of downward refraction and bottom contacting ray paths are
present. The propagation model used for these conditions is

given as:

TL = 5 Log(H,,) + 15 Log(R) + A(R)/H,, + Av - An
+41(dBre 1 m (2)

A is again the attenuation (dB/bounce) caused by bottom and
surface reflections, but is different fromthat of Egq. (1) since
t he number of reflections is assumed to be proportional to R H,.

I n applying these equations to the analysis procedure, a
computer algorithmis used to solve automatically for the val ues
of A and An which give the |owest nean-square error for a given
data set. A data set consists of all of the data for a given
frequency at a specific test site since no significant
di recti onal dependence was observed at any of the sites.

A conputer-inplemented anal ytic transm ssion |oss nodel was
al so used to predict |ong-range sound transm ssion characteris-
tics near the test sites. This model is based on a shallow water
sound transm ssion analysis by Weston (1976) and was used to
suppl ement the transm ssion | oss data obtained during the 1985
field season. Long range transni ssion loss nmeasurements are
pl anned for the 1986 field work to check the predictions of this
nmodel and refine the zone of influence calculations. Further
di scussion of the use of this nmodel is included in Sec. 3.3.
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2.3 \Wal e Behavi oral Response Anal ysis Methods*

To estimate the radius froma specific industrial site
wthin which whales will react to its underwater sound, two nain
types of information are needed: (1) neasurements or predictions
of the levels of industrial noise at various distances fromthe
site, and (2) information about the responsiveness of whales to
varying sound levels. Previous studies have obtained consider-
able information about the characteristics of industrial sounds
fromoil industry activities in the Beaufort Sea (e.g., Ford

1977; Malme and Mlawski 1979; Cummings et al. 198la,b; G eene
1983, 1985: Moore et al. n.d.[1984]: Davis et al. 1985;

Ljungblad et al. 1985b). However, nost of these data did not
come fromthe specific sites where the Alaskan oil industry is
planning to drill. Simlarly, nost of the available data on
reactions of bowhead whales to oil-industry activities, and al
of those for gray whales, cane fromlocations different from
those where drilling is now underway or planned in the Al askan
Beaufort Sea. A central objective of this project is to obtain
the site-specific data that are necessary, along with existing
non-site-specific data, to estinmate zones of potential noise
influence for various industrial activities at several specific
sites in the Al askan Beaufort Sea.

Because different industrial activities result in sounds
wth differing source |levels and frequency composition, the type
of industrial activity at a given site will affect the size of
the predicted zone of influence. Furthernore, because propaga-
tion conditions differ between sites, the size of the zone of
influence for a given industrial activity will depend on the
| ocation of that activity. Thus, separate zone of influence

*By W John Richardson, LGL Ltd., environnmental research
associ at es.

37



Report. No. 6185 BBN Laboratori es Incorporated

anal yses are needed for each conbination of industrial activity
and site. At locations where water depth or bottom conposition
are different on different bearings, the zone of influence is
likely to extend farther in sone directions than in others.

It is inmpractical to conduct propagation experinents to
nmeasure received sound levels for each potentially rel evant
conbi nation of site, bearing, and type of industrial sound. It
woul d be even nore inpractical to test the reactions of whales to
all of these conbinations. The approach used in this study has
been to determ ne the levels and frequency characteristics of the
sounds emtted by the key types of industrial activity, to
measure sound propagation characteristics at each site of
interest, and to develop site-specific nmodels that predict
recei ved sound |l evels as a function of source |level, frequency,
di stance and bottom slope (i.e., bearing). These nodels can then
be used to make site-specific estimates of received levels of
sounds fromany industrial activity that m ght occur at that
site, provided that its source |evel and frequency character-
Istics are known. Zones of potential influence can then be
estimated, to a first approximation, by relating these acoustic
results to behavioral data from previous studies of the
responsi veness of whales to various types and | evels of
I ndustrial sounds.

2.3.1. Definition of zone of influence

Noi se can affect animals in several different ways, at |east
in theory. The sizes of the zones of audibility, responsiveness,
maski ng, and hearing damage will differ greatly [Richardson et
al. 1983). The time element (sustained vs. inpulsive high |eve
noise) is also a potential factor to consider. When t he noi se
level is extrenely high, disconfort or pernmanent danage to the
auditory systemis possible (Kryter 1985). | ndustrial noise
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| evel s high enough to cause auditory damage woul d be expected to
be restricted to relatively strong noi se sources and to
relatively close distances. Auditory damage woul d not occur at
any di stance unless the source |evel of the noise was quite

high. Thus the ‘zone of auditory danage’ is expected to be snall
or absent. At the other extreme, the behavior of an animl m ght
be affected, at |east subtly, at any di stance where the

industrial noise was audible. The ‘zone of audibility’ would be
much larger than that where auditory damage is possible. The
zone of influence of a noise source mght also be defined as the
area where animals respond overtly by avoi dance or sonme ot her
alteration in behavior. This ‘zone of responsiveness’ mght, in
theory, be as large as the zone of audibility if animals
responded to any industrial sound that they could hear. However
it mght also be considerably smaller than the zone of audibility
if aninmals responded only to industrial sounds that exceeded a
specific absolute Ievel, or to sounds that exceeded the detection
threshold by some mninmm amount. Still another possibility is a
‘zone of masking' which would be the area within which the
ability of an animal to hear inportant environmental sounds
(calls fromother nmenbers of its own species, etc.), wuld be
impaired by the nmasking effect of industrial noise.

The size of the estimated zone of influence around an
industrial site will vary greatly depending on the definition of
zone of influence thatis used. The follow ng subsections review

the major factors known or suspected to affect the sizes of the
zones of audibility, masking and responsiveness. These sub-
sections provide the justification for sone of the procedures
that we have applied in this study.

Zone of Audibility. -- This is the largest of the zones of
possi bl e influence. The radius of audibility will depend partly
on the source level of the industrial noise and on its rate of
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attenuation with increasing range. However, the size of this
zone will also depend on the anbient noise |evel and the m ni mum
ratio of industrial noise to anbient noise that can be detected.
This ratio is often taken to be 0 dB, i.e., assum ng that a sound
can be detected provided that it is no less intense than the
background noise at corresponding frequencies. However, in some
ci rcunst ances sounds can be detected even when they are somewhat
| ess intense than the background noise, i.e., at a signal-to-
noise ratio slightly less than O dB (see Richardson et al. 1983a
for review). Another consideration is the hearing absolute
sensitivity of the animal. |If the absolute detection threshold
is above the anbient noise |level, then the zone of audibility
will be limted by detection threshold not anbi ent noi se.

Any attenpt to estimate the zone of audibility of a sound to
bowhead or gray whales is hanpered by the fact that there have
been no measurenents of the hearing thresholds of any bal een
whal es.  Bal een whal es apparent|ly conmuni cate with one anot her by
calls at low to noderate frequencies (Thonpson et al. 1979; Cark
1983) .  Most bowhead calls are at frequencies 50-500 Hz, but sone
calls contain energy up to 4000 Hz (Ljungblad et al. 1982; C ark
and Johnson 1984). It seens safe to assume that whales are
sensitive to the frequencies contained in their calls; there is
behavi oral evidence that sone bal een whal es detect and respond to
calls from conspecifics nmany kilonmeters away (Watkins 1981; Tyack
and Witehead 1983). The structure of the hearing apparatus of
bal een whal es is appropriate for detection of |ow and noderate
frequenci es (Fleischer 1976). Malme et al. (1983) denonstrated
that mgrating gray whales could detect the presence of Oca
sounds in a tape playback experinent when the signal-to-noise
ratio was about O dB.

Payne and Webb (1971) pointed out that, at 20 Hz, detection
range would be limted by background noise rather than auditory
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sensitivity even if auditory sensitivity were as much as 30 dB
poorer than human auditory sensitivity at humans’ nost sensitive
frequency. Thus, follow ng Payne and Webb (1971) and Gal es
(1982a,b), we assunme that anbient noise, not limted auditory
sensitivity, sets the upper limit on the zone of audibility.

In estimating the zone of potential audibility, another
factor that nust be considered is the ‘critical bandw dth' at
each frequency. The critical bandwidth is the range of frequen-
ci es atwhich background noise affects the ability of the animal
to detect a signal. Critical ratio, in dB, is equal to 10 |og
(critical bandwidth). Here we are concerned with the detection
of an industrial sound signal in the presence of natura
background noi se fromw nd, waves, ice, etc. In those mammal
species that have been studied, the only background noise that
has a significant effect on detection of a sound signal is the
noi se within a band roughly 1/3 octave wide, centered at the
frequency of the sound signal (Fig. 2-9; Popper 1980; Gales
1982a,b). A |/3-octave band around any frequency x extends from

x(271/6) to x(21/6)

i.e., fromO0.891x to 1.122x. The width of a |/3-octave band is
23% of the center frequency. For exanple, the |/3-octave bands
around 50, 500 and 5000 Hz are approximately 45-56, 450-560, and
4500- 5600 Hz, respectively.

Critical bandw dths have not been determined for any bal een
whal e, but the |/3-octave ‘rule of thumb' seems to be a good
first approximation for in-air and in-water hearing by a variety
of mammals and even fish (Fig. 9). Again follow ng Payne and
Webb (1971) and Gales (1982a,b), we have assunmed that the criti-
cal bandwidth is 1/3 octave. (Gales also considered a wider
bandwi dt h when the frequency was <450 Hz.) It should be noted
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that signal-to-noise ratios for many industrial sounds relative
to anbi ent noise do not depend strongly on the bandw dth chosen
for analysis. Industrial noise and anbient noise typically

i ncl ude broadband peaks in their spectra which are greater than
1/3 octave band in width. In this situation, if a bandw dth

wi der or narrower than 1/3 octave is chosen, the industrial and
anbi ent noise levels will increase or decrease nore or |ess
proportionately, and the signal-to-noise ratio nay not change
much.

The directional hearing abilities of baleen whales are
unknown. In theory, if they can determine the direction from
whi ch a sound signal (e.g., industrial noise) is arriving, they
m ght be able to detect it even at a signal-to-noise ratio well
below O dB. An ability to detect a sound in the presence of much
noise is in some respects equivalent to having a very narrow
critical bandwi dth. The sound detection ability of dol phins has
been shown to depend strongly on the relative directions of the
signal and noi se sources, at |east at high frequencies (Fig. 9).
The directional effect is not expected to be as great at |ow
frequenci es because of the ’'longer wavel engths and, in shallow
wat er, the conplex interactions of the sound with the bottom and
surface. On the other hand, the |arge separation of hearing
organs in bal een whales may partly conpensate for the |ong
wavel engths of the dominant industrial sounds. Follow ng Payne
and Webb (1971) and Gal es (1982a,b), we have not assuned that
bal een whal es gain any increased auditory sensitivity through
directional hearing.

Payne and Webb (1971) provided the first conprehensive
attenpt to estinmate the zone within which a bal een whale could
detect a particular sound. Their analysis concerned the range to
which fin whales mght detect the intense 20-Hz calls nade by
other fin whales. However, the principles described in their
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paper are equally relevant to the detection of industrial sounds,
many of which are predom nantly at |ow frequencies. Payne and
Webb showed that, in certain deep-water situations, the intense
calls of fin whales might be detectable hundreds or even

t housands of kiloneters away. The source levels of fin whale
calls, about 180 dBre 1 yPa at 1 m, are not dissimlar to source
| evel s of sone industrial sounds. Thus, the zone of audibility

m ght be very large in sone situations.

The first detailed attenpt to estimate the zone of
audi bility of underwater sounds froman oil industry activity
i nvol ved noi se from proposed icebreaking Liquefied Natural Gas
‘tankers’ (Peterson [cd.] 1981). To estinmate the expected source
| evel s and frequencies, theoretical nodels and neasurenents from
existing large ships were considered (e.g., Leggat et al. 1981).
Exi sting data on propagation |osses wthin the proposed operating
area were used, along with existing anbient noise statistics
(Leggat et al. 1981; verrall 1981). It was tacitly assumed that
marine manmal s woul d be able to hear ship noise if its received
level was above the anbient noise |evel at corresponding frequen-
cies. It is noteworthy that many of the data and anal yses used
in this assessnent cane from naval investigations, only a
mnority of which have been reported in the open literature.
Data on sound propagation and background noi se in sone ot her
areas of interest to the oil industry are undoubtedly avail able
in restricted sources.

Gal es (1982a,b) estimated zones of audibility around a semi-
subnersible drilling rig and two fixed drilling platforms. Hs
estimtes were based on neasurenents of sound |levels and spectra
characteristics near the industrial sites, along with a series of
alternative assunptions about propagation |osses (spherical vs.
cylindrical) and anbi ent noise (low, noderate and high). Gal es
made the same types of assunptions about bal een whale hearing as
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were made by Payne and wWebb, with one el aboration: Gales
considered the possibility that the critical bandwidth for |ow
frequencies is wider than 1/3 octave. Gales concluded that noisy
platfornms radiate | ow frequency underwater sounds that could be
audi ble at ranges ‘on the order of hundreds of mles’ under
favorabl e conditions of propagation and anbient noise. However,

under unfavorable conditions, i.e., poor propagation and high
anbi ent” noise, even the noisiest platfornms mght be detectable
only within ranges ‘of the order of 100 yards’. Estimated ranges

of audibility differed by factors of 10-1000 depending on the
assunmed propagati on conditions and anbi ent noi se | evels.

CGal es (1982b) concluded that accurate site-specific
predi ctions of detection range will require data on (1) the
acoustic source spectrumfor the particular industrial source of
interest, (2) propagation conditions for the particular |ocation
and season, and (3) anbient noise under the specific conditions
of interest. Gales also suggested that it would be inportant to
consi der the particular species of animal involved as |istener.
However, in the case of bal een whal es, species-specific
predi ctions of the zone of audibility will not be possible until
something is |earned about the relative auditory capabilities of
different bal een whales.

In shall ow waters where nost oil industry activities take
pl ace, the zone of audibility is expected to be restricted by the
greater rate of attenuation of underwater sound in shallow water.
There have been no previous specific estimates of the zone of
audi bility around oil industry sites in the Beaufort Sea,
al t hough several studies have provided neasurenents of received
sound |evels at various distances from such sites.

Zone of Masking. -- \Wien there is an increase in the
background noi se | evel against which an animal is attenpting to
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detect a sound signal, the signal-to-noise (S:N) ratio is
reduced. |f, for exanple, the signal of interest is a whale
call, the background noise consists of natural anbient sounds
plus any industrial noise that may be present. If the receiving
whal e is close to an industrial source, the received industrial
noi se level will probably exceed the natural anbient |evel, and
thus will reduce the SN ratio for the whale call. [f the
received whale call is intense, it will still be audible despite
the reduced S:N ratio. However, if the whale call would be
barely detectable in the absence of industrial noise, it nmay not
be detectable in the presence of the noise. Such a call is said
to be masked by the industrial noise (Terhune 1981).

The received level of a whale call is likely to be at |east
roughly related to the distance between the calling and the
receiving whales. If the SN ratio of a whale call received in

t he absence of industrial noise is low, the call was probably
made by a distant whale. Thus, it is primarily the calls from

di stant whales that wll be inaudible if the background noise
level increases. Masking by elevated industrial noise levels has
the potential to reduce the distance to which a whale can hear
calls from ot her whales, or from other sources of interest.

It is enphasized that the actual inportance of nmasking to
whal es, particularly bal een whales, is largely unknown. There is
little informati on about the inportance of |ong-distance
communi cation to whales, or about the significance of a tenporary
interruption in this ability. Long-distance communication nust
often be interrupted by the natural masking effect of the
el evated noise |levels associated wth storns and noving ice. It
I's not known whet her bal een whal es can adapt to increased
background noise levels by increasing the intensities or altering
the frequencies of their calls; certain toothed whales apparently
do this (Au 1980; Au et al. 1985). 1If the calls or the auditory
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system Of bal een whal es have any directional properties, this my
provi de sone resistance to masking. These conplications are
di scussed in nore detail by Richardson et al. (1983, 1985c).

Even a slight increase in background noise |evel has the
potential to mask a sound signal that is barely audible. Hence,
maski ng of faint sounds could occur anywhere within the zone
where the received level of industrial noise exceeds the natural
ambi ent noise. By this extrenme criterion, the zone of masking
would be the sane as the zone of audibility of the industria
sound. However, nany sounds that are relevant to a whale, e.g.,
sounds from ot her whal es nearby, will have received |evels well
above natural anbient |levels. These sounds would still be
detectable, albeit with reduced S:N ratios, even if the
background noi se | evel were considerably elevated by industria
noi se.

For exanple, for a bowhead call with source level 180 @B re
1 yPa at 1 mand a bandwi dth <1/3 octave (C ark and Johnson 1984;
Cunmi ngs and Holliday 1985), the received | evel would be about
140 @B at range 100 mand at |east 120 @8 at 1 km  Near nost
drillsites and island construction operations in the Canadian
Beaufort Sea, received |/3-octave noise |evels exceed 140 4B only
wi thin about 100 m of the industrial site. Received noise |evels
exceed 120 dB only within about 0.5 to 5 km (Appendix B). At
di stances greater than 0.5 to 5 kmfromthe industrial site, a
bowhead coul d probably hear other bowheads up to at |east 1 km
away, assuming a detection threshold of about O dB S:N.  Thus ,
short-di stance communi cati on would be prevented only for whales
closer to industrial sites than to potentially respondi ng whal es,
and the zone where masking is likely to be inportant will be
substantially smaller than the zone of audibility.
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To calculate the degree to which masking m ght reduce
conmmuni cation range for a receiving whale at a given distance
froman industrial site, several factors nust be estimated. The
anbi ent noi se level and the received level of industrial noise at
the whale’s |location nust be determned. In addition, the source
| evel s and propagati on characteristics of whale calls (or other
sounds of possible interest to whal es) nust also be estimated.
Since propagation fromtwo different sources nust be considered,
uncertainties about propagation losses will result in |arge
uncertainties in the ‘range reduction factors’ attributable to
masking. Hence, we have deferred any detailed quantitative
anal ysis of masking until the end of this project, when nore
refined site-specific data on sound propagation are expected to

be avail abl e.

Zone of Responsiveness. -- Gales (1982a,b) enphasi zed t hat
the zone of influence should be estinated based on the noise
levels that cause whales to react overtly. However, when his
anal yses were done, there was little specific information about
the noise levels that would and would not elicit responses from
bal een whales. Consequently, Gales could only estimte zones of
potential audibility, not zones of responsiveness.

Reactions of several species of baleen whales to underwater
sounds fromindustry have been studied intensively in recent
years. Appendi x B summarizes the data concerning reactions of
bowhead and gray whales to drilling and island construction
sounds. To assist in interpreting the bowhead data, Appendix B
al so includes previously unreported noise data on a |/3-octave
band | evel basis (unpubl. noise data from C.R. Greene, conpiled
by LGL). Wth the data that are now avail able, we can nake at
| east rough estinmates of noise levels that do and do not elicit
responses from bowhead and gray whales. For gray whales, the
data are from Malme et al. (1983, 1984). For bowheads, the
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behavi oral data are from Richardson et al. (1985b,c), and the
noi se data are from G- eene (1985 and unpubl.).

The studi es nentioned above provi ded sonme direct indications
about the ranges fromindustrial sites at which reactions were
observed. However, the studies were not done at the specific
sites in the Al askan Beaufort Sea where drilling is occurring or
pl anned. Hence, the zones of responsiveness determned in the
previous studies provide only an indication of the |ikely zones
of responsiveness at any particular site. Sound propagation
phenomena at the site of interest nust be taken into account
before the presently available data can be translated into site-
specific estimates of zones of responsiveness.

Whal es nmight, in theory, react to underwater industrial
noi se at any range where it is audible. If so, the zone of
responsi veness woul d be the same as the zone of audibility.
However, the recent studies of bowhead and gray whal es, and |ess
detai |l ed observations of some other species of bal een whal es,
i ndicate that whales often are seen within areas ensonified by
industrial activities. In the Canadian Beaufort Sea during
summer, bowheads have often been seen to engage in seemingly-
normal activities within several kiloneters of drillships or
dredges, where the broadband industrial noise |level was up to 16
dB above the average anbient level. In these cases, noise |evels
in the |/3-octave band of maxi num signal-to-noise ratio were up
to 29 dB above average anbient (see Table B3 in Appendix B). A
few individual bowheads have been seen at |ocations with even
hi gher noise |evels (Appendix B; Richardson et al. 1985b,c).

Noi se pl ayback experinments have al so indicated that some
bowheads show no detectable reaction to broadband noise up to
about 20 @B above anbient levels (Table B4). On the other hand
some ot her bowheads show avoi dance reactions (orient and nove
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away) When drillship or dredge noise is received at broadband
| evel s as | ow as about 10 dB above anmbi ent (Appendi x B). Agai n,
corresponding figures for the |/3-octave band of maxi num noise

were higher -- sone bowheads avoided the source for S:N ratios as
low as 16 dB whereas others showed no detectable reaction to S:N
ratios as high as 38 dB. In the case of summering gray whal es,

avoi dance reactions were observed when the broadband drillship
noi se i s about 20 dB above anbient (i.e., when the one-third
octave band of drillship noi se having the highest signal-to-noise
rati o exceeds the 50%ile ambient by 20 dB).

These results show that there is indeed a ‘zone of
responsi veness’ for bal een whales near drillsites and island
construction operations. However, if our assunption that whales
can hear sounds with signal-to-noise ratios as lowas OdBis
even approximately correct, then the zone of responsiveness is
consi derably snaller than the zone of audibility. Not surpris-
ingly, given the natural variability of whale behavior, the outer
boundary of the zone of responsiveness is indistinct. Sone
i ndi vi dual whales react to industrial noise at |ower received
noi se |l evels and signal-to-noise ratios than do others.

To translate the above information into estimated radii of
responsi veness around specific industrial sites, data on source
| evel s of the industrial sounds and on propagation |osses at the
specific sites of interest are necessary. The present project
was designed to provide the necessary data, and to use those data
to derive estimates of the zones of responsiveness.

2.3.2 Methods used for estimting zones of influence on whales

A primary objective of this study was to estimate the zone
of potential influence of various drilling and dredgi ng sounds
that m ght occur at several specific sites in the A askan
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Beaufort Sea. To do this, it was necessary to determ ne the
source levels and spectral characteristics of those sounds.
Propagation | osses had to be estimated in order to calculate
recei ved levels at various distances from each site. W assuned
t hat whal es can detect sounds whose received | evels equal or
exceed the anbient noise level. By know ng the range of expected
anbient levels at each site, we attenpted to estimate the radi

at which industrial sounds would attenuate to |evels bel ow

anbi ent, and therefore becone inaudible (Fig. 10). G ven that
nost whal es apparently react to industrial sounds only if they
are at least20dB above the natural anbient |evel (Appendix B),
we also ained to estimate the radii at which industrial sounds
woul d attenuate to 20 dB above ambient, 30 dB above anbient, etc.
(Fig. 11).

2.3.2.1 Industrial Noise Level Masures*

The industrial noise |evel at which a specific whale
behavi oral response, such as avoidance, is expected can be
specified as a |level above the natural anbient (S:N ratio) or as
a specific received level (Lr). The literature on animal
response to man-made noise is very sparse and does not provide
gui dance on the best acoustic nmeasure for quantizing observed
reactions. Fortunately, the literature on human response to
industrial noise is much nore extensive. The studies of
annoyance caused by specific sources such as traffic noise and
aircraft flyover noise, as discussed by Kryter (1985), were
reviewed since the annoyance reaction in humans can be consi dered
to be anal ogous to the avoi dance reaction in whales.

I n general, annoyance reactions in humans have been found to
correlate better with the absolute |evel of the intruding noise

*By €. Malme, BBN Laboratories Incorporated.

51



Report No. 6185

FIG 10.

FIG 11.

-]
o Received
— 1304 Noise
et
m
Z 110+
®
>
~ 90.1 ———————— ~<— — — Ambient Noise
o : (904dB)
'©
b4
70- :
§ Zone of Potential Audibility:E
3 (0-27 km)
g 50 1 ; . 3 1 1
0] 20 30 40 50

Distance from Industrial Site (km)

PROCEDURE FOR ESTI MATI NG ZONE OF AUDI BI LI TY FROM
| NTERSECTI ON OF RECEI VED LEVEL vs RANGE CURVE W TH
AMBI ENT NO SE LEVEL. DATA ARE ARTIFICl AL.

Received

130+ Noi se

HO—+— T T T F — Response Tireshold
: 2048 (110dBjBypr 20dB
above ambientt)

T —p—— — Asibisient Noise

Received Noise Level {dB re 1uPa)
(o]
(en)

: (9D dB)

Zone of :
RoPetdntidl :
70 q———»
Respons-:
iveness |
(O-I0km):
50 -

10 20 30 40 50

Distance from Industrial Site (km)

PROCEDURE FOR ESTI MATI NG ZONE OF RESPONSI VENESS FROM
| NTERSECTI ON OF RECEI VED LEVEL vs RANGE CURVE W TH
RESPONSE THRESHOLD. THE RESPONSE THRESHOLD COULD BE
El THER AN ABSOLUTE NO SE LEVEL (110 aB IN TH S CASE),
OR A “SIGNAL : AMBIENT” RATIO (20 @B IN TH S CASE).
DATA ARE ARTI FI CI AL.

52

BBN Laboratori es Incorporated



JEE Sk Y

a m

B W W O W O eE N e e am ul W e

Report No. 6185 BBN Laboratories |ncorporated

than with the maximum S:N ratio (Robinson et al. 1963). However,
when the background noise is high, the threshold of annoyance

Wi th intruding noises has been found to be shifted upward
(Pearsons 1966), (Spieth 1956). As a result, the usual practice
in determning annoyance criteria for specific types of noise

i nvol ves neasurenment of the sound |evels which produce a
quantifiable |evel of annoyance using psychoacoustic testing
procedures. Correction factors based on the prevailing
background noi se levels in specific locations may then be applied
to the criteria values (Kryter 1985).

The bowhead whal e response data considered in this report
have been analyzed by LG considering a S:N ratio neasure of
response, whereas the gray whal e response data were anal yzed by
BBN using, primarily, absolute received pressure |levels. The
data bases have not been reanal yzed to determne if a greater
correlation with response is obtained for one or the other of the
two possi bl e nmeasures of acoustic exposure. Until this is done,
it is not appropriate to select a single acoustic paraneter as
the “correct” measure based on results for human noi se exposure
tests, since both the environment and the subject species are
greatly different. As a result, the present report will provide
both S:N ratio and absolute | evel nmeasures of response for
bowhead and gray whal es.

2.3.2.2 Sources of Industrial Noise Considered

Zone of influence anal yses were done for those drilling and
i sland construction operations whose source spectra could be
estimated reliably. After review of the industrial sources

whose sounds were recorded during this study, five sources were
sel ected for zone of influence anal yses:
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1. Dredge bucket being hauled up, as recorded at Erik site.
This operation produced stronger sounds than ot her
phases of the dredging cycle at Erik.

2. Tug ARCTIC FOX beginning to tow | oaded. barge away £from
Erik site. The strongest tug sounds emitted during any
phase of the Erik tugboat/barge operation were recorded

at this tine.

3* Pair of tugs forcing a barge agai nst Sandpi per
artificial island.

4, Drilling by EXPLORER Il drillship at Hanmmerhead
drillsite (recorded by Greeneridge Sciences Inc. --
McLaren et al. 1986).

5. Drilling at Sandpiper artificial island (recorded by
G eeneridge Sciences Inc. -- Johnson et al. 1986).

The circunstances when these recordings were made are described
in Section 3.2. For each of these five types of industria
activity, BBN estimated source |levels (i.e., theoretical |evels
at 1 mrange) for various |/3-octave bands, including the bands
where | evel s were highest (see Section 3.2).

For each of these five industrial sources, detailed analyses
were done on data fromvarious |/3-octave bands within the 40-
4000 Hz range. The selected bands were those for which the
source level was high relative to either (a) typical ambient
| evel s in the correspondi ng band, or (b) source levels in
adj acent bands. In nost cases, the selected bands met both
criteria. The rationale was that sound conponents whose source
| evel s were high would be the’ ones that woul d be detectable at
| ongest ranges. For nost sources we considered two to four 1/3-
octave bands, not just the one band with maxi mum signal -to-noise
ratio. We did this because propagation |osses depended on
frequency. It was possible that the band with highest signal-to-
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noise ratio at the source mght be one where propagation | osses
were high. If so, another band with slightly | ower source |eve
(or source S:N) might result in higher received | evels because of
a lower rate of propagation |oss.

2.3.2.3 Zones of Audibility

Five of the six sites studied in 1985 were considered in the
zone of audibility analyses; they are Oion (CIDS), Sandpiper,
Hammer head, Erik, and Belcher. Their |ocations and descriptions
were provided in Table 1.

For each of these five sites, received |levels at various
di stances were estimated assuming that, in turn, each of the five
i ndustry sources listed in the previous subsection were present.
This was done by applying the site-specific propagati on nodel s
(Section 3.3) to the source level estinates for the five
industrial sources (Section 3.2). The site-specific propagation
nodel s are of the general form devel oped by Wston (1976), and
t ake account of frequency, water depth, bottom slope, bottom
refl ection losses, and absorption. For each industrial source,
LGL used. BBN's propagation nodels and source |evel estimates to
calcul ate received level as a function of distance, considering
each of the |/3-octave bands that had relatively high source
| evel s.

The assunption that each of the five types of industria
operation listed in Section 2.3.2.1 mght occur at each of the
five sites is not conpletely realistic. An artificial island of
the type at Sandpi per would not be built in water as deep as
that at nost of the other sites. Conversely, drillships |ike
EXPLORER Il do not drill in water as shallow as that at Sand- piper
Island. Thus, some of the conbinations of industrial sources and
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sites considered in this analysis are of only theoretical
rel evance.

For each anal ysis band, the range of potential audibility
was considered to be the range where the received level equal ed
the expected anbient noise level (Fig. 10). Three different
estimates of anbient noise were considered: the 5th, 50th and
95th percentiles. These represent situations when ambient noi se
is low, average, and high. Section 3.1 describes how BBN esti -
mated these three percentiles for two groups of sites: (1) the
shal | ow westernnost sites, Oion and Sandpi per; and (2) the
deeper nore easterly sites, Hanmerhead, Erik and Belcher.
| nsufficient data on anbient noise were available to devel op
separate anbi ent noise statistics for each individual site, e.g.,
for Orion as distinct from Sandpi per

For a given site, industrial source, and anbient noise
condition, we obtained estimates of the radius of audibility of
sounds in each of the |I/3-octave bands with relatively high
source levels (Appendix A). The zone of audibility was
considered to be the maxi num of these values. The radius at
which the received level equal ed the assumed anbient level can be
determ ned from graphs of received level vs. range (Fig. 12).
However, the values tabulated in the Results section and Appendi x
A were actually determ ned mathematically and printed out by the
conput er program used to performthe nodel calculations (see
sanple printout in Fig. 12).

Because the sites of interest are on a continental shelf
where the water depth increases gradually from south to north,
radii of audibility were expected to depend on bearing fromthe
site. Orion and Sandpi per Island are south of the nain autum
m gration corridor of bowhead whales (Fig. 2; Davis et al. 1985;
Ljungblad et al. 1985a). Consequently, for these sites, we made
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FIG 12.
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two estinates of the zone of audibility. One analysis assuned a
constant water depth with increasing range (representing
propagation parallel to the depth contours, i.e., east-southeast
and west-northwest]. The other analysis sinulated propagation to
t he north-northeast, and assunmed that water depth increased with
increasing range at a rate appropriate to the site in question.
The Erik and Belcher sites are within the autum mgration
corridor of bowheads (Fig. 2), and whal es could travel westward
either south or north of these sites. Hence, three estinates of
the zone of audibility were made for Erik and Belcher, assum ng
decreasing, constant, and increasing water depth with increasing
range. Since the propagation model for Hamrerhead was |ess well
established than that for the other four sites, only the
‘constant water depth’ approach was applied there.

In the absence of infornation about the relative auditory
sensitivities of bowhead and gray whal es, both species were
assuned to be able to detect industrial noise only when its
recei ved | evel equaled or exceeded the anbient level in the
corresponding |/3-octave band. Thus, the estinated zones of
audibility were the same for both species.

2.3.2.4 Zones of Responsiveness

Data fromrecent studies of the behavioral reactions of
bowhead and gray whales to industrial noise are summarized in
Appendi x B. These data were used to estimate the industrial
noi se levels and industrial noise-to-anbient noise ratios at
whi ch the two species do and do not react. There is no one
t hreshol d val ue above which all whales react and bel ow which none
react. Instead, above some mninmumindustrial noise |level the
probability of reaction appears to increase with increasing
noi se.
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In the case of bowheads, few if any individuals appear to
react overtly to industrial noise |levels |ess than 15 dB above
the natural anmbient level. Some individuals apparently tolerate
much higher levels (see Tables B.3, B.4 in Appendix B). However
a mnority of the bowheads nove away at the onset of drillship or
dredge noi se whose level is 20 @B or nore above anbient. Roughly
hal f of the bowheads nove away at the onset of sounds with a
signal -to-noise ratio of 30 dB, or an absolute received |evel of
110 aB. A few bowheads apparently tolerate noise levels up to 40
dB above anbient. These levels and industrial-to-anbient ratios
are based on levels in the |/3-octave band with the maxi mum | evel
of industrial noise relative to average anbient noise in the
corresponding band (Appendix B). As a first approximtion, the
nmedi an zone of responsiveness of bowhead whal es could be defined
as the area where the received noise level is 30 dB or nore above
anbient. However, it should be noted that sone individua
bowheads probably respond at lower S:Nratios (i.e., greater
ranges), and others apparently do not respond unless SINis nore
than 30 dB

In the case of migrating and summrering gray whales, nore
preci se data are available concerning the probability of avoid-
ance as a function of received noise |evel (Malme et al. 1983,
1984, 1986; Appendix B). Calculations for summering gray whal es
in the Bering Sea applied to the Beaufort Sea environnent
indicate that a 0.1 probability of avoidance woul d occur for
recei ved broadband industrial noise levels of 110 dB re 1luPa and
a 0.5 probability of avoidance would occur when the absolute
received level is 120 dB. This corresponds to industrial
anbi ent noise ratios of about 20 to 30 4B, respectively.

As a first approximtion, the zone of responsiveness of gray
whal es, |ike that of bowheads, is considered to be the area Wwhere
the received noise level is 20 4B or nore above anbient.
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The radii within which the industrial noise |level would
exceed the nedi an anbient |evel by 20 dB, 30 dB, and 40 4B
(possible criteria for zone of responsiveness) were determned in.
the same way as the radii where industrial noise equal ed anbi ent
noi se (zone of audibility, Section 2.302.2). We also estinated
the radii within which the absolute |evel would exceed 110 4B
whi ch is another possible criterion of responsiveness. Separate
cal cul ations were done for each conbination of five industrial
sources, five sites, and 1 to 3 bottom sl opes per site,
considering the |I/3-octave bands that had high source |evels.

It should be recognized that there is considerable vari-
ability in responsiveness of different whales, and there nay be
di fferences of opinion about the nost appropriate criterion for
defining the zone of responsiveness. In addition, future studies
may refine present information about response thresholds. Hence,
we have al so calculated the ranges where the received levels
would dimnish to a variety of other S:N ratios besides 20, 30,

40 @B (Fig. 12). Furthernore, we determned “the ranges where the
recei ved | evel would equal various absolute levels, e.g. , 100,
110, 120 and 130 dB re 1 wPa (Fig. 12). A1l of these figures are
tabul ated in Appendi x A but sone are not considered in the
Results.
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3. RESULTS

This section presents the results concerning anbient noise
statisties, industrial noise spectra and acoustic transm ssion
| oss nodel s, and concludes with detailed discussions of potentia
zones of influence on bowhead and gray whal es.

3.1 Anbient Noise Statistics

Presented in this section are anbient noise statistics
cal cul ated fromdata neasured at three sites: Oion (the
| ocation of the CIDS in Harrison Bay), Sandpiper Island, and the
Corona site. Measurenments of the noise field at the Erik site
and the Belcher site were contam nated by high |evel seismc
signals and are not presented here. W hope to be able to make
t hese neasurenments during the 1986 field effort. In addition to
the short-termresults calculated for specific sites during the
1985 season, anbient noise |evel statistics are presented for two
regions of the Beaufort Sea during the Septenber-Cctober mgra-
tion period. These estimates are based on information fromthe
NOAA Cimatic Atlas for the Beaufort Sea area (Brewer et al.
1977) together with our data and other reported arctic anbient
noi se data (Urick, 1983; More, et al. n.d[1984]1). Two anbi ent
noi se level statistical estinmates are presented, one repre-
sentative of the shallow water sites (Orion and Sandpi per) and
the other for the deeper water |ocations (Hammerhead, Erik and
Belcher). These results are used in Sec. 3.4 to predict whale
behavi oral responses.

For this report, the measurenments made at the Corona site
are used as being representative of the Hanmmerhead, Erik and
Belcher sites because the water depths at these sites are
simlar.
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3.1.1 Anbient Noise at the Corona Site

Ambi ent noi se nmeasurenments were made at the Corona site on
8 Septenber 1985, when no industrial activity was present. Data
were collected at two sensor depths, 10 and 20 m, in a water
depth of 35 m sSea state 3 conditions existed with some breaking
waves, W nds 10-15 kts and there was no ice. Figures 13 and 14
show t he neasured noise statistics at the shallow and deep
dept hs, respectively. Between 50 and 500 Hz, the spectrum level
of the noise decreases with increasing frequency at a rate of 6-
8 dB per octave. Between 500 and 2 kHz, the spectrum | evel £falls
off at 5-6 dB per octave. The shapes of both plots are typical
of data from open ocean deep water. Under calnmer conditions we
would expect the difference in noise level between the 5% and 95%
level s to decrease with increasing frequency, as seen at other
sites in the Beaufort (see bel ow).

our Corona data are conbined with historical information (as
noted above) to produce a nore representative estimate of the
expected variability in anbient noise levels for areas in the
Beaufort Sea with simlar water depths (Hamrerhead, Erik and
Belcher) and environnental conditions (wind and ice cover). W
consi dered only the data environmental from the Septenber-Cctober
mgration period. The results are displayed, on a third octave
basis, in Fig. 15. Since we |lack neasured’ anbient noise data at
the Eri k and Belcher sites, the noise |evel estinates presented
in Fig. 15 are assuned to be representative of the noise field at
these two sites and are used in Sec. 3.4 for the behavioral

anal yses.

3.1.2 Anbient Noise Near Orion in Harrison Bay

On 28 and 29 August, 1985, BBN neasured the anbient noise
field near Oion, the Concrete Island Drilling System (CIDS)
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FIGURE 14. MEASURED SHORT- TERM AMBI ENT NO SE LEVEL PERCENTI LES
AT THE CORONA SI TE, 9/8/85. HYDROPHORE AT 20 m
DEPTH . VALUES ARE EXPRESSED AS SPECTRUM LEVELS.

64



- ar on i aE e o mn Wk an wm gl P W AR SN BE ge e

Report. No. 6185 BBN Laboratories |ncorporated

1/3 OCTAVE BAND NOISE LEVEL, dB re 1 uPa

FI GURE 15.

00 AMBIENT N@ISE LEVEL ESTIMATES
1

i\\ — 95%
” 1
| — 50%
—a
B8O
70 ==A\\\
— |
5%| e
&0
S0 T T
50 100 SE0 1K H =1.4

FREQUENCY, Hz

AMBI ENT NO SE LEVEL PERCENTI LE ESTI MATES FOR THE
SEPTEMBER- OCTOBER MFGRATI ON PERI OD AT THE HAMMERHEAD,
CORONA, BELCHER, AND ERI K SITES. VALUES ARE
EXPRESSED ON A 1/3 OCTAVE BAND (0B) BASI S.

65



Report No. 6185 BBN Laboratories Incorporated

site. CIDS was not drilling but had recently drilled test holes
and was transmtting downhole pings at 7 second intervals during
nmost of our site visit. These pings were frequency nodul at ed
sounds (FM sweeps with a 0.5 second in duration) that started at
about 900 Hz and ended at about 200 Hz. Upon examination, -this
sound proved highly directional and our data base is insufficient
to nake a reliable estimate of its source strength this year.

The cibps platformat Oion also occasionally transmtted two
conti nuous narrowband tonals at 2 and 4 kHz. These tonals
interfered with our ambi ent noise neasurenents as noted bel ow

In order to avoid nan-nade sounds, the anbient noise field
was sanpled at a range of 3 km fromthe CIDS platform on
29 August after downhole pinging had stopped. Data were recorded
froma hydrophore suspended at 8 min a water depth of 16 m  The
sea state was O-1 with light w nds, overcast skies and a 1/10-
2/ 10 ice cover. Because the 2 and 4 kHz tones were present,
third octave band anal yses were perforned at 100, 500, 1000 and
3000 Hz. The results are shown on a spectrumlevel basis in
Fig. 16. The dual gradient structure is typical of noise spectra
in shallow water environments as described in the literature
(e.g. Urick, 1983). Note that the variability in noise level
decreases with increasing frequency.

3.1.3 Ambient Noise Near Sandpi per I sl and

The anbi ent noise field near Sandpiper Island was neasured

on three separate occasions during Septenmber 1985 (9/1, 9/4 and
9/5) . Earlier measurements (8/25, 8/27, 8/ 30) were contam nated

by either small boat activity or tug noise. The results from
both 9/1 and 9/4 are presented here because they were gathered
under different environnental conditions. (The 9/5 data are
simlar to the 9/4 data.)
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FIGURE 16. MEASURED SHORT- TERM AMBI ENT NO SE LEVEL PERCENTI LES
AT THE ORION SITE, 8/29/85. HYDROPHORE AT 8 m DEPTH.
VALUES ARE I N TERM5 OF SPECTRUM LEVEL.

67



Report NO. 6185 BBN Laboratories |ncorporated

Figures 17 and 18 show the spectrum |evel results for two
sensor depths (3 and 10 m respectively) on 1 Septenmber. No
drilling activity was observed but the island was occupi ed and
site -preparations were underway. The weather conditions were as
foll ows: 10-15 kt w nds, sea-state 1-2, overcast skies and 6/10-
8/10 ice cover. Because of the ice, we were unable to make our
nmeasurenments as far north as the island. These data were
acquired 2.4 km to the southeast of Sandpiper in water depths of
about 11 1. There was no indication of industrial noise in the

acqui red data.

Figures 19 and 20 show the results at the sane two sensor
dept hs measured on 4 Septenber, 1985. Qur neasurenent platform
was | ocated roughly 7 km from Sandpi per and 4.1 km from Northstar
| sland on a line connecting the two. (Northstar is another
artificial island simlar to Sandpiper Island. ) These results
represented our quietest observations near Sandpiper. The sea
state was O 1 with light winds and 1/10-2/10 ice cover. The
water depth was 14 m No drilling activity was observed on
either island and no evidence of industrial noise is apparent in

t he anbi ent dat a.

By combi ning the measured data for both the Oion site and
Sandpi per Island locations with historical information (Brewer et
al. 1977), we can estinmate the seasonal (Septenber/Cctober)
anbi ent noise levels on a percentile basis as shown in Fig. 21.
These curves are representative of geographic locations with
wat er depths and environnmental conditions that resenble those at
the CIDS and Sandpiper sites, i.e. 15 mwater depth, and simlar
wi nd and ice cover characteristics. Only data for the Septenber-
Cctober migration period were used to generate this figure.
Figure 21 forns the basis for some of the behavioral analyses in

Sec. 3.4.
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FI GURE 18. MEASURED SHORT- TERM AMBI ENT NO SE LEVEL PERCENTI LES
NEAR SANDPI PER | SLAND, 9/1/85. EYDROPHONE AT 10 m
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1/3 OCTAVE BAND -NOISE LEVEL, d= re 1 uPa

FI GURE 21.
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3.2 Industrial Noise Sources

Based on nmeasurenments nmade in 1985, we have anal yzed the
radi ated noi se fromfive acoustically significant industrial
activities. These are dredge operation and tug maneuvers at the
Erik site, a pair of tugs forcing a barge agai nst Sandpi per
| sl and, EXPLORER Il during drilling operations at the Hammerhead
site, and drilling activity on Sandpi per Island. Each wll be
exam ned individually below. The first three were neasured by
BBN | ast fall, the latter two were nmeasured by G eeneridge
Sci ences also last fall and graciously given to us by Charles
Greene. Unfortunately, we were not able to gather any drilling
noi se data from cips at the Oion site in Harrison Bay, which was
waiting for the finish of the fall bowhead mgration. Regarding
the other sites under investigation, Corona and Belcher were
unoccupi ed until after our field neasurement period.

In the follow ng sections, we discuss the five source level
estimates. Each consists of a source level versus frequency pl ot
and a sanpl e narrowband power spectrum of the received signature
at a specified range.

3.2.1 Dredge Operation at the Erik Site

BBN visited the Erik site twice in 1985 on Septenber 9 and
13. The data presented here are fromthe 13th. On the 9th, the
fog was too thick to observe the dredge operation and coordi nate
t he acoustic neasurenents with specific activities. The weather
on 13 Septenber was clear, sea state O-1, light winds with only
an occasi onal piece of sea ice.

During the 13th, we observed the dredge ARGILOPOTES drop its
clamshell into the water, winch it back up, nove the clamshel
along an overhead rail and enpty its contents into an attendant
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barge. Measurenments were nade at two depths, 7 and 12 m The
water depth was about 38 m No acoustic noises attributable to
the dredge itself were observed except during the clamshel
retrieval phase. Two sounds were apparent during retrieval

First, a “clank’ "was heard as the clamshell jaws cl osed

under wat er . This sound was very short, and although audible, had
little acoustic energy and therefore is not addressed here.
Second, the dom nant sound occurred while the winch haul ed the

| oaded cl amshell back to the surface and was produced by the
mot or which drove the winch. The radiated noise was rich in

har noni cs and a sanpl e narrowband spectrumis shown in Fig. 22.
Note that a strong fundanental frequency, 125 Hz, was not
observed. Exam nation of this and other data sanples indicates
that significant acoustic radiation occurred at frequencies bel ow
3.5 kHz.

Throughout these nmeasurenents, seismc exploration activity
in the vicinity was very prevalent. Exam nation of the tine
series fromone of the hydrophores on a strip chart recorder
indicates that two seismc vessels were in operation. One vessel
generated inpul ses roughly every 9 sec and the other at 14 sec
intervals. Due to this interference, third octave band anal ysis
IS not appropriate because the nmeasurenent intervals between
I npul ses were not of sufficient duration to generate an
uncorrupted third octave band spectrum nuch |ess permt any
spectral averaging to get a statistically stable sanple. [f we
averaged over an 8 sec period, the seismc noise masked the
dredge noise at frequenci es bel ow about 400 Hz and significantly
affected higher frequencies.

Narrowband anal ysis on the HP3562 dynam c signal analyzer
can produce spectra from shorter data sampling intervals for the
same spectral bandwidth. Judicious manual operation allowed us
to calculate uncontami nated results. Fortunately, the dredge
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acoustic signature is dom nated by reasonably narrowband tonals.
If a third octave band enconpasses a single strong tonal whose
level is > 9 dB above the levels of the rest of the frequencies
in that band, the third octave band level is equal to the tona
level, to within 1 dB. Examination of Fig. 22 shows that for the
nost energetic tonals (250, 750 and 1250 Hz), these narrowband
conmponents dom nate their respective third octave bands by nore
than 9 dB and therefore their third octave band | evels equal the
tonal |evels.

Four independent neasurenents of clamshell retrieval sounds
(taken at four ranges) were corrected for the site specific TL
characteristics (Sec. 3.3). The tonal levels were then extracted
and are shown in Fig. 23. Below 1.25 kHz, source level estimtes
for each harnonic are displayed. At higher frequencies, a few
tonals are presented to show the signature envel ope. V¥ hypot he-
size that the variability is due to differences in the weight of
clamshell |oads and changes in the acoustic propagation char-
acteristics during the neasurenents as the water masses changed
and the receiver platform drifted.

3.2.2 Tug Operations at the Erik Site

The tug ARCTIC FOX assisted the dredge ARGILOPOTES at the
Erik site on the 13th of Septenmber. Its function was to
transport a barge roughly 0.5 n.m. from the dredge, dunp the
material and return the barge to the dredge. The procedure
consi sted of backing the tug away fromthe dredge, maneuvering to
t he opposite side of the dredge, attaching to the barge, and
hauling the barge off. The first and | ast steps produce the
hi ghest | evel radiated noise because the tug propeller is cavi-
tating. No sounds were heard as the barge was enpti ed. (The
environmental conditions are described in Sec. 3.2.1)
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Figure 24 shows a sanple narrowband received signature taken
while the tug backed away from the barge. The low frequency
conponent s bel ow about 400 Hz are due to local seismic activity.
In general, the radiated tug noise i s broadband with no
significant tonals. The propeller blade rate harnonics were
masked by the seismc signals.

Fi gure 25 displays source |level estimates for the ARCTIC FOX
during four nodes of operation. As noted in the previous
section, seismc activity prevented third octave band anal ysis
directly. So again, narrowband analysis was enployed. Because
the tug noise varies relatively snoothly with frequency, the peak
envel ope of the neasured narrowband spectra was sanpled at 500 Hz
intervals and these values corrected to third octave band | evels
by adding 10 | og (BW) where BWis the appropriate third octave
bandwi dth for each center frequency. Finally, these levels were
corrected for the site specific TL to produce the source |evel
estinmates displayed in Fig. 25.

3.2.3 Twin Tugs at Sandpi per 1Island

The transport of heavy materials and equi pment to and from
artificial islands is carried out mainly by barges, which are
either self-propelled or pushed by tugs. On 30 August, 1985, BBN
measured the radiated noise froma pair of tugs which were
keepi ng a barge pressed against the |oading ranp at Sandpi per
Island. Both vessels applied high thrust to the barge and
therefore propeller cavitation noise levels were high. On that
day, the wind speed was O-5 kt, the sea state was zero and the
i ce cover about 1/10.

A sanpl e narrowband received level spectrumis shown in
Fig. 26. In general, the radiated noise is broadband in char-
acter. The few narrowband conponents were unstable in both
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frequency and level. The analysis procedure is nuch the sane as
with the tug at the Erik site. A snoothed envel ope of the peak
spectrum | evel s versus frequency is sanpled at discrete fre-
quencies. The values are then adjusted for the site-specific TL
and corrected to third octave band levels. The result is shown
in Fig. 27. Two additional curves are presented in Fig. 27.
These show the effect of partial island shadow ng as a receiver
moves circumferentially around the island. Al though no further
use i s nade of these curves, it is inportant to realize that this
industrial noise source has significant spatial variability.

3.2.4 EXPLORER Il at the Hammerhead Site

On the 27th of August, G eeneridge Sciences nade a series of
nmeasurenments of the radiated noise fromthe drillship EXPLORER ||
during drilling operations (MlLaren et al. 1986). Data were
acquired at ranges fromO0.1 n.m. (0.2 km) to 5.0 n.m. (9.3 km to
the north of the drillship. The environmental conditions were as
follows: 32 mwater depth, 5 kt w nd speed, clear skies and
about 1/10 ice cover. The neasurenents presented here were
recorded at a 9 m depth.

A sanpl e received | evel spectrumis presented in Fig. 28,
taken at a 0.5 n.m. range. The domi nant radi ated noi se
conponents are; 1) a reasonably narrowband tonal near 72 Hz (the
bandwi dth at 3 dB down fromthe peak equals ahout 10 Hz), 2) a
narrowband tonal at 239 Hz, 3) a broadband energy peak centered
at about 920 Hz, and 4) another broadband peak centered at about
1640 Bz. Figure 29 displays a third octave band received
spectrumwi th the bands corresponding to the frequenci es not ed.
In order to estimate the source strength of these conponents (in
t he absence of site specific TL measurenents), TL estimates were
cal cul ated using the radiated noi se neasurenents and the least-
squares error procedure outlined in Sec. 3.3. The TL nodel
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anal ysis uses a | east-squares error estinmation of the source

| evel and applies a |oss factor which is water depth dependent.
Based on these estimtes, the third octave band received spectrum
was adjusted for the site-specific TL and the source level
estimate was generated. Figure 30 displays the results

Two observations are in order. First, previous measurenents
of the EXPLORER Il radiated signature (see Greene 1985 and
Fig. B4 in Appendix B) showed a dom nant tonal at about 278 Hz.
This is no longer evident. Second, it appears that this 278 Hz
tonal has been replaced by the 239 Hz tonal. The new tonal shows
an estimted source |level of about 162 dB re 1 yPa at 1 m
compared to roughly 166 4B for the old tonal (cf. Malme, et al.
1983)

3.2.5 Drilling Sounds from Sandpi per 1|sland

G eeneridge Sciences neasured the radiated noise during
drilling operations from Sandpi per Island on 17 October 1985
(Johnson et al. 1986). Data were collected froma bottom nounted
hydrophore estinated to be at a range of 0.45 km and fromtwo
sonobuoys depl oyed through the ice at ranges of 2 and 5 n.m. (3.7
and 9.3 km respectively). The fornmer rested on the bottomat a
depth of about 16 mwhile the latter two were suspended at a
depth of 9 m The weather was overcast, visibility clear, with
wi nd speeds roughly 10 kts and an ice cover of 8/10-10/10.

Figure 31 is a sanple narrowband received | evel spectrum
measured by the bottom sensor. No significant industry-related
acoustic conponents were observed above about 200 Hz on any of
the 3 receivers. | ndeed, no man-made noise at all was observed
on the 5 n.m. sensor and therefore it is not discussed further.
As is obvious fromFig. 31, the dom nant tonals are at 20 Hz and
40 Hz. The |l ower |evel tonals at 90, 100 and 120 Hz do not
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appear at the 2 nom sonobuoy and therefore cannot be exam ned
further due to lack of TL data under the high ice cover condi-
tions during t hese neasurenents.

For the 40 Hz tonal, we used three data samples at two
ranges (6 data points) and applied the |east-squares error TL
model. W therefore estimated that the source level of the 40 Hz
tonal was 145 dB re 1 yPa at 1lm. Because this tonal dom nates
the third octave band centered at 40 Hz, the source |evel
estimate for the third octave band near 40 Hz is also 145 dB re
1 ypaat 1 m This appears to be the only significant radiated
signal from Sandpiper Island during drilling operations (see also
Johnson et al. 1986).

3.3 Acoustic Mdels and Sound Propagation Characteristics

Sound transm ssion in shallow water is highly variable,
since it is strongly influenced by surface conditions, by
acoustic properties of the bottom material, and by sound speed
variations in the water colum. Variations in the tenperature
and salinity of the water columm cause sound energy paths to be
bent (refracted) downward or upward resulting in varying enerqgy
loss depending on the extent of interaction with the bottom and
surface boundaries in addition to the attenuation due to
geonetric spreading.

Wien the sound wavel engths (i) are conparable to the water
depth (H) (0.25 < #/x < 2), the sound energy is considered to be
spreading cylindrically in a two-dinensional horizontal wave-
gui de. This is the condition where acoustic node theory is
appropriate. Mdde theory predicts that if the water depth is |ess
than 1/4, no acoustic energy can propagate. In many cases,
however, the bottom consists of water-saturated sedinment and is
not a discrete reflecting boundary for all of the sound energy.
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Here the propagation of |ow frequency sound energy involves the
bottom as an extension of the water colum. Thus, hard sub-
bottom | ayers under the upper sedinment bottom often provide the
dom nant reflecting surface for |ow frequency sound energy.

At high frequencies or in deeper water where the water depth
is large conpared with the sound wavel engths (B/» > 5), acoustic
ray theory is applicable and acoustic energy can be considered to
propagate along paths that are usually multiply reflected from
the surface and bottom A range (R)-dependent spreading |oss of
15 Log R, which is mdway between the cylindrical spreading |oss
of nmode theory (10 Log R) and the spherical spreading |oss (20
Log R) of unbounded deep water, has been found to be generally
appropriate in shallow water when sound speed gradients are
either neutral or downward refracting. \Wen gradients are
upward-refracting so the bottomreflection | osses are m nim zed,
a 10 Log R cylindrical type of sound propagation is appropriate,
even though ray theory (not node theory) is relevant.

Transm ssi on Loss Mbddel s

No anal ytic or conputer-based transm ssion | oss nodel exists
that is capable of handling all of the significant environnental
paraneters that influence shallow water sound propagation. The
maj or nodeling difficulties occur at |ow frequencies for sites
with a sloping bottomand strong sound velocity gradients. As a
result, we have devel oped sem -enpirical nodels which use sound
transm ssion data obtained fromin-situ measurenents to provide a
general sound propagation characteristic for a specific area.
These sem -enpirical nodels have been devel oped assum ng both the
10 Log R and 15 Log R spreading |oss characteristics. In
addi tion, a conputer-based analytic nodel has al so been found to
be useful within the restriction that it is appropriate only for
conditions of neutral or small sound speed gradients. Al of
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t hese nmodel s have been applied in analyzing the transm ssion |oss
data to obtain the nost general interpretation of the results.
The follow ng discussion covers the devel opnent and application

of both the analytic and enpirical nodels.

3.3.1 Anal ytic sound propagation nodel

The shal |l ow-water environment is very conplex fromthe
acoustical viewpoint. A conplete specification would involve
descriptions of

e the sound speed profile in the water,
bott om t opogr aphy,
bottom stratigraphy as function of |ocation,
surface conditions (roughness, ice).

El aborate conputer progranms are required to use this information
in a prediction of transm ssion

Fortunately, since such detailed information is rarely
available, it has been found possible to make reasonabl e predic-
tions fromsinple fornulas in the typical case where the sound

speed is nearly independent of depth and the bottom sl opes
uniformy and gradually. These fornulas have been devel oped and

tested by Dr. D.E. Weston of the British Admralty Research
Establ i shment (Weston, 1976).

In the sinplified formulas, there are five paraneters:

1. dom nant frequency
2. water depth at the source

3. bottom sl ope along track
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4,5, two paraneters to describe the reflection |oss of the
bottom

In these fornulas, the termfor the reflection loss (RL) in
deci bels for reflection of a plane sound wave incident at a
grazing angle ¢ is taken to be:

RL (dB) = 4.34 b sing¢, if ¢ <o, OF
(1)

RL = large, if ¢ > ¢g,-

The two parameters to be estimated are b and the critical angle
dcre

Because of bottom stratigraphy, the bottomreflection |oss
parameters are found to vary with frequency (Snmith, 1986). The
explanation is sinple. A typical bottomin shallow water con-
sists of a layer of sand or silt overlying rock. If the layer is
thin, the sound is effectively reflected off the rock; if the
layer is thick, the sound is effectively isolated fromthe
rock. Calculations indicate that the transition occurs when the
surface | ayer thickness equals about one-half wavel ength of
sound.

Typi cal values of the bottom|oss paraneters are

sand/silt: b = r sineg,

2 4
hard rock: b = 0.4 , sine ., 7.

= 0.
= 0.
Soft rock, such as |inestone or chalk, can be very absorptive

because of transm ssion of energy in the shear wave. The val ues

of the paraneters b and ¢,, are very sensitive to the value of
the shear wave speed (Smth, 1986).
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Weston's fornulas for transm ssion |oss divide the trans-
m ssion path into four regions, each of which has a character-
istic range dependence. The regions are, in order of increasing

range ,

a. spherical spreading, where bottomreflected rays are
steeper than the critical angle;

b. a transitiomnal, cylindrical spreading region;

c. a “nmode stripping region, wherein energy striking the
bottom at steeper angles is attenuated nore rapidly than

that at shallower angles;

a. the “lowest-node” region, wherein only the fundanenta
node carries significant energy.

Only in the last region is transm ssion dependent on frequency,
so long as the sand layer is either thin (d <a/2) or thick

(d >r/2) at all frequencies of interest. (See discussion of
bottom reflection |oss, above.)

In addition to water depth and bottom conposition, the slope
of the bottomis also inmportant in determning transm ssion |oss
in shallow water. For sound transm ssion from a shall ow region
to deeper water, the increasing depth permts the sound energy to
spread out over a larger volune than woul d have been available if
the depth had remained constant. This results in a reduction in
sound level. On the other hand, the increase in depth results in
fewer bottom and surface reflections and thus less energy | oss
per kiloneter. For nost bottomtypes, the reduction in reflec-
tion loss has the strongest influence so the net effect of a
positive bottom slope (increasing depth with increasing range) is
lower transmssion loss. This effect is nost pronounced when
neutral or upward refracting sound speed gradients exist. For
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t hese conditions sound transm ssion becones ducted and i S no
| onger influenced by bottom reflection |oss.

For sound transmission into a decreasing depth region
(negative bottom slope), the decrease in available volunme for the
sound energy would nornally cause the sound | evel to be higher
than it would be at the same range in a constant depth region.
However the nunber of surface and bottomreflections increases as
the depth decreases. This causes the sound |evel to drop. This
effect again usually predom nates and the transm ssion | o0ss
becones hi gher as sound propagates upslope. As the depth
decreases, a depth is reached where there is a transition from
mul timode to single node propagation. This usually results in a
shift froma 15 Log Rto a 10 Log R spreading | oss charac-
teristic. The attenuation per kilometer is determned prinarily
by the bottom material and may be quite high for soft bottom
sediments. As water depth continues to dimnish, there will be a
poi nt when effective propagation to |ong distances for
frequencies of interest is not efficient (transm ssion |oss
becones very high).

The Weston formulas noted previously apply to both positive
and negative uniform bottom slopes as well as to the constant
depth case.

A BASI C conputer program was designed by P.W. Smth, Jr. at
BBN whi ch incorporates these fornulas, yielding a value of
transmission loss (dB re 1 m) when given a value of range. This
nmodel , which we have called the Weston/Smth nodel, does not
i ncorporate refraction effects produced by sound speed gradients
and is appropriate for conditions where gradients are small or
neutral. Nevertheless, it has been found to provi de good
predictions in shallow water conditions and thus was used as a
conmparison to the neasured data at several sites.
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3.3.2 Enpirical sound propagation nodels

Mil ti-Mde Model (15 Log R

This enpirical model is based on the shallow water acoustic
ray theory for an isospeed sound channel. The transm ssion char-
acteristic for this wewhere nmany propagating nodes are present

has been gi ven as:
T = (2n/bHR3)1/2 g7ayR (2)

where b is a bottom|oss factor defined previously in Eq. (1),
His the bottomdepth, Ris the range fromthe source, and a,is
the volunetric absorption (Smith, 1971). This is the
characteristic that applies in the region ¢ (node stripping)
portion of the conputer nodel discussed previously. To devel op

the empirical nodel, we allow for an approximately uniformy sloping

bottom by substituting
Hyy = (Bg + H.)/2 =H (0 (3)

where H, is the average depth between the water depth at the
source (Hg) and at the receiver (H.). An additional range-
dependent |oss factor is added to account for surface and bottom
scattering and for |osses produced by refraction not accounted
for in the original analytic expression. The resulting nodified
transm ssion characteristic is

T = (2n/bH,R3)1/2 e”3aR/Hay e-3yR, (4)
where a, is an anonml ous attenuation factor which can be con-

sidered as a “loss-per-bounce,” with the nunber of ray bounces
being determned by the ratio of the range to the average depth.
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For convenience, Eq. (4) is converted to the logarithm c form of
transm ssion |oss (TL), where TL = -10 Log T or

TL = 5 log (bH4,) + 15 log R + A R/Hy, + AyR 4 (dB) (5)

Equation (5) is simlar in formto a sem-enpirical fornula
devel oped earlier by Marsh and Schul kin (1962) for internediate
range shal | ow water transm ssion loss prediction. In applying
this relationship, the attenuation factor A/is determ ned by
anal yzing a set of nmeasured received | evel data which have been
obtained in the area of interest. A calibrated sound source is
used to obtain these data. To inplenment this analysis, Eg. (5)
is used in the received level (L) equation

where Lg is the source level (dB re 1luPaatlm}or,

- 51log H,- 151log R- ASR/H,, - AR+ 4 dB re 1luPa

(6)
wher e
g =L~+An- 45 dBre 1uPa at 1 km = effective source
| evel
Lg = Source Level, dB re luyPa at 1 m
An = Local anomaly

The constant (-45) represents a correction for units
R = range, km

A, = volumetric absorption, dB/km (nmay be neglected for
ranges |ess than 10 km and frequencies |ess than
1 kHz)
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A, = bottom and surface absorption and scattering |osses,
dB m km

This equation is used in a conputer-inplenmented, two-paraneter,

| east-squares analysis using the neasured values of L, versus
range. The results of this analysis produce estimted val ues of
both the effective source level Lg and A, Since the actua
source level is known, this permts estimation of the effective
increase in source level resulting from surface- and bottom-
reflected energy. This increase will be called the |ocal anonaly,
An. For |low sea states where surface | osses are negligible,

An = -5 1o0g b. Since the usual values of the local anomaly, An
are small, the nean error of the regression curve fit must al so
be small to obtain a good estimate of the loss factor, be
Conversely, if a good calibration of the Iocal anonmaly for a
given area is available, this permts estimation of the source

| evel of an uncali brated source.

Cylindrical Spreading Mdel (10 Log R

The anal ysis procedure using Eq. (5) and Eq. (6) is not
appropriate at low frequencies in water depths where only a few
nodes are propagating and ray acoustic theory does not apply. It
also is not appropriate at higher frequencies when ducted or
upward refracted (RSR) sound propagation paths dom nate.

For these conditions, Egs. (5 and (6) have been nodified to
incorporate a cylindrical spreading |Ioss and a continuous bound-

ary attenuation |oss
TL = 10 log H,+ 10 log R + AR + AR (dB) (7)

or
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L. =L&- 10 log Hy, - 10 log R- AR - A,R (dB re 1luPa)
(8)

L! = L~+An- 30 dBre 1luyPa at 1 km

Ag " boundary attenuation |oss, dB/km.
Equation (7) is also simlar to the cylindrical spreading TL
equati on devel oped earlier by Marsh and Schulkin (1962).

The two-paraneter |east-squares analysis was carried out
using Eq. (8) if propagation conditions were appropriate and/ or
if the analysis using Eq. (6) produced negative values of A.

For sonme conditions analysis was perforned using both equations
and the equation producing the smallest nmean-squared error val ue
was Sel ected as the best fit to the experimental data. Equations
(7) and (8) are not suitable for areas where there is a large
variation in bottom depth along the propagation path (> 20%.

3.3.3 Transnission Loss Characteristics at the Test Sites

| nt roducti on

Acoustic transmi ssion |oss data were obtained during the
1985 field period in the vicinity of four of the five test sites
designated by MVS. The anpunt of data obtained was reduced as a
result of limted site access due to the sunmmer ice conditions in
1985. The primary goals of the transm ssion | oss neasurenents
during this first field season were to quantify the influence of
the [ocal bottom and water colum properties on sound trans-
m ssion at each site and to neasure the noise radiation char-
acteristics of any industrial activities operating at each site.
These goals were met for each of the sites that were” accessible
(Orion, Sandpiper Island, Erik, and Belcher). The fifth
desi gnated site, Hammerhead, was not accessible because of ice
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conditions. Weather and ice conditions also prevented TL
measurenents at the alternate Corona site.

Di scussi on of Data from Specific Sites
Oion Site

This is a very shallow site (14 m. The sound velocity
gradi ent (Fig. 32) observed at the site during the TL measurenent
period showed a shal |l ow surface duct present between 3 and 10 m
This may have influenced the nmeasured TL, which was |ower than
woul d normal |y be expected for such shallow water. The 10 Log R
enpirical nodel was found to provide the best fit to the measured
data for all frequencies tested. The results of the least-
squares curve-fitting process are shown in Figs. 33 through 35.
The high local anomaly (An) values noted in each figure of 9 to
12 dB at low frequencies are the result of very reflective bottom
conditions. The sound levels are thus 9 to 12 dB higher than
they woul d be at conparable ranges in deep water. The data point
at 4.9 kmfor 100 Hz in Fig. 33 has been assuned to be anonal ous
in the curve fitting process until additional experinmental data

can be obtai ned.

It is possible that, in this area, a hard sub-bottom | ayer
such as pernafrost acts as the effective boundary for |ow
frequency sound propagation - the upper sedinent woul d be
basical |y an extension of the water colum. To test this pos-
sibility, the TL data at |ow frequencies were reanal yzed using
the 10 Log R empirical nodel with various assumed val ues of
effective water depth. At 100 and 200 Hz, an effective bottom
depth of 30 m gave the |owest value of a mean square error
bet ween cal cul ated and neasured sound | evels. For higher
frequencies, the error was |lowest for the actual depth of 14 m
This provides evidence of a sub-bottomreflecting layer (either
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permafrost or overconsolidated clay as discussed previously in
Sec. 2.1.2) that is effective for frequencies bel ow 200 Hz.

Qur data have been augnmented by including an analysis of air
gun array sound | evel data reported by Ljungblad et al. (1985b) for
a nearby site having a simlar water depth (18 m. The air gun
data were obtained later in the season (23 Septenber 1984) when
whal e migration was in progress. The domi nant frequencies in
airgun array data are at about 100 Hz. A TL estimate was “
obtained fromthe array data and was adjusted using the neasured
| ocal anomaly (An) at 100 Hz for the Oion site. The results are
shown with the neasured TL data at 100 Hz for the Oion Site in
Fig. 36.

Two types of propagation nodels were conpared with the
conbined 100 Hz data. The 10 Log R enpirical nodel, using the
constants determ ned by a | east-squares analysis of the on-site
projector data, provided a reasonably good fit to the seismc
array data which extend out to a range of about 16 km (Fig. 36A).
(The projector data point at 4.8 kmis believed to be anonal ous.)
The Weston/ Smth nodel was also used to provide estimated TL
values for this site. This nodel is nore appropriate for use in
| ong range TL predictions since it provides for the transition
fromnulti-node propagation to single-node propagation which
often occurs for |ow frequency propagation in shallow water.

Thus, if we can obtain a good match between the Weston/ Smth
nodel and the measured data at short range, we can expect it to
provi de better |ong-range predictions than those provided by
sinply extending the enpirical nodel predictions. However, it is
very inportant to point out that without site-specific long range
TL data, there is potential for error in estimating TL if any TL
nmodel is used to extrapol ate beyond the ranges for which
experinmental data are avail abl e.
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The Weston/Smith nodel results are conpared with the
projector and seismc array data in Fig. 36B for both the actua
wat er depth (14m) and the estimated sub-bottom |ayer depth (30 m.
The nodel for the actual 14 m depth predicted much higher TL
val ues than were observed but the predicted val ues based on the
assuned sub-bottom depth can be seen to be in good agreenent.

The bottom paraneter values used to obtain this fit are
consistent with values for soft rock. They are assuned to be
appropriate for permafrost based on information described in Sec.
2.1.2.

Sandpi per |sl and

This is another shallow water site (15 m which had variable
ice conditions during the 1985 field season. The sound velocity
profiles during the measurenment period were influenced by the
nearby ice and generally showed upward refracting conditions, as
shown in Fig. 37. The nmeasured TL data followed a 10 Log R
spreading loss with a |ow attenuation factor (1 dB/km or |ess for
all frequencies neasured). The results of the analysis are shown
in Figs. 38 through 40. There is no obvious reason for the w de
scatter of the 4 kHz data in Fig. 40 al though anomal ous sub-
bottomreflectors could be one cause.

The very low TL val ues showed that a bottom or sub-bottom
| ayer of high acoustic reflectivity was present at this site
al so.  Subsequent anal yses indicated that a.sub-bottom | ayer at a
depth of about 35 m may be the domi nant reflecting surface for
frequencies below 200 Hz. Predicted values of TL using the
Weston/ Smth Mbdel and a |ayer depth of 35 mare shown in
Fig. 41. The neasured data show |l ess TL than the nodel, possibly
as a result of the local sound speed gradient (the nodel assunes
that no significant gradients are present). For conditions of no
nearby ice and normal summer heating, the TL characteristic at
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this site would be expected to show a higher attenuation rate
than was observed during the 1985 season. This needs verifica-
tion by further measurenents. No additional |ong range data were
avai l able from other neasurenments in this general area so TL
information at ranges greater than 4 kmw || have a high
measurenment priority during the comng field season

Erik Site

The Erik site is | ocated in deeper water (40 m) than Orion
and Sandpi per. The site was ice free during the neasurenent
period and the sound velocity profiles may have been influenced
by solar heating near the surface. It is also possible that the
sound speed profiles were influenced by the southern edge of a
“ plume’ of lower salinity and warmer surface water that often
occurs over the outer shelf and shelf break of the eastern
Al askan Beaufort Sea under predom nating easterly w nds. A plune
was observed by Fissel et al. (1986) in the MacKenzie River bay
area and was described in detail for the Septenber 1985 peri od.
As a result, an upward refracting |ayer was observed above 5 m
with a possible slight sound channel from 10 to 25 mas shown in
Fig. 42. Transmission |oss data were obtained to a range of
about 2 km Analysis of these data showed a 10 Log R char-
acteristic for all frequencies. The data are presented in Figs
43 through 45.

The TL values are low for this site suggesting that a strong
bottom or sub-bottomreflecting layer is present here also. Even
though this site is about 20 km from shore, it is possible that
the reflecting layer is permafrost and/or overconsolidated clay,
based on information presented previously in Sec. 2.1.2.

Radi ated noise data froman air gun operation near the Erik
site were reported by Ljungblad et al. (1985b). Anal ysis of
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t hese data provided supplenmentary TL infornmation out to a range
of 12 km  These supplenmentary data were conpared with both the
10 Log R nodel and the Weston/Smth nodel at 100 Hz (Fig. 46).
The 10 Log R nodel can be seen to underestimate the TL at ranges
beyond 2 km, whereas the Weston/Smth nodel provides a better
fit. The paraneters used in the nodel were appropriate for a
hard rock bottom at a depth of 40 m The air gun data were
measured on 9/18/84, only 1 week |ater in the season than the
proj ector data obtained during the 1985 field season. Therefore,
the sound velocity gradients would normally be expected to be
conparabl e except for the seasonal variation influence of the

MacKenzi e River plune.

Belcher Site

Belcher was the deepest and nost easterly test area (55 m,
and thus was the site nost likely to be influenced by the plune
of warner fresher surface water mnentioned above (Fissel et al.
1986) . It also was ice free during the acoustic neasurenent
period. The sound velocity gradients (Fig. 47) showed a weak
surface channel that woul d cause upward refraction above a depth
of 8 m A noderate sound channel was present between 10 and

20 m

Measurenents made out to a range of about 2 km showed that a
10 Log R TL characteristic was appropriate for short range sound
transm ssion at this site. The TL data are presented in Figs. 48
through 50. The TL characteristics at this site al so show very
| ow attenuation values, again indicating hard bottom
conditions. A set of data were also available from seismic array
measur enents made nearby in 1984 by Ljungblad et al. (1985b).
These data were processed to obtain supplenmentary TL information
out to a range of about 12 km (Fig. 51). The Wston/ Smith node
provided a good match to the array data. The bottom paraneters
used correspond to soft rock. The two data points from the
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projector tests at a range of 1.8 km seemto have anomal ously | ow
values of TL. Additional TL measurements will be made during the
1986 field season to obtain a better definition of the TL char-
acteristics beyond 2 kmfromthe site.

Since the Belcher site is located within the fall bowhead
whale migration corridor (Fig. 2), it is necessary to consider
the directional dependence of the TL characteristics. The
general slope of the bottomtoward the north and northeast is
expected to cause the TL to be lower in those directions and
hi gher in the southerly direction toward the coastline. This
expected trend will be investigated during the 1986 field
season. For the present report, the Wston/Smth nodel will be
used to devel op predictions of the influence of the sloping
bottom on TL.

In Fig. 51, a flat or non-sloping bottomcondition was used
to obtain the predicted TL characteristic at the Belcher site for
conparison with the air gun array TL data. Examination of chart
depth informati on showed that an approximate sl ope of O 0087
exi sts toward the north and an upward sl ope of -0.0013 exists
toward the south. Figure 52A shows the effect of two sloping
bottom condi tions on |ow frequency sound {100 Hz) as conpared toO
azero slope condition. The dimnishing depth toward the south
can be seen to have a significant effect on the predicted TL.
Figure 52B shows the predicted TL at 1 kHz, where the acoustic
wavel ength is very nuch less than the water depth. In this case
the influence of the bottom slope is considerably |ess than at
| ow frequencies. The effects of bottom slope conditions on TL
prediction for 1 kHz are the opposite fromthe predictions for
100 Hz; at 1 kHz the highest TL occurs for increasing water depth
to the north, while at 100 Hz the highest TL occurs for
decreasi ng water depth to the south.
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Summary

Tabl e 3 summarizes the values of the attenuation factors
(As) and | ocal anomalies (An) obtained fromthe |east-squares
analysis of the enpirical TL data from each site. A positive or
hi gh anomaly value is due to a sound reverberation effect,
resulting in a higher received sound | evel than would normally be
obtained in very deep water. Also shown in the table is the mean
square error for each analysis. The average error between the
measured data and the predicted value at the same range is the
square-root of the value shown in the table.

Since the TL characteristics at all of the sites showed a
10 Log R spreading loss, it is possible to conpare the trans-
m ssion properties of the sites by reviewng the data presented
inthis table. Belcher can be seen to have the |owest attenua-
tion factors as a result of the hard bottom and deeper water than
the other sites. The local anomaly at Belcher is also | ower than
at the other sites, primarily as a result of the deeper water.
The Orion site had the highest attenuation factors and al so the
hi ghest | ocal anomaly with the val ues from Sandpi per being
simlar if not quite as high. The 4 kHz TL data for both Oion
and Sandpi per were very scattered with a resulting high nean
square error. The values shown in the table for A and An at
4 kHz at these sites thus are less accurate than the rest of the
dat a.
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TABLE 3. ACQUSTI C MODEL* PARAMETER VALUES OBTAI NED FROM LEAST-
SQUARES ANALYSI S oF TRANSM SSI ON LOSS DATA.

A
1/3 OB Atten . A,, Source Mean Model
Frequency Fact or Anomal y Error
Hz dB/km dB dB (rms)
Oion Site
100 2.2 10 1.8
200 3.1 12 1.5
500 2.0 9 1.7
1K 2*0 5 2.8
2K 4.0 3 4.2
4K 2.0 -8 7.1
Sandpi per Island Site
100 1.3 8 2.6
200 0.5 9 1.8
500 1.1 10 1.1
1K 0.8 6 1.5
2K 0.7 3 1*5
4K 0 5 6.7
Erik Site
100 0 4 1.8
200 0.2 6 0.8
500 0.4 4 2.1
1K 0.1 1 1.3
2K 1.6 4 1.1
4K 0.2 3 1.1
Belcher Site
100 8 2 1.6
200 4 2.5
500 0 2 2.2
1K 0.2 1 1.6
2K 0 1 2.9
4K 0.5 5 3.3

*Based on Eq. 8:
L.= Ls + An - 10 log E,, - 10 log R - AR - AR

r

- 30 {(dB re 1 uPa)
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3.4 Zones of Influence on Wal es*
3.4.1 Dom nant Frequency Components for Each Industrial Source

The five industrial sources considered in the zone of
i nfluence anal yses were a barge-nmounted clamshell dredge, a tug
beginning to tow a | oaded barge, a pair of tugs forcing a barge
against an artificial island, drilling by a drillship, and
drilling on an artificial island (Section 3.2). Figures 53A
t hrough 53D show estinmated source levels of the sounds fromthe
first four of these sources (see Section 3.2 for details, and for
data fromdrilling on the island). Figure 53 also shows the
estimated medi an anbi ent noise levels at two groups of sites
(from Section 3.1). These source |evel and anbient noise data
were used to select the I/3-octave bands for which sound
propagation calculations would be done.

When the dredge bucket was being hauled up at Erik, strong
tones were recorded at various harnmonics of 125 Hz, although not
at 125 Hz itself (Fig. 53A). Since the sound |evels of tonals
are bandw dth independent, the levels in the |/3-octave bands
that contained these tones were very simlar to the levels of the
tones themselves. Levels at 250 Hz, 750 Hz, and 1250 Hz were
especially high relative to anbient noise levels (Fig. 53A). The
approxi mate peak |/3-octave source |levels at these three frequen-
cies were 162, 158, and 158 dB re 1 uPa, respectively.
Consequent |y, propagation cal cul ations were done for these three
frequency/ source |evel conbinations.

When the tug ARCTIC FOX began towing a fully-|oaded barge
away fromthe Erik dredge site, the I/3-octave band wi th highest

*By W John Richardson, LGL Ltd., environmental research
associ at es.
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source level (170 dB) wscentered at 1000 Hz (Fig. 53B). Band
| evel s were nore or |ess independent of frequency from 1500 Hz to
5000 Hz. However, within this range, the band w th highest |evel

and highest signal : average anbient ratio was near 3500 Hz (164

dB) .  These two frequency/source |evel conbinations were used in
propagation cal cul ations.

When two tugs held a barge against Sandpi per Island, the
estimated |/3-octave source spectrumwas high, relative to the
anbi ent noi se, around 300 Hz (163 dB), 1500 Hz (164 dB), and
4000 Hz (160 dB). Propagation calculations were done for these
three frequency/source |evel conbinations.

The drillship EXPLORER Il operating at Hammerhead produced
high levels of sound in |/3-octave bands near 80 Hz, 240 Hz,
920 Hz, and 1640 Hz (Fig. 53D). Estimated source levels in
these four bands were 162, 161, 160, and 157 dB, respectively.
Propagati on cal cul ati ons were done for all four of these
frequency/ source |evel conbinations.

During drilling at Sandpi per |sland, the dominant sound was
a tone at 40 Hz (Section 3.2). The estimated source |evel for
this tone, and for the 1/3-octave band containing it, was 145 dB.
This was the only frequency/source |evel conbination used in
anal yses of zones of influence around Sandpiper |sl and.

3.4.2 Zones of Detectability

Bowhead and gray whal es are expected to be able to detect
i ndustrial sounds in the approximte range 40 or 50 Hz to 4000 Hz
if the received noise level in any |/3-octave band exceeds the
anbient level in the corresponding band (see Section 2.3.1). W
hypot hesi zed that each of the five sources of industrial noise
noted above was operating in turn at each of five sites. W used
the site-specific Weston/Smith sound propagation nodel s devel oped
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in Section 3.3 to predict the received levels as a function of
range and bearing fromthese sites. The estimted anbient noise
statistics from Section 3.1 were used to estimate the range at
whi ch the received level would equal the anbient level. The
Figures and Tables in this section show the results for the 1/3~
octave band that woul d be detectable farthest away. Appendix A
sunmmari zes the results for all of the I/3-octave bands that were

anal yzed.

Oion. -- If the dredge, the tugboats, or the EXPLORER II
drillship operated at Orion, the industrial noise level in at
least one |/3-octave band woul d be expected to remain above the
medi an anbi ent noise |level in the corresponding band out to
ranges 35-45 kmto the east or west (Fig. 54; Table 4). To the
north, where water depth increases with increasing range, the
noi se from each of these operations is predicted to be above the
anbi ent |evel to ranges beyond 50 km Thus, 50% of the tinme, a
dredge, tug or drillship operating at Orion would be expected to
be detectable at distances as great as 35-45 km east or west, and
>50 km nort h. However, these distances are greater than the
maxi mum range where the Weston/Smth sound nodel is expected to
gi ve reasonably accurate results. (In Figure 54, the estinmated
received levels are shown as dashed lines at ranges greater than
the ‘maxi mum bel i evabl e range’.) The estimted ranges where
recei ved | evel would equal the nedian anbient are especially
uncertain to the north of Orion; the ‘nmaxi mum believabl e ranges’
are |l ess on bearings where water depth increases with increasing
range (north) than on bearings where water depth is constant

(east, west).

The estimated ranges at which the received noise fromthese
sanme industrial operations would exceed the 95th percentile
anbi ent noi se were 22-27 kmto the east or west of Oion and
45 kmor nmore to the north (Table 4; Fig. 54). Thus, 95% of the
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THE 1/ 3- OCTAVE BAND WHOSE SOUNDS WOULD BE DETECTABLE AT
CREATEST RANGE;, THE SOURCE LeveL (SL) anp CENTER FRE-
QUENCY N(gF%J\I ARE | NDI CATED. SOQUNDS RECORDED DURI NG

DRI LLI SANDPI PER ARTI FI CI AL | SLAND ARE PLOTTED ON
TWO HORI ZONTAL SCALES. ESTI MATES ARE BASED ON THE
VESTON SM TH SHALLOWM WATER SCUND PROPAGATI ON MODEL, W TH
SI TE- AND FREQUENCY- SPECI FI C ESTI MATES OF BOTTOM REFLEC-
TIVITY AND LOCAL ANOMALY. AT RANGES WHERE THE CURVES
ARE SHOMWN AS DASHED LI NES, THE ESTI MATED RECEI VED LEVELS
ARE UNRELI ABLE (SEE TEXT). EXPECTED AMBI ENT NQO SE
LEVELS (5th, 50th, AND 95th PERCENTILES) ARE ALSO SHOWN.
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TABLE 4. ESTI MATED “ZONES oF AUDI Bl LI TY"” OF UNDERWATER NO SE
FROM FI VE INDUSTRIAL SOURCES | F THEY WERE AT THE
ORION/CIDS SITE, ALASKAN BEAUFORT SEA. THE 1/3-OCTAVE
BaND THAT WOULD BE DETECTABLE AT GREATEST RANCGE IS
CONSIDERED ( SEE APPENDI X D FOR OTHER BANDS] . THE
DETECTI ON THRESHOLD | S ASSUMED TO EQUAL THE AMBI ENT

NO SE LEVEL.
Type inant QOctave Noise at Orion Dir- Orion Where Sig. to
of Freq-  Source (dB, 1/3 Oct. Band) ection  fmb. Noise Ratio =0 (k?) of
Noise uvency level from Relia-
Source  (Hz) (dB) S#ile 507ile 95%ile  Orion Stile 50%ile 95%ile  bility

Dredge bucket being raised at Erik

250 162 60 84 9 EM >50 39 25 30
N >50 >50 >50 16

Tug beginning to tow barge at Erik
1000 170 60 82 % E/W >50 35 24 11
N >50 >50 >50 6
2 Tugs at Sendpiper
300 163 61 & % EM >50 45 2 30
N >50 >50 >50 L5
Explorer II drilling at Hamerhead
240 161 60 84 95 EM >50 35 22 30
_ N >50 >80 45 16
Drilling at Sandpiper
40 145 56 82 91 EMWN 5.1 31 2.3 63
N 7.6 3.5 2.5 23

*The “Maxi mum Range of Reliability” colum shows the distance (in
km) beyond which the Weston/Smth propagati on nodel may no
| onger provide reliable results.
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time, sounds froma dredge, tugs or drillship at Oion would be
potentially detectable at |east 22-27 km east or west and 45 km
north of Orion. Some of the 22-27 kmestinmates for east and west
bearings were within the range where the Weston/ Smth model is
believed to be reasonably accurate (dredge; tugs recorded at
Sandpi per; EXPLORER 11). Al of the estimates for northerly
bearings were well beyond the nmaxi mum range where the nodel can
be assuned to be reliable.

The estimated ranges where the received | evel of dredge, tug
or drillship noise would exceed the 5th percentile of ambient
noi se were beyond 50 kmfor east/west as well as north bearings.
Al of these estimates were well beyond the range where the nodel
can be expected to be reliable.

Thus, if there were dredge, tugboat or drillship operations
at Orion, the sounds woul d be expected to be above anbi ent
| evel s, and potentially detectable, out to ranges of several tens
of kilometers. Potential ranges of audibility would be greater
to the north than to the east or west. Even under conditions of
hi gh natural anbient noise (95th percentile conditions), these
industrial operations would be expected to be detectable up to
about 25 kmto the east or west, and farther to the north.
Because of the uncertain accuracy of the propagati on nodel for
| ong ranges, especially to the north, all of these estimtes
shoul d be taken as general guidelines, not specific predictions.

In contrast, if the 40 Hz sounds recorded fromthe drilling
operation on Sandpi per |sland were introduced into the water at
Oion, their levels would be expected to drop below the nedi an
anbient level wthin 3 to 3.5 kmfromOion (Fig. 54, Table 4).
They woul d drop below the 95th percentile anbient noise wthin
2.3 to 2.5 km and below the 5th percentile anmbient noise wthin
6 to8 km Al of these estimates are within the range where the
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Weston/ Smith propagation nodels are expected to be reliable. The
conmparatively |ow range of potential audibility of the “drilling
on artificial island” sounds is attributable to two factors: (1)
Their source level was 12 to 25 dB less than the levels of the

ot her sounds considered here, and (2) their expected attenuation
rate in the shallow water near Oion was higher because of their

| ow frequency and higher attenuation factors (see Table 4).

Sandpi per. -- If the five industrial sources that we are
consi dering operated at Sandpiper and Oion in turn, each one is
predicted to be detectable somewhat farther from Sandpi per than
fromOion (Fig. 55, Table 5). The dredge, tug and drillship
sounds in at |east one |/3-octave band woul d be expected to
exceed the correspondi ng nedi an anbi ent noi se level at all ranges
wthin 50 kmto the east, west or north of Sandpiper. However,
it should be noted that the predicted received | evels at ranges
of 50 kmor nore are not very reliable. The received levels are
predicted to equal the 95th percentile anbient noise at 36 to 43
km east or west of Sandpiper, as opposed to 22 to 27 km east or
west of Orion. For the dredge, Sandpiper tugs and drillship, the
Weston/ Smith sound propagation nodel is considered reasonably
reliable out to a range of 43 kmto the east or west, but only to

28 kmto the north.

The 40 Hz sound fromdrilling on an artificial island would
not be detectable nearly as far away. The received level is
predicted to equal the 95% anbient at about 3 km the nedian
anbi ent at about 4.5 km and the 5% anbi ent at about 9 km (Tabl e
5, Fig. 55). These estimates are slightly greater than corres-
ponding figures for the Oion site. The estimtes are well
wthin the zone where the Sandpi per sound propagation nodel is
expected to be reasonably reliable. The estinates are also
consistent with the actual neasurenents of Johnson et al. (1986)
concerning the range of detectability of these sounds near
Sandpi per | sl and.
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TABLE 5. ESTI MATED “ZONES OF AUDI BI LI TY” OF UNDERWATER NO SE
FROM FI VE | NDUSTRI AL SOURCES IF THEY WERE AT THE
SANDPI PER SI TE, ALASKAN BEAUFORT SEA. THE 1/3-OCTAVE
BAND THAT WOULD BE DETECTABLE AT GREATEST RANCE 1s
CONSI DERED { SEE APPENDI X D FOR OTHER BANDS] . THE
DETECTI ON THRESHOLD | S ASSUMED TO EQUAL THE AMBI ENT

NO SE LEVEL.
Dom- Est. 1/3 Estimated dmbient Dir- Est. Range (km) from Max.
I‘(p inant Octave Moise at Sandpiper ection Sandpiper Were Sig. 1O Range
0 Freq- Source (dB, 1/3 Oct. Band) fram Ab. Moise Ratio=0 () Of
Noise vency Level Sand- Relia-
Source  (H) (dB) Sile 50%ile 95%ile  piper S%iile S0%ile 95%ile  bility

Deedge bucket being raised at Erik

250 162 60 84 95 EM >50 >50 43 43
N >50 >50 >50 28
Tug beginning to tow barge at Erik
1000 170 60 82 94 EM >50 >50 3% 15
N >50 >50 >50 1
2 Tugs at Sandpiper
300 163 61 84 % E/M >50 50 43 43
N >5(0 >50 >50 8

Explorer II drilling at Hasmerhead

240 161 60 84 95 EM >50 >5(0 39 43
N >50 >50 >50 28

Drilling at Sandpiper

40 145 56 82 91 EM 8.5
9.5

~
—
(™)
&~

38

=
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Hammer head. -- |If the dredge, tugs, or drillship were
operating at Hammerhead, their noise woul d be expected to exceed
t he medi an anbient level in at |east one |/3-octave band at al
ranges within 50 km  Their noise is predicted to exceed the 95th
percentile anbient level up to 31 to >50 km away (Fig. 56; Table
6). These predictions are based on easterly and westerly
bearings (i.e., constant water depth). Up to at least 50 km
these estimates are believed to be reasonably reliable.

Predi ctions for increasing or decreasing water depths were not
made for this site because the Hammerhead propagati on nodel was
less well defined than were the nodels for other sites.

As at Oion and Sandpi per, the zone of potential audibility
woul d be much less for the 40 Hz sounds from a hypot hesi zed
drilling operation on an artificial island. The received |evel
is predicted to equal the 95, 50 and 5 percentile anbient val ues
at ranges of about 1.5, 3.4, and 12 km |t should be noted,
however, that an artificial island of the type where these
drilling sounds were recorded (Sandpiper, water 15 m deep) would
not be constructed in the deeper water at Hanmerhead.

Erik. -- Some bowhead whal es migrate westward south of the
Erik site, although in 1985 the majority apparently passed
of fshore of Erik (Richardson et al. 1986). Hence, we estimated
received levels at various distances south of Erik (decreasing
wat er depth) as well as east/west (constant depth) and north
(i ncreasing depth).

|f the dredge, tugs or drillship were operating at Erik,
their sounds would be expected to exceed the nedian anbient |evel
out to ranges >50 km east, west and north of Erik. For at |east
one |/3-octave band, their noise is expected to exceed the 95th
percentile anbient noise up to 33 to >50 km on those bearings
(Fig. 57; Table 7). The propagation nodel is considered reason-
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TABLE 6. ESTI MATED “ZONES OF AUDI BI LI TY” OF UNDERWATER NO SE
FROM FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE
HAMMERHEAD S| TE, ALASKAN BEAUFORT SEA. THE 1/3-OCTAVE
BAND THAT WOULD BE DETECTABLE AT GREATEST RANGE | S
CONSI DERED ( SEE APPENDI X D FOR OTHER BANDS). THE
DETECTI ON THRESHOLD |I'S ASSUMED TO EQUAL THE AMBI ENT
NO SE LEVEL.

Do~  Bst. 1/3  Estimated Ambiert Dir- Bst, Bange (KIM) from 1:)
Type inant Octave Noise at Hamerhead ection Hammerhead Where Sigs t O FRange
of Freq-  Source (dB, 1/3 Oct. Band) from fub. Noise Ratio = 0 () Of
Noise vency Level Hammer- Relia~
Source  (Hz) (dB) Stile  50%ile  95%ile  head szile  50%ile  95%ile  bility

Dredge bucket teing raised at Erik

250 162 69 85 % EM »0 >50 36 52
Tug beginning to tow barge at Erik
1000 170 67 82 % EM >50 550 >50 52
2 Tugs at Sandpiper
300 163 69 84 % E/W >50  >50 42 52
Explorer II drilling at Bamerhead
240 161 69 85 % EMW >50  >50 31 52

Drilling at Sandpiper
40 145 67 91 100 EMW 12 34 1.4 52
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TABLE 7.  ESTI MATES “ZONES OF AUDI BI LI TY" OF UNDERWATER NO SE
FROM FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE ERI K
SITE, ALASKAN BEAUFORT SEA. THE |/ 3- OCTAVE BAND THAT
WOULD BE DETECTABLE AT GREATEST RANGE | S CONSI DERED
SEE APPENDI X D FOR OTHER BANDS). THE DETECTI ON
THRESHOLD | S ASSUMED TO EQUAL THE AMBI ENT NO SE LEVEL.

Do Est. 1/3 Estimated Ambient Est. Range (km) frail Max.
Type inant Octave Noise at Erik Dir- Erik Where Sig. to Range
of Freg~- Source (dB, 1/3 Oct. Band) ection fob. Noise Ratio = (km) of
Noise uency Level from Relia-
Source (Hz) (dB) Stile 50%ile 95%ile FErik Shlle 507ile 95%ile Hlity

Dredge bucket teing raised at Erik

250 162 69 85 % S 1 13 1 14
E/W >50 >50 39 52
N >50 >50 37 20
Tug beginning to tow barge at Erik
1000 170 67 S 9% s 15 15 15 15
EM >50 >50 >50 52
N >50 >50 >50 19
2 Togs at Sandpiper
300 163 69 8 % S 14 14 13 14
E/W >50 >50 43 52
N >50 >50 40 20
Explorer II drilling at Hamerhead
240 161 69 S5 % S 14 13 12 14
E/W >50 >50 34 52
N >50 >50 33 20
Drilling at Sandpiper
40 145 67 91 100 [ 5.5 24 1.1 8
EM 9.4 2.7 11 52
N 25 2.9 1.1 20
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ably reliable to >50 km east or west, but to only 20 km north
To the south, the received level of dredge, tug or drillship
noi se i s expected to exceed both the nmedian anbient and the 95th
percentile anmbient until the water depth dimnishes to <10 m

cl ose to shore.

If an artificial island of the type at Sandpi per coul d be
constructed at Erik, 40 Hz drilling sounds woul d be expected to
be detectable out to at least 1.1 km 95% of the tinme, and to 2.4
to 2.9 km50% of the tine. The potential zone of audibility
under quiet conditions (5th percentile anmbient noise) is
predicted to be much greater north of Erik (25 knm) than east/west
of Erik (9.4 km) or to the south (5,5 km). The greater potentia
zone of audibility north of Erik (25 km) than north of Oion or
Sandpi per (7.6 to 9.5 km is attributable to the greater water
depth at Erik. However, it should be noted that artificia
i slands of the type at Sandpi per, where these drilling sounds
were recorded, have not been constructed in water deeper than
about 18 m  The water depth at Erik is 40 m

Belcher. -- |If the dredge, tugs or drillship were operating
at Belcher, their sounds woul d be expected to exceed the nedian
anbi ent level out to ranges >50 km east, west and perhaps north
of Belcher. Under conditions of high ambient noise (95th
percentile), the dredge, Sandpiper tugs, and drillship are
expected to be detectable up to 17 to 25 km east, west and
per haps north. Even under those high noise conditions, the Erik
tug mght be detectable >50 km east or west and 39 kmnorth
(Fig. 58; Table 8). The Wston/Snmith sound propagati on nodel is
expected to be reasonably reliable out to about 43 km east or
west of Belcher, but only to about 10 km north.

To the south of Belcher, sounds from a dredge, tug or
drillship are predicted to exceed the nedi an anbi ent noise out to

144

-'ﬂ----‘_?x---f--z—--



‘) .
W R W R W pm e e

- Report No. 6185

RECEIVED LEVEL <08>

EIUED LEVEL DB’

RELC

RECEIVED LEVEL (DB»

FI GURE 58.

L 20 ERIK.DREDGE € (BELCHER
: : R
t10

100

L i ] ; L | 3 ' L
5 10 15 20 25 30 35 40 45
RANGE (KM>

I3AMDP . TUGS © BELCHER!
13 b o

i i ) i L i L L

3 10 13 &9 25 30 35 40 48
RANGE (K>

'SANDP . ORILL @ ‘BELCHER

1320
120+

110 feeereeees
100

3 10 15 20 25 30 35 40 45

RAHGE <KM>

SIVED LEYsL (D=

R=

RECEIVED LEVEL <DB>

L

RECEIVED LEVE

BBN

,..
-
o

130 b
110
100 -

90 )

=1}
70
6.

Laboratories |ncorporated

: ERIK.TUG @ BELCHER !
: ' P sL=17g 08"
T

(o

20 253 30 35
RANGE <KM>

ExPL.II HAMHD & BELCHER

TsL=183 O

3 10 1S5 &0 25 30 35 40 45
RANGE (KM

SANDP . ORILL @ iBELCHER
: : SL=145 0B

i
t 2 32 4 5 6 7 3 3
RANGE <KH>

ESTI MATED RECEI VED LEVELS OF | NDUSTRI AL NO SE AT

VARl QUS DI STANCES FROM THE BELCHER S| TE | F EACH OF
FI VE | NDUSTRI AL SOURCES WERE OPERATI NG THERE
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TABLE 8. ESTI MATED “ZONES OF AUDI BI LI TY” OF UNDERWATER NO SE
FROM FI VE | NDUSTRI AL SOURCES IF THEY WERE AT THE
BELCHER S| TE, ALASKAN BEAUFORT SEA. THE 1/3-OCTAVE
BAND THAT WOULD BE DETECTABLE AT GREATEST RANCGE IS
CONSI DERED ( SEE APPENDI X D FOR OTHER BANDS). THE
DETECTI ON THRESHOLD 1s ASSUMED TO EQUAL THE AMBI ENT

NOISE LEVEL.

Dom- Est. 1/3 Estimated Ambient Est. Range (km) from MAX.
Type inant Octave Moise at Belcher Dir- Belcher Where Sig. (O
of Freq-  Source (dB, 1/3 Oct. Band)  ection  Amb. MNoise Ratio = 0 Wof
Noise vency Level fram Relia-
Source  (Hz) (dB) S%ile 50%ile 95%ile  Belcher 5S%ile 50%ile 957ile  hility

Dredge bucket teing raised at Erik

250 162 69 85 % S 34 3l 21 40
EW >50 >50 22 43
N

>50 >50 19 9.5

Tug beginning to tow barge at Frik
1000 170 67 82 % S 40 40 K 40
E/W >0 50 52 43
N >50 >0 39 9.5
2 Tugs at Sandpiper
1500 164 66 81 94 s 41 40 2 41
E/W >5() >50 25 44
N >50 >50 20 9.5
Explorer IT drilling at Hamerhead
240 161 69 85 % s 34 30 19 40
E/W >5() >5() 19 44
N >50 >50 17 9*5

Drilling at Sandpiper

40 145 67 91 100 1 67 28

67 44
.67 9.5

ZSU}
o
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o
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arange of 30 to 40 km(Fig. 58; Table 8). Under naturally noisy
conditions (95th percentile), the industrial sounds are expected
to exceed anbient levels up to 19-38 km south of Belcher.

If an artificial island |ike that at Sandpi per could be
constructed at Belcher, 40 Hz drilling sounds m ght be detectable
at least 0.7 km away 95% of the time and 2 km away 50% of the
time. The potential zone of audibility under quiet conditions
(5th percentile) is predicted to be much greater: 8 to 37 km
dependi ng on bearing (Table 8; Fig. 58). However, these esti-
mates are all of theoretical interest only, since the water at
Belcher is too deep for an island of the type at Sandpi per.

Summary. -- Qur estimates of the zone of potenti al
audi bility have assumed that whales m ght detect an industri al
noise if the received level in any one |/3-octave band is as
intense as the anbient noise in that band. Based on this
criterion, the dredge, tugs and drillship were potentially
det ect abl e under average noise conditions up to several tens of
kil ometers east, west or north of nobst sites. Even when the
anbi ent noi se was higher, at the 95th percentile level, the
dredge, tugs and drillship were potentially detectable at |east
17 km away.

In contrast, the 40 Hz noise fromdrilling on an artificia
i sland was not expected to be detectable nore than a few kil om
eters away fromany of the sites under average anbi ent noise
conditions. At shallow sites where artificial islands of this
type mght be used, the sounds were not expected to be detectable
nore than about 10 km away even under quiet conditions.

It is inportant to note that these estimates are subject to
consi derable uncertainty. Many of the |onger estimates, especi-
ally those to the north of the sites, are based on application of
the Weston/ Smth sound propagation nodel at ranges beyond those

147



Report No. 6185 BBN Laboratories Incorporated

where it is expected to be reasonably reliable. Even within the
range of reliability, expected received levels often dimnish
slowly W th increasing range. Thus, snmall errors in assunptions
about propagation loss, anbi ent noi se levels, or the hearing
abilities of whales could cause major errors in estinmated zones
of potential audibility. At Belcher, for exanple, the potential
zone of audibility of the dredge, Sandpi per tugs, and drillship
under nedi an anbi ent conditions has been estimted as >50 km
east, west and north (Table 8). However, the zone woul d be
reduced to 19 to 34 km if the industrial noise nust be 10 dB
rather than O dB above anbient in order to be heard (Appendix 4 .

Addi tional site-specific data on long range sound propaga-
tion and anbi ent noise statistics would help in refining the
predi cted zones of audibility. However, considerable uncertainty
wll remain until the hearing abilities of at |east one species

of bal een whal es can be neasured.

3.4.3 Zones of Responsiveness for Bowhead Wal es

The sensitivity of bowhead whales to drilling and construc-
tion noise is apparently quite variable. Some individuals showed
avoi dance reactions during playback tests when the signal-to-

noise ratio (industrial noise : anbient noise) was as |ow as 16
to 24 @B in the |/3-octave band of maximum S:N. O hers showed no

obvi ous reaction to playbacks when s:N was over 30 dB (see Table
B.4 in Appendix B). | n addi ti on, numerous bowheads have been
seen cl ose enough to drillships and dredges to experience S:N
ratios as high as 15 dB and 29 dB, respectively, and a few have
been seen even closer to these industrial activities (Table B.3).
Responsiveness is apparently at least as variable if measured in
terns of absolute received levels rather than S:N ratios (Tables

B.3, B.4).
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Thus, no single threshold of responsiveness criterion can be
identified for bowheads. we have instead cal cul ated the ranges
fromfive industrial activities and five sites at which the SIN
ratio is expected to be 20 dB, 30 4B and 40 dB. These three
Criteria are considered to-represent situations in which a

mnority of bowheads woul d respond (20 dB), roughly half of the

bowheads woul d respond (30 dB), and npbst woul d respond (40 dB)

I n each case, the frequency band under consideration is the 1/3-
octave band in which these s:N ratios would be found at greatest
range. (Results for other |/3-octave bands with high SIN are
given in Appendix A') W also present the ranges where the
absolute received level in this I/3-octave band woul d be 110 dB -
a rough estimate of the absolute noise |evel at which half of the

bowheads respond.

The anbi ent noi se considered in each case is the nedian
anbi ent noise, as derived in Section 3.1. The 20 dB, 30 dB, and
40 d8 S: N situations would be found at greater ranges under
condi tions of |ow anbient noise, and at |esser ranges under
conditions of high anbient noise. For npst sites, only the
‘median anmbient’ situation is discussed below. However, the
effect of the anbient |evel on the zone of potential responsive-
ness is exanmned for the Orion site. For other sites, the ranges
for 20 dB, 30 dB, and 40 d8 S:Nrelative to the 5th and 95th
percentile anbient noise conditions can be obtained from Figures
54 to 58, if desired.

Oion. -- Around the Orion site, zones of potenti al
responsi veness are expected to be quite simlar for the dredge,
tugboats, and the EXPLORER || drillship. The industrial noise
level in at |east one |/3-octave band woul d be expected to be at
| east 20 dB above the nedian anmbient level at all ranges out to
13 to 17 kmeast or west and to 17-29 kmnorth (Table 9). Beyond
these ranges we woul d expect few, if any, bowhead whales to react
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TABLE 9. ESTI MATED “ZONES OF RESPONSIVENESS" FOR BOWHEAD \WHALES
NEAR FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE ORION
SI TE, ALASKAN BEAUFORT SEA.

THE H GHEST | NDUSTRI AL

THE |/ 3- OCTAVE BAND W TH

: AMBIENT NO SE RATIO IS

CONSI DERED ( SEE APPENDI X A FOR OTHER BANDS). FEW, IF
ANY, BOMHEADS WOULD REACT TO RANGES VWHERE THE

| NDUSTRI AL

HALF WOULD REACT AT 30 dB, AND MOST WouLD REACT AT

40 dB.

AVBI ENT NO SE RATIO IS 6 20 dB, ROUGHLY -

Dom- ESt. 1/3 i Est. Range (knmj from Est. Range  Max.
inant octave Esti mat ed Direc- Oion Were Signal km for Range
Type of Freg- Source 50sile Anbi ent tion Exceeds 50%ile by ecei ved (kn? of
Noise uency Level Noi se at Orion from Level Relia-
Sour ce (Hz) (dB) {aB, 1/3 Cct. Band) Oion 0d8 20dB 30 g8 40 dGB 110 4B bility
Dredge bucket being raised at eeix
250 162 84 BEW 39 15 6.1 1.7 8,7 30
N >50 19 6.3 1.7 10.0 16
Tug begi nning to tow barge at Erik
1000 170 82 E/W 35 16 B.4 3.1 9.9 11
N >50 29 11.0 3.2 14.0 6
2 Tugs at “Sandpi per
300 163 84 E/W 45 17 7.2 2.0 10.0 30
N >50 23 7.5 2.0 12.0 15
EXPLORER 1X drilling at BRammerhead
240 161 84 E/W 35 13 5.3 1.4 7.6 30
N >50 17 5.5 1.4 9.0 16
Drilling at Sandpi per
40 145 82 E/W 3.1 1.3 .59 .23 .71 63
N 3.5 1.4 .59 .23 .72 23
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to the industrial noise. Many individuals woul d not react unti
or unless they were wthin some considerably closer range where
S: N exceeded 20 dB by a substantial margin. The 13-17 km val ues
for east and west azinuths are within the range where the Weston/
Smith sound propagati on nodel is believed to be reasonably
reliable. However, the 17-29 km figures for northerly azinuths
are beyond that range (Fig. 54; Table 9).

Sonme bowheads probably woul d respond to the onset of noise
from dredges, tugboats or the drillship at ranges where the
received | evel was 20 dB above anbient. |f a dredge, tugboat or
drillship operated at Orion under nedi an anbi ent noi se condi -
tions, the 30 dB8 S:N level, where roughly half of the bowheads
are likely to react, is expected to occur 5.3 to 8.4 kmeast or
west, and 5.5 to 11 kmnorth. Simlarly, the 110 dB absol ute
noi se level is expected to occur 7.6 to 10 km east or west, and
9.0 to 14 km north.

The estimated ranges of responsiveness depend rather
strongly on the natural noise level. Since the 95th percentile
val ues of anbient noise are about 10 4B above the nedi an val ues
(actually 9 to 12 dB), the 30 dB S:N ranges on a day with high
natural anbi ent noise would be simlar to the 40 @8 S: N ranges on
a day with nedian anbient noise, i.e., only about 1.4 to 3.2 km
on a noisy day, as opposed to 5.3 to 11 kmon an average day
(Table 9). Since the 5th percentile values of anbient noise are
nore than 20 dB | ess than the nedian values, the 30 dB S: N ranges
on a quiet day would be greater than the 10 dB ranges on an
average day, i.e., >24 to 30 kmeast or west and >50 km north
(Appendix Al'). Again, npost range estimates exceedi ng about 30 km
east/west or 15 kmnorth are beyond the range of reliability of
the sound propagation nodel
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The above estimates pertain to a dredge, tugboats or a
drillship. The potential zone of responsiveness to the drilling
sounds recorded on an artificial island was nuch less. North of
Orion, the S:N ratio for the dom nant 40 Hz conponent is expected
to be 40 dB at 0.2 km 30 dB at 0.6 km 20 éB at 1.4 -km and
10 @B at 2.3 km (Table 9: Appendix Al). An absolute level of
110 dB woul d be expected at 0.7 km

Sandpiper. -- If the five industrial sources that we are
consi dering operated at Sandpiper and Oion in turn, the zones of
responsi veness are predicted to be sonewhat greater around
Sandpi per (Table 10 vs. 9). Predicted zones of audibility were
also predicted to be sonewhat |arger at Sandpi per (Section

3,4.2).

For the dredge, tugboats and drillship, the predicted ranges
where S:N would be 20 4B on an average day are 19 to 25 km
east/west and 20 ©036 kmnorth, i.e., about 46% greater than the
corresponding ranges fromOrion. Only a minority of the bowheads
are expected to react to the onset of industrial sounds at those
ranges. The 30 dB S: N level, where roughly half the bowheads
m ght react, is expected to occur 6.5 to 13 km east/west and 6.5
to 14 kmnorth of Sandpi per (Table 10; Figure 55). The 110 dB
absol ute noise level is expected to occur 11 to 15 km east or
west, and 11 to 17 km north.

Again, sounds fromdrilling on an artificial island are not
expected to result in responses by bowheads nore than a very few
kilometers away. The 40, 30, 20, and 10 dB S:N ranges from
Sandpi per Island on an average day are predicted to be 0.2, 0.7,
1.7, and 3 km respectively (Table 10; Appendix A2). An absol ute
| evel of 110 @B woul d be expected at 0.8 km.

Hanmer head. -- The zones of potential responsiveness around
Hanmer head differed from those around Orion and Sandpi per because
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TABLE 10.

ESTI MATES “ZONES OF RESPONSI VENESS” FOR BOWHEAD WHALES
NEAR FI VE | NDUSTRI AL SOURCES | F THEY WERE AT TEE
SANDPI PER SI TE, ALASKAN BEAUFORT SEA. THE |/ 3- OCTAVE
BAND W TH THE HI GHEST | NDUSTRI AL : AMBI ENT NO SE RATI O
IS CONSI DERED (SEE APPENDI X A FOR OTHER BANDS). FEW

| F ANY, BOWHEADS WOULD REACT TO RANGES WHERE THE

| NDUSTRIAL : AMBIENT NO SE RATIO IS < 20 dB, ROUGHLY
IZS\LEBV\UJLD REACT AT 30 dB, AND MOST WOULD REACT AT

Dom- Est. 1/3 Direc- EST.  Range (km) from ESt. Kange  Max.

i nent Octave Estimated tion Sandpi per ere Signal km for Range
e of Freq~ Source _50%ile Ambient from Exceeds S0%ile by ecei ved (km) of
oi se uency Level Noi se at Sandpi per  Sand- Level Relia-
ou ree (Hz) {aB) (a, 1/3 Cct. Band) piper 0dp 2048 30<«9B 40 a8 110 @B bility

redge bucket being raised at Erik

250 162 84 E/W >50 22 7.4 1.9 12.0 43
N >50 23 7.5 1.9 1.3 28
ug beginning to tow barge at Erik
1000 170 82 E/W >50 25 13.0 4.6 15.0 15
N >50 36 14.0 4.7 17.0 11
Tugs at Sandpi per
300 163 84 E/W >50 24 8.7 2.3 14.0 43
N >50 27 8.8 2.3 15.0 28
XPLORER || drilling at Hammerhead
240 161 84 E/W >50 19 6.5 1.6 11.0 43
N >50 20 6.5 1.6 11.0 28
billing at Sandpiper
40 145 82 E/W 4.4 1.7 .70 .22 .81 63
N 4.7 1.7 .70 .22 .81 38
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of the greater water depth (32 m) and different bottom conditions
at Hammer head.

| f the dredge, tugboats or drillship operated at Hammerhead,
t he range where S:N would be 20 4B on an average day is predicted
to be 9t030 kmto the east or west (Table 11; Figure 56). No
predictions were nmade for northerly or southerly bearings because
t he Hammer head sound propagation nodel is less well defined than
the nodels for the other four sites. The tug recorded at Erik
was the source for which the predicted zone of responsiveness was
| argest. The ranges where S:N would be 30 dB on an average day,
i.e., where roughly half the bowheads woul d be expected to react,
were 2.2 to 8.4 km (Table 11). The 110 4B absol ute noi se |evel
woul d be expected to occur at 4.5 to 11 km

The predicted zone of responsiveness to 40 Hz sounds from
drilling on an artificial island was smaller for Hanmerhead than
for Orion or Sandpiper. The predicted ranges with 40, 30, 20,
and 10 48 SN were only < 0.01, 0.03, 0.26, and 1.2 km around
Hammer head (Table 11; Appendix A3). Similar or |ower values were
predicted for Erik and Belcher. |t should be noted that an
artificial island of the type where these drilling sounds were
recorded (Sandpiper, 15 mwater depth) is not likely to be built
in water as deep as that at Hammerhead, Erik or especially

Belcher.

Erik. -- Since sonme bowheads migrate westward south of the
Erik site, which is northwest of Kaktovik, radii of responsive-

ness have been estimated for southerly, east/west, and northerly
bearings from Erik.

|f the dredge, tugboats or drillship were operating at Erik,
their sounds woul d be expected to exceed the median anbient |evel
by 20 @B out to ranges 11 to 27 km east/west, 10 to 23 km north,
and 9.5 to 14 kmsouth (Table 12). These are the approxinate
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TABLE 11. ESTI MATED “ZONES OF RESPONS| VENESS’

NEAR FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE

HAMMERHEAD S| TE, ALASKAN BEAUFORT SEA.
BAND W TH THE H GHEST | NDUSTRI AL
| S CONSI DERED { SEE APPENDI X A FOR OTHER BANDS) .

| F ANY, BOWHEADS WOULD REACT TO RANGES VWHERE THE

| NDUSTRI AL

AMVBI ENT NO SE RATIO IS < 20 dB, ROUGHLY

HALF WOULD REACT AT 30 dB, AND MOST WouLD REACT AT

40 dB.

FEW,

BBN Laboratories Incorporated

FOR BONHEAD WHALES

THE 1/3-OCTAVE
AMVBI ENT NOISE RATIO

Dom—  ESt. 173 _ D rec- T. Range (Km from EST. Range  Wax.
inant  Cctave Esti mat ed tion Harmer hea ere Signal km for Range
Type of Preq- Source . 50%ile Anbi ent from Exceeds S50sile by ecei ved (km) of
Noise ﬂZ v  Level Noi se at Hanmerhead  Hammer- Level Relia-
urce T T {(dB) {éB, 1/3 oct., Band)  head Ods 20ds 3048 40 dB 110 B bility
Dredge bucket being raised at Erik
250 162 85 EIW >50 11 2.5 .50 5.3 52
Tug beginning to tow barge at Brik
1000 170 82 E/W >50 30 8.4 2.0 11.0 52
2 Tugs at Sandpi per
300 163 84 E/W >50 15 3.4 77 6.2 52
EXPLORER Il drilling at Hammerhead
240 161 85 E/W >50 9.3 22 .40 4.5 52
Drilling at Sandpi per
40 145 91 EW 3.4 .26 .03 <. 01 .32 52
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TABLE 12. ESTI MATED “ZONES OF RESPONSI VENESS'™ FOR BOWHEAD VWHALES
NEAR FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE ERIK
SI TE, ALASKAN BEAUFORT SEA. THE 1/3-0CTAVE BAND WITH
THE HIGHEST | NDUSTRI AL : AVBI ENT NOISE RATIO IS
Consi dered { SEE APPENDI X A FOR OTHER BANDS). FEW IF
ANY, BOWHEADS WOULD REACT TO RANGES WHERE THE
| NDUSTRI AL : AMBI ENT NO SE RATIO |S < 20 4B, ROUGHLY
HALF WOULD REACT AT 30 dB, aNDp MOST WouLb REACT AT

40 dB.
Dom—- ESt. 1/3 ] Est. Range (kmj 170Mm EST. Range  Wax.
i nant Cctave Esti mat ed Direc- Erik Wiere Signal km) for Range
Type of Freq~ Source 50%ile Anbi ent tion Exceeds so0sile by ecei ved (krr%J of
Noise uency Level Noi se at Erik from Level Relia-
Sour ce (Hz) {dB) {dB, 1/3 Cct. Band) Erik OdB 20dB 30dB 40 dB 110 4B bility

Dredge bucket being raised at Erik

250 162 85 s é@ 10 3.0 .66 6.1 14
E/W > 12 2.9 .66 6.0 52
N >50 12 2.9 .65 5.8 20
Tug beginning to tow barge at Erik
1000 170 82 s 15 14 7.7 1.7 10.0 15
E/W >50 27 7.2 1.7 9.5 52
N >50 23 6.8 1.7 8.9 19
2 Tugs at Sandpi per
300 163 84 S 14 11 3.8 .84 6.7 14
E/W >50 15 3.7 .83 6.6 52
N >50 14 3.6 .82 6.3 20
EXPLORER || drilling at Hammerhead
240 161 85 s 13 9.5 2.6 .57 5.3 14
E/W >50 11 2.5 .57 5.2 52
N >50 10 2.5 .56 5.0 20
Drilling at Sandpiper
40 145 91 s 2.4 .26 .03 <.01 .31 8
E/W 2.7 .26 .03 <.01 .31 52
N 2.9 .25 .03 <.01 .31 20
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ranges at which we woul d expect some bowheads to respond to the
onset of industrial sounds. Roughly half of the nobst sensitive
bowheads woul d |ikely respond at ranges out to 2.5 to 7 km the
di stances where S:N would be about 30 4B on an average day. The
recei ved noise level would be 110 dB8 at 5 to 10 km  The tug
recorded at Erik was the source with the |argest expected zone of
responsi veness.

Belcher. -- |If the dredge, tugboats or drillship operated at
Belcher, the radii where the expected S:N would be 20 4B on an
average day would be 5 to 23 km with little variation anong
azimuths (Table 13). The tug recorded at Erik had a greater zone
of potential responsiveness (17 to 23 km dependi ng on azi nut h)
than any of the other sources considered (5 to 11 km. Beyond
t hese di stances, few, if any, responses by bowheads woul d be
expected. The propagation nodel is considered reasonably
reliable out to about 40 km east, west and south, but only to
about 10 km north.

For the same industrial sources, the radii where roughly
“hal f the bowheads woul d be expected to respond to the onset of
i ndustrial sounds (predicted S:N 30 dB) were 5.5 kmfor the Erik
tug and 1.2 to 2.7 kmfor the dredge, Sandpiper tugs, and drill-
ship. The received noise |evel wuld be expected to be 110 dB at
ranges of about 7.5 kmfromthe Erik tug and 2.5 to 3.1 km from
t he dredge, Sandpi per tugs, and drillship.

Summary. -- The radius where the predicted signal-to-noise
ratio is 30 dB in the |/3-octave band of highest S:N is probably
the best estimate of the average zone of potential responsiveness
of bowhead whales. However, it is enphasized that some bowheads
apparently do not react unless S Nis nore than 30 4B whereas
others react to S:N values as |Iow as 20 dB (Appendi x B).
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TABLE 13.

BELCHER S| TE, ALASKAN BEAUFORT SEA.

IF ANY, BONHEADS WOULD REACT TO RANGES VWHERE THE
| NDUSTRI AL : AVBI ENT NO SE RATIO IS < 20 4B, ROUGHLY

ESTI MATED "ZONES OF RESPONS| VENESS’

BBN Laboratories Incorporated

FOR BONHEAD WHALES
NEAR FI VE | NDUSTRI AL SOURCES | F THEY WERE AT THE

THE 1/3-OCTAVE
BAND WITH THE HIGHEST | NDUSTRI AL : AMBIENT NO SE RATIO
IS CONSI DERED {SEE APPENDI S A FOR OTHER BANDS) .

FEW

HALF WOULD REACT AT 30 dB, AND MOST WouLD REACT AT

40 dB.
Dom- Est. 1/ 3 - T. Range (Kné_ TTom BEST. Range  Wax.
inant  Octave Esti mat ed Direc- Belcher \there Si km) for Range
Type Of Preq- Source sosile Anbi ent tion Exceeds 50sile by ecei ved (kn1g of
loise uency Level Noige at Belcher from Level Relia~
Source (Hz) (dB) (@8, 1/3 Qct. Band) Belcher OdB 20 48 30 a8 40 4B 110 dB bility
Dr' edge bucket being raised at Erik
250 162 85 s 31 6.5 15 .33 3.1 40
E/W >50 6.4 1.5 .33 3.1 43
N >50 5.9 1.4 .32 2.9 9.5
Tug beginning to tow barge at Brik
1000 170 82 s 40 23 5.7 1.3 7.7 40
E/W >50 22 5.6 1.3 7.5 43
N >50 17 5.1 1.2 6.6 9.5
)
Tuge at Sandpiper
300 163 81 s 40 11 2.7 .38 3.1 41
E/W >50 11 2.7 .38 3.1 44
N >50 9.3 2.5 .38 2.9 9.5
PLORER || drilling at Hammerhead
240 161 85 s 30 5.6 13 .28 2.7 40
E/W >50 55 1.3 .28 2.7 44
N >50 5.1 1.2 .27 2.5 9.5
Drilling at Sandpiper
40 145 91 s 1.9 .12 02 <.01 .16 28
E/W 2.1 .12 .02 <.01 .15 44
N 2.2 12 .02 <.01 .15 9.5
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For whal es east or west of the five sites and the five
source types considered here, the predicted di stances where S: N
woul d be 30 dB on an average day are as foll ows:

Tug Tugs Drill- Drilling
Dredge at Erik at Sandp. ship on Sandp
Orion 6.1 8.4 km 7.24 km E5.3§ 0.6 km
Sandpi per 7.4 13.0 8.7 6.5 0.7
Hammer head 2.5 8.4 3.4 2.2 (0.03)
Erik 2.9 7.28 3.7 2.5 E0.0S;
Belcher 1.5 5.6 2.7 1.3 0.02

The values in parentheses represent theoretical results for
Situations that are not likely to occur in practice - a drillship
in shallow water and an artificial island in deep water

Anot her possible criterion of responsiveness is the 110 dB
absol ute noise |evel, again considering the |/3-octave band of
highest S:N. For whales east or west of the five sites, the
predi cted distances where the absolute noise |evel would be 110
dB in that |/3-octave band are as foll ows:

Tug Tugs Drill- Drilling
Dredge at Erik at Sandp. ship on Sandp.
Orion 8.7 9.9 km 10.0 km 5_7. 0.7 km
Sandpi per 12.0 15.0 14.0 ( 1.85 0.8
Hammer head 5.3 11.0 6.2 4.5 (0.3)
Erik 6.0 9.5 6.6 5.2 (0.3)
Belcher 3.1 7.5 3.1 2.7 (0. 15)

The predicted zones of responsiveness based on the “110 dB
absolute noise level” criterion are sonewhat |arger than those
based on the “30 dB S:N' criterion.

Both the “110 dB absolute” criterion represent situations
when about half the bowheads woul d be expected to respond. A few
bowheads that are |ess sensitive to industrial noise than average
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woul d be expected to occur substantially closer to industrial
sites. ©On the other hand, a few of the nore sensitive bowheads
would be expected to respond when the industrial noise to anbient
noise ratio is as low as about 20 dB in the |/3-octave band of
highest SIN. For whales east or west of the five sites

consi dered here, the predicted di stances where S:N would be 20 8B

on an average day are as foll ows:

Tug Tugs Drill- Drilling
Dredge at Erik at sandp. ship on Sandp.
Oion 15 km 16 km 17 km  (13) km 1.3 km
Sandpi per 22 25 24 (19) 1.7
Hammer head 11 30 15 9.3 (0.26)
Erik 12 27 15 11.0 (0.26)
Belcher 6.4 22 11 55 (0.12)

Regardl ess of the criterion chosen, the tug recorded at Erik
had the greatest potential zone of influence, especially at the
deeper sites (Hammerhead, Erik, Belcher). The low frequency (40
Hz) sounds fromdrilling on an artificial island resulted in the
smallest potential radi i of responsiveness. However, such an
island would not be built in water as deep as that at Hammerhead
Eri k or Belcher.

3.4.4 Zones of Responsiveness for Gay Whal es*

General Consi derations

The procedures for prediction of zones of responsiveness for
gray whal es near the Beaufort Sea neasurenent sites utilizes the
results of acoustic disturbance studies reported by Malme et al.
(1984) and Malme et al. (1986). The 1984 study concerned m grant
whal es off the California coast and the 1986 study concerned

*Prepared by C. Malme, BBN Laboratories Incorporated.
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sumrering and feeding gray whales in the northern Bering Sea near
St. Lawence Island. Both studies used a broadband underwater
projector source for playback of selected industrial sounds and a
100 cu. in. air gun source to generate seismc survey sounds.

The drillship noise stimulus used in these studies was an
EXPLORER Il signature obtained in the Canadi an Beaufort Sea by
C.R. Greene in 1981. The 1985 EXPLORER Il signature differs
somewhat from the earlier one in that some of the spectrum |ines
have changed in frequency and source |evel (compare Fig. 28 and
Appendi x B, Fig. B.4). The dom nant portion* of the overall 1985
signal is estimated to be only about 4 dB | ower in source |evel
than the earlier one. The other industrial noise signatures used
in the California playback tests were considerably different in
spectrum content from the industrial sources neasured during the
1985 field season.

In the study of summering and feeding gray whales, whale
behavi or data were obtained by close observation of focal whale
groups, recording surfacing-dive and blow information. In
addi tion, tracking of the focal groups was performed using a two-
vessel triangulation procedure or a |and-based theodolite when
weat her permtted. The experimental procedure involved |ocation
of feeding whal es, observation of behavior during a contro
period with the support vessels present, observation of behavior
during an experinment period with the sound stinulus on, and
observation of behavior during a post-experinment contro
period. Generally, several of these sequences were perfornmed
each day.

*The dom nant portion of the industrial noise signal is con-
sidered to include the |/3-octave band with t he hi ghest sound
| evel and all other 1/3-octave bands having levels within 10 dB
of the maxi num
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Limted data obtained for drillship playback sequences did
not show any consistent pattern of feeding disturbance or
avoi dance of the sound source for levels up to 110 dB re 1 uPa.
However, some whales were observed to leave the test area during
an experinent when levels reached about 119 dB. These results
are simlar to the results of the playback tests with mgrating
gray whales which relate the overall |evel of the dom nant
portion of an industrial noise stinmulus to a probability of
avoi dance (Pa) of the area near the source. The data obtained to
support Pa values ranging from.1 to .9 for the overall effective
stimulus bandwi dth, It was not feasible to determ ne which
portions of the industrial noise spectra resulted in behavioral
response of gray whales. The results are, therefore, specific to
the types of sources sinulated but are not site-specific since
avoi dance was related to sound exposure |evel rather than to
di stance fromthe source.

The procedure used in estimating the zones of responsiveness
for gray whal es near the Beaufort Sea test sites will therefore
use the EXPLORER |l signature conbined with neasured and
estimated TL values to predict the ranges at which a Pa of .1 or
greater or possible feeding disturbance is expected for gray

whal es.

The zone of responsiveness predictions for bowhead whal es
di scussed in the previous section considered a given ratio of
industrial to anmbient noise--typically 20 dB--as the criterion
for observabl e behavioral response such as avoi dance. In the
gray whale tests for playback |evels producing a Pa value of 0.5,
the average ratio of industrial-to-anbient noise for the dom nant
part of the drillship playback noise spectrum was about 20 dB.
The variation in anmbient noise level during the California test
period was not very large. The observation data were, therefore,
not analyzed to deternmine if gray whale response was nore clearly
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related to SN ratio than to absolute level. Thus, an inde-
pendent conparison of these two types of acoustic response
measures is presently not available. In the follow ng analysis
both measures of potential acoustic response are considered.

Transm ssi on Loss Conpari sons

Sound propagati on conditions can vary widely fromone region
to another. This is particularly true at |ow frequencies in
shal l ow water. An exanple of the variation in TL characteristics
at low frequencies is shown in Fig. 59a. Here the results of the
nmeasurenments and nodel predictions at the shall ow Sandpi per site
(15 m are conpared with neasured TL data for simlar depths
using an air gun source at the California gray whale test site
and at a site in the Bering Sea near St. Lawence Island. The
probabl e presence of a hard | ayer of permafrost or overconpacted
clay is considered to be the reason for the | ow values of TL
shown for the Sandpiper site. The California and Bering Sea have
a sand bottomw th a possible underlying | ayer of rock at an
undet er mi ned dept h.

Since the dom nant frequency of the EXPLORER Il signature in
1985 was 240 Hz, a conparison of the TL characteristics at this
hi gher frequency for the California test site and the Belcher
site is shown in Fig. 59b. The difference in TL is not as
pronounced at this frequency--particularly at ranges |ess than
2 km

Zones of Responsi veness Esti nates

The TL characteristics for the five Beaufort sites were used
to estimate the received |level versus range for operation of the
Explorer 11 drillship at each of the three deeper sites (Belcher,
Erik, and Hamrerhead). The resulting received |evel curves are
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shown in Figs. 60a through 60e. The predicted values for

recei ved | evel were conpared with the |evels associated with Pa
values of 0.1 and 0.5 from the playback tests. The corresponding
ranges fromthe drillship were estimated for each of the three
sites. The results of this procedure are shown in Table 14.

To provide a direct conparison wth the zone of responsive-
ness results for bowhead whal es, the range estimates for O 20,
30, and 40 @B S:Nratios in the 250 Hz |/ 3-octave band are al so
given in Table 14. This band had the highest |evel above the
anbi ent noise in the drillship source spectrum Predicted |evels
for the 50 percentile anbient noise spectra were used.
Transm ssion | oss data fromthe playback study test site in the
Bering Sea (Malme et al. 1986) were used to estimate zones of
responsi veness for drillship operation at that site. This was
done to obtain a conparison with the Sandpiper and Orion sites in
the Beaufort Sea which have a simlar water depth. The results
in Table 14 show that if a drillship or another industrial noise
source with a conparable output is operated at the Sandpi per or
Oion sites, much larger zones of responsiveness would result
than for operation of the same source at the Bering Sea site.

The radius values for a 0.1 probability of feeding disturb-
ante at a received |level of 110 dB can be seen to correspond
approximately to those for SN values of about 22 to 24 4B for
nost sites. For a 0.5 probability of feeding disturbance and
avoi dance at received |levels of 120 dB, the radius val ues
correspond to those at S:N ratios of about 33 to 36 dB. For
drillship noise, the 0.5 probability of disturbance and avoi dance
for gray whal es appears to occur at about a 10 4B hi gher |evel
than it does for bowheads, since 110 4B was determned to be the
general noise |level at which about half of the bowheads have been
observed to respond.
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TABLE 14. ZONES OF RESPONS| VENESS FOR GRAY WBALES BASED ON OBSERVATI ONS oF FEEDI NG DI STURBANCE AND
AVO DANCE RESPONSE FCR DRILLSH P NO SE PLAYBACK (MALME ET AL. 1986).

estimated RANQE from Source

G819 °ON 3j1oday

Esti nat ed Range from source Were 1/3 0B Wth Hi %hest 5N
Wiere L, (dB re 1 wPa) is' Exceeds 50%ile ANDI BN by:
pa* .1 0.5
Ly 110 aB 120 4B S:N 0 dB 20 g8 30 dB 40 a8
Bering Sea Test Site (14 m 1.9 km 0.62 km 10 km 3.0 km 1.2 km 0.34 km

(Malme et al. 1986)

s 4*1 0.90 >§§ gg 1.3 8 gg

Bel cher (55 m E 4.1 . . 1.3 .
( ) éw 4.0 888 > 5.1 ° 1.2 0.27
s 7.9 2.0 13 9.5 2.6 0.57
Erik (40 m) E/W 8.8 2.0 >50 11.0 2.5 0.57
N 6.4 2.0 >50 10,0 2.5 0. 56

.—l

A Hamer head (32 m) EW 8.0 1.8 >50 9*3 2.2 0.40
. . EW 15,2 6.0 >50 18.0 6.5 1.7
Sandpi per (15 m N 16.0 6.0 550 200 6.5 1.7
. . Ew 9.1 3.6 28 12.0 4.4 1.3
Grion (14 m N 11.2 3+7 >50 15.0 5.0 1.2

*Probability of disturbance and site avoidance as a result of the noise exposure

NOTES: 1. Theeffective source level is estinmated as 165 dB re 1 yPa at 1 mas determned by a

ower sum of the source levels in the dom nant 80, 250, 1000, and 1600 Hz 1/3 octave
ands (OB).

2. The so0%ile ambient noise level in the 250 Hz 1/3 013 is 85 dB at the Belcher,Erik;anc
E?mmemeijItes (fromFig. 15). It is 84 dB at the Sandpiper and Orion sites (from
ig. 21).

3. The drillship will probably not be used at these shallow sites but the range estimates
have been included for general conparison purposes

paieaodioour setaojeroqe] N9



Report No. 6185 BBN Laboratories |ncorporated

The predicted radius of the zone of responsiveness using a
criterion of 0.5 probability of disturbance and avoi dance varies
considerably from site-to-site as shown in Table 14. The
smal | est zone is predicted for the Belcher site with a 0.9 km
radius. This can be conpared with the 2.7 kmradius predicted
for a 0.5 probability of response for bowhead whales (from Tabl e
13). The largest zone is predicted for the Sandpi per site with a
6 kmradius. For bowhead whal es at the same site, the predicted
radius is 11 km (from Tabl e 10).

These val ues of predicted zones of responsiveness have been
extrapol ated fromtransm ssion | oss data which were obtained over
consi derably shorter ranges. They should be considered prelimn-
ary estimates to be used until the planned |ong-range sound
transm ssion data have been obtained and anal yzed.
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4. CONCLUSI ONS

This report presents new underwater acoustic data acquired
bet ween mid-August and m d- Septenber 1985 at specific offshore
drilling sites in the Alaskan Beaufort Sea. It also uses those
new data, along with historical data concerning behavioral
responses of bowhead and gray whales to acoustic stinuli to
estimate site-specific zones of potential noise influence in the
Al askan Beaufort Sea. Zones of influence associated with
selected industrial activities and selected industrial sites have
been derived. Enphasis has been given to the bowhead whal e,
which is by far the nore common of the two species of bal een
whal es observed al ong the North Sl ope.

This first year’s research effort will be supplenmented in
the 1986 Final Report with additional acoustic neasurenents
obtained in the sunmmer of 1986 to provide zone-of-influence
predi ctions which have a better statistical base. Predictions of
zones of influence for mgrating gray whales in the Beaufort Sea

have been based upon behavioral response research performed by
BBN in California and applied to Al askan Beaufort Sea environ-

mental conditions. Those findings have been supplenented wth
results of new behavioral research also performed by BBN on
feeding gray whales in the Bering Sea in August 1985 and
interpreted in terns of the Beaufort Sea environnent.

4.1 Sites and Conditions

MVS specified that environnmental acoustic data should be
acquired at five offshore oil industry sites (sonme active and
some unoccupi ed):

Oion site where the Concrete Island Drilling System
(CIDS) was operated by Exxon in Harrison Bay

Sandpi per |sland, a nman-made gravel island operated by
Shel | near Prudhoe Bay
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Hamrer head Prospect, north of Flaxman |sland (Unocal)
Eri k Prospect, north of Barter |sland (Anbco)

Belcher Prospect, northeast of Barter Island (Anpco)

A sixth site, Shell’s Corona Prospect north of Canden Bay, was
visited for measurenents in 1985 and is expected to be active in
1986 providing industrial noise data. Heavy sea ice conditions
prevailed in 1985 resulting in the acquisition of fewer acoustic
data than originally expected. Hanmerhead could not be reached
at all during the planned nmeasurenment period because of ice.

In 1985, tug and dredge activity at Erik Prospect, pre-
drilling preparations at Orion, and tugs at Sandpi per were the
sources of noise nonitored in the 16 August - 19 Septenber tine
frame of this project. G eeneridge Sciences provided tape copies
of 1985 drillship noise at Hammerhead and drill-rig noise at
Sandpi per (since BBN was not able to nake such neasurenents) to
suppl ement the 1985 field data.

4.2 Acoustic Environnent

Ambi ent noise statistics, industrial noise data, and sound
transm ssion | oss neasurenents were acquired and anal yzed for
this first year effort. The results are presented in Sec. 3.
While it is inportant to add to the acoustic data base in 1986,
several inportant findings have al ready been denonstrated.

1.  The propagation of underwater sound is unusually
efficient over the continental shelf of the Al askan
Beaufort Sea, denonstrating a cylindrical spreading or
10 log (range) transm ssion loss function over rela-
tively short distances rather than a 15 log R or greater
| oss which is frequently found in simlar water depths
in nore tenperate regions. The 10 log R relationship
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found in this study is consistent with recent results
fromthe Canadian part of the Beaufort Sea.

|t appears that the efficient sound propagation observed
at the Al askan Beaufort Sea sites is associated with the
presence of sub-bottom or sub-sea permafrost and
overconsolidated clay |ayers which provide |owloss
acoustic reflection surfaces. For |ow frequency

transm ssion at sone sites, the effective depth
apparently exceeds the actual water depth, corresponding
to reported depths of permafrost and clay |ayers at sone
of the sites.

Sound propagation or transm ssion |oss (TL) measurenents
in 1985 were limted to maxi mum ranges of about 5 km
After considering published 1984 data on |onger range
propagati on of seism c pulses near sone sites, the TL
nodel devel oped during the analysis phase of the project
permtted extrapolation beyond 5 km out to about 20 km
However, it is inportant to enphasize here that experi-
nmental data nust be acquired in 1986 to test the valid-
ity of that extrapolation. It is entirely possible that
a 10 log R loss function will not apply for all sites
for distances beyond about 5-10 km and that whale
behavi or zones of influence may have to consider a

15 log R long distance TL function in addition to a

10 log R local loss function.

As a result of the initial findings regarding acoustic
transm ssion loss in the Al askan Beaufort Sea, mgrating
and feedi ng whal es appear to be exposed to higher
industrial noise levels at a given distance than woul d
normal |y be expected in other geographic regions. This
statenment shoul d be considered tentative until addi-
tional data are acquired in 1986.
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4.3 Zones of Influence

Detail ed tables and graphical presentations of the zones of
potential detectability and response of endangered whal es have
been derived for various industrial noise signatures acquired in
1985 and various signal -to-noise conditions and absol ute sound
level (Sec. 3.4 and Appendix A). The analysis applied in this
research has assuned that either one or both of these two
criteria represent the basic causal acoustic neasure(s) regarding
behavi oral response. Less enphasis has been given to other
factors such as visual cues. For instance, both the previous
bowhead and gray whal e sound pl ayback research discussed in this
report considered visual cues as a possible influencing factor in
t he experinmental protocol through observing whal e behavior during
vessel presence but w thout sound playback or seismc sound
radi ation.

General |y, previous research on behavioral response of
bowhead whales by LG Ltd. and gray whal es by BBN has
denonstrated that a 30 dB industrial noise-to-anbient noise ratio
(S:N) or a 100 4B absol ute noise |level for bowheads (120 d&B for
grays) elicits changes in such variables as sw nm ng headi ng,
swW mm ng speed, breathing rate, and dive tines. A 20 dB signal-
to-noise ratio provides |ess consistent and | ess conspi cuous
changes in behavior, with a mnority of the individual whales
reacting overtly and a nmgjority not doing so. Three brief
summary tables given in Section 3.4 for bowhead response are
repeated here as Tables 15 through 17. They indicate distances
fromthe site noted at which a few whales may respond (20 dB S N)
and where about half of the whales probably will respond (30 dB
S:N) and for 110 dB absolute received level. W enphasize again
that some of these estimtes, especially those for a 20 4B
signal -to-noise ratio, are well beyond the ranges at which
transm ssion |oss nodels have been verified. Hence, the
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TABLE 15. MAXI MUM ESTI MATED DI STANCES FOR A 30 dB SIGNAL-TO-
NO SE RATI O FOR FIVE SI TES AND FI VE | NDUSTRI AL NO SE

SOURCES ( PROBABLE WHALE RESPONSE]

Tug at Tugs at Drill- Drilling on

Dr edge Erik Sandpi per ship Sandpi per
Orion 6.1 km 8.4 km 7.2 km  (5.3) km 0.6 km
Sandpi per 7.4 13.0 8.7 (6.5) 0.7
Hamrer head 2.5 8.4 3.4 2.2 (0.03)
Erik 2.9 7.2 3.7 2.5 (0.03)
Belcher 1.5 5.6 2.7 1.3 (0.02)

TABLE 16. MAXI MUM ESTI MATED DI STANCE FOR 110 dB ABSCLUTE
RECElI VED NO SE LEVEL FOR FIVE SITES AND FI VE
| NDUSTRI AL NO SE SOURCES ( PROBABLE BOWHEAD RESPONSE) .

Tug at Tugs at Drill- Drilling on
Dredge Erik Sandpi per ship Sandpi per
Orion 8.7 km 9.9 km 10.0 km (7.6) km 0.7 km
Sandpi per 12.0 15.0 14.0 (11.0) 0.8
Harmmer head 5.3 11.0 6.2 4.5- 0. 3§
Erik 6.0 9.5 6.6 5.2 0.3
Belcher 3.1 7.5 3.1 2.7 0. 15)

TABLE 17. MAXI MUM ESTI MATED DI STANCES FOR A 20 4B SIGNAL-TO-
NO SE RATI O FOR FIVE SI TES AND FI VE | NDUSTRI AL NO SE

SOURCES ( POSSI BLE BOWMHEAD WHALE RESPONSE)

Tug at Tugs at Drill- Drilling on

Dredge Erik Sandpi per ship Sandpi per
Orion 15.0 km 16.0 km 17.0 km (13.0) km 1.3 km
Sandpi per 22.0 25.0 24.0 (19.0) 1.7
Harmmrer head 11.0 30.0 15.0 9.3 (0.26)
Erik 12.0 27. 0" 15.0 11.0 0.26
Belcher *“ 6.4 22.0 11.0 5.5 0.12
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estimates are prelimnary and will be checked and revi sed after
the 1986 field neasurenent results are available.

Esti mates of zones of influence for gray whales relative to
industrial noise in the Beaufort Sea nust be based upon research
performed in other geographic regions and then interpreted in the
context of the Beaufort Sea given a definition of it’s acoustic
environnent and acoustic transm ssion loss characteristics.
Results of earlier research by BBN with mgrating gray whales in
California and feeding or summering gray whales near St. Law ence
Island in the Bering Sea have been used in that way for this
study and the resulting Table 14 fromthe previous section is
summarized in Table 18.

TABLE 18. ZONES oF RESPONSI VENESS FOR GRAY WHALES TO DRI LLSH P
NO SE | N THE BEAUFORT SEA

Est. Range from Source Est. Range from Source
Prob. of Avoi dance 0.1 0.5 Noi se 20 4B 30 dB

Recei ved Level 110 @B re 1 yPa 120 dB

Site
Belcher 4.1 km 0.9 km 5.4 km 1.3 km
Erik 7.7 2.0 10. 2 2.5
Hanmer head 8.0 1.8 9.3 2.2
Sandpi per 15.6 6.0 19.0 6.5
Oion 10. 2 3.7 13.5 4.7
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5. RECOMMENDATIONS

Except for item 7 below, the follow ng recommendati ons, which
have resulted fromthe 1985 field work and associated data
analysis, are all related to the need for inproving the yield of
data during the 1986 field neasurenent period as well as subsequent

data analysis and interpretation

1.  Long-range acoustic transmssion loss (TL) data are
required, ideally out to distances of 20-30 km from each
of the oil industry sites that are being surveyed
acoustically. As discussed previously, the TL nodels used
in this report are supported by data out to about 5 km and
extrapol ated beyond that to the |onger ranges using the
Weston/ Smth nodel . If the 10 log R function is, in fact,
not applicable out to the |onger distances, there could be
maj or effects on the predicted sizes of zones of influence
on whal e behavior. Three approaches are recomended for
acqui sition of the needed data.

(a) The 1985 field work used a single J-13 sound trans-
ducer for controlled TL experinents. Tw such
transducers operated in parallel should result in TL
data out to 10-15 km assum ng amnbi ent noi se condi -
tions simlar to those encountered in 1985. BBN pl ans
to incorporate this change into the 1986 acoustic
measur enent syst ens.

(b) Every effort should be nade to negotiate cooperation
W th seismc survey operators so that air gun array
I npul ses from known sources can be received at oppor-
tune tines and locations. This will conplenment the
J-13 data by extending TL measurenments to distances
of 20 or nore kilonmeters fromthe oil industry sites
of interest.
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(c) Advantage should be taken of high energy tonal
noi se conponents originating at the industrial
sites to be surveyed. Those tonals that are
expected to persist for long periods of time {2-3
hours) will be measured as a function of range from
the site. A sonobuoy will be noored near the
source (ice conditions permtting) at a fixed range
to monitor the continuity of the signal level and
frequency. An inproved radi o communications |ink
for larger ranges will also have to be arranged.

Descriptions of the sub-sea permafrost and overconsoli-
dat ed sedi nent near each site should be conpil ed.

Obtai ning those data will require discussions and
cooperation with the site operators, review of MVS files
and di scussions with scientists at other research

organi zations such as U.S. Ceological Survey (Menlo
Park, CA) and U S. Arny Col d Regi ons Research and

Engi neering Laboratory (Hanover, NH).

Establish closer ties with site operators than achieved
in 1985 so as to ensure a clear understanding of site
noi se- producing activities occurring precisely at the
time of underwater noise neasurenents. Radio conmmuni -
cations channel selections wll have to be established
with each operator.

| deal | y, an acoustic research vessel capable of
operating in greater than 2/10 ice cover should be
obtained for the 1986 work. Heavy ice cover (5/10-6/10]
often limted our ability to acquire TL data beyond 3-4
kmin 1985.

(btain access to “daily or every other day ice recon-
nai ssance and ice forecast information. Such access
will need to be coordinated through Mnerals Managenent
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Service and should permt nore efficient use of vessel
charter tinme.

Zones of detection and responsiveness of whales will
have to be recal cul ated and expanded. based on new TL and
anbi ent noi se data and revised industrial noise source
information to be acquired during this study in 1986,
and during industry-funded studies in 1985 and possibly
1986.

Two acoustic criteria have been used in eval uating

i ndustrial noise zones of influence on whales; signal-
to-noise ratio and absolute received level. There is
insufficient information at the present tine to allow
sel ection of one criterion over the other regarding
their relative inportance. Indeed, both may be

i nportant considerations under certain conditions. The
I ssue probably cannot be resolved until the results from
nore research are obtained through either nore anal ysis
of existing data files or through performnce of

addi tional measurenment and observation during controlled

experiments followed by detailed analysis. It is
entirely possible that sone indications of the relative

i nportance of the two criteria could be devel oped by
nore analysis of existing data files, before investing
in a major research effort inplied by the second
alternative
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APPENDI X A1 SOUND PROPAGATI ON ESTI MATES FOR ZONE OF | NFLUENCE
ANALYSES

Thi s appendi x summari zes the sound propagati on anal yses used
to derive the estimated ranges of detectability and responsive-
ness (see Section 3.4). The five tables in this appendix are for
the five industrial sites discussed in detail in Section 3.4:
Orion, Sandpi per, Hamerhead, Erik, and Belcher. For each of
these sites, we have hypothesized that each of five industria
activities mght occur

- dredge bucket being raised (as recorded at Erik),
tug beginning to tow barge (as recorded at Erik),
two tugs in operation (as recorded at Sandpiper),

- drillship EXPLORER Il drilling (as recorded at Hammrerhead
by G eeneridge Sciences Inc.), and

- drilling on artificial island (as recorded at Sandpi per
by G eeneridge).

It should be recognized that an artificial island |ike that at
Sandpi per woul d not be built at sites as deep as Hammrer head,
Erik, or Belcher. Simlarly, a drillship is unlikely to operate
at sites as shallow as Orion or Sandpi per. Hence, sonme of the
calculations in this appendix are of only theoretical relevance.

For each of the five industrial activities, Section 3.4.1
identifies the |I/3-octave bands in which the source levels are
especially high relative to anbient levels in the same bands.

One to four such |/3-octave bands were identified for each of the
five industrial sources. These bands are the ones that are
likely to be detectable at |ongest ranges, and that will have the
highest “industrial to ambient” noise ratios at any given
distance. These bands are the ones considered in this appendix.
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The Weston shal | ow-wat er sound propagation nodel (Section
3.3) has been applied for each of the five sites, five industria
source, and one-four frequency bands. For Orion and Sandpi per,
we considered east and west azinmuths (bottom slope 0) and north
azimuths (bottom sl ope positive). For Erik and Belcher, Wwe also
consi dered south azimuths (bottom slope negative). For
Hanmer head, where the sound propagation nodel was |ess well
defined, we considered only the zero slope case.

The tabul ated data for each run of the propagati on nodel

i ncl ude:

frequency and source |evel of the industrial noise in the
| /3-octave band wi th highest industrial-to-anbient noise

ratio,

t he anbi ent noise |levels expected in the correspondi ng
| /3-octave band at the site in question (5th, 50th, and
95th percentile values),

the ranges at which the received industrial noise level
woul d be expected to equal the 5th, 50th, and 95th
percentile anmbient noise (assuned “zone of audibility”),

the ranges at which the received industrial noise level
woul d be expected to be 10 dB, 20 4B, 30 dB. and 40 dB
above the nedian (50th percentile) anbient noise (used to
define “zone of responsiveness”),

the ranges at which the received industrial noise |evel
woul d be expected to be 100, 110, 120, and 130 dB, and

t he maxi mum range at which the propagation nodel is
believed to be reasonably reliable.

Section 3.4 includes additional rationale for this approach,
and an interpretation of the results.
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TABLE Al. ESTIMATED RARGES AT WHICH VARIODS NOISE LEVELS WOULD BE RECEIVED | F CERTAI N 1NpusTRIAL ACTI VI TIES TOOK pLACE AT THE omioN S| TS (TeE LOCATI ON OF & g
CIDS 2S 1985). FOR EACH INDUSTRIAL SOURCE , WE CONSIDER TSS FEW 1/3-OCTAVE SANDS IN WHICH HOISE LEVELS WERE HIGHEST RELATIVE TO THE MED| AN AMBIENT o
S01SS. LEVEL. SEE SECTI ON 3.2 FOR DATA ON NO SE FROM SACS INDUSTRIAL SOURCE, SECTI ON 3.1 FOR DATA ON AMBIENT NOISE, ANO SECTION 3.3 FOR DETAILS OF
THE WESTON SOUND PROPACATION MODEL USSO TO OBTAIN TNB ESTIMATED RECEIVED LEVELS. o))
et
[= -]
Estimated Ambient Eat. Range (kn) from Ret. Range (km) from Eat. Range (km) from b
Est. Noi se at 0S20S 0S20S where Sig. to ORION where Signal ORION where Received
Dominant 1/3 Octave (4B, 1/3 Oct. Band) sl ope Amb, Noise Ratio = 0 E: ds 50%ile DV Level (dB re 1 uPa) 18  Max. Range
Type of Frequency Source Level Assumed km of
Noise Source  (Hz) (dB) 5%ile 50%ile 95%1le in Nbdel 5%ile 502ile 952ile 10 d8 20ds 3ods 4ods 100 110 120 130 Reliability
Dredge bucket 250 162 60 84 95 0 >50 39 25 26 15 6.1 1.7 19 8.7 29 72 30
beiEg_ kraiaed .001 >50 >50 >50 >50 19 6.3 1.7 30 10,0 29 72 16
at Eri
750 158 61 83 95 0 41 22 13 14 7.2 2.7 69 9.1 3.8 11 .26 17
.001 >50 >50 21 26 91 27 69 120 40 11 .26 8
1250 158 60 81 93 0 >50 30 15 17 77 23 85 S2 26 64 .15 11
.001 >50 >50 20 25 81 23 55 91 2.6 64 .15 6
Tug beginning 1000 170 60 82 94 0 >50 35 24 26 16 84 31 180 99 40 1.1 11
= to tow barge .001 >50 >50 >50 >50 29 11.0 3.2 35 140 4.1 1.1 6
e at Erik
w 3500 164 58 78 90 0 >50 47 22 25 11 32 78 84 24 58 .14 11
.001 >50 46 21 25 10 3.1 77 82 24 58 .14 6
Two tugs at 300 163 61 84 96 0 >50 45 27 30 17 7.2 2.0 22 10 3.4 .86 30
Sandpiper .001 >50 >50 >50 >50 23 75 2.0 37 12 3.4 .86 15
1500 164 59 81 93 0 >50 43 23 26 12 42 1.1 13 47 1.2 .29 11
.001 >50  >50 31 37 14 4.2 1.1 16 48 12 29 6
4000 160 57 77 89 0 >50 35 15 18 66 1.8 43 46 1.2 28 .06 11
.001 >50 34 14 17 64 18 43 45 1.2 28 .06 6

cent hued . ..
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TABLE Al . (cont.) ESTIMATED RANGES AT WHICE VAR OUS S01SS LEVELS WOULD BE RECEIVED IF CERTAIN IWDUSTRIAL ACTI VI TIES TOOK PLACE AT TSR OREON S| TE (THE LOCATION OF
THE CIDS | S 1985). FOR EACH INDUSTRIAL SOURCE, WE CONSIDER THE FEW 1/3~0CTAVE BANDS IN WHICH NOLSE LEVELS WERE HIGHEST RELATIVE TO THE MEDIAN
AMBIENT S01SS LEVEL. SEE SECTION 3.2 POR DATA OS S01SS PROM SACS INDUSTRIAL SOURCE, SECTION 3.1 FOR DATA ON AMBIENT SO1SS, ASD SECTION 3.3 POE
DETAILS OF TRS WESTON SOUND PROPAGATION MODEL USED TO OBTAIN THE ESTIMATED RECEIVED LEVELS.

G819 °ON 330day

Estimated Ambient Eat. Range (km) from Est. Range (km) from Est. Range (km) from
Bet. Bolge at 0S20S ORION \Were 8ig. to ORTON Where Signal 0220S where Received
Dominant 1/3 Cctave (dB, 1/3 Oct. Band) slope  Amb, Hoise Ratio - 0O Bxceeds 50%ile by Level (dB re i uPa) is  Max. Range
Type of Frequency Source Level Assumed (km) of
Noise Source (Hz) (da) 5Zile SOZile 95Zile in Model S5%Zile 50Zile 95Zile 10AB 2o0ds 3o0ds 40 dB 100 110 120 130 Reliability
EXPLORER | | 80 162 57 83 92 0 26 15 12 11 7.6 4.3 1.8 8.7 5.2 2.3 .76 63
drilling at .001 >50 36 20 19 9.9 4.7 1.9 120 6.0 2.4 7 23
Hanmer head
240 161 60 84 95 0 >50 35 22 24130 5.3 1.4 17,0 7.6 2.5 .62 30
.001 >50 »50 45 50 17 5.5 1.4 260 9.0 2.5 .62 16
[ 920 160 60 82 94 0 46 25 14 16 8.4 3.2 .85 9.8 4.1 1.1 .21 12
O .001 >50 250 24 30 11.0 3.3 .85 13.0 4.2 1.1 .27
- 1640 157 59 81 93 0 >50 31 13 15 5.4 1.4 .34 6.2 1.7 .39 .09 11-
.001 >50 43 14 17 55 1.4 .34 6.2 1.7 .39 .09 6
Drilling at 40 145 56 82 91 0 5.7 3.1 2.3 2.2 1.3 .59 .23 1.5 .71 .27 .04 63
Sandpiper .001 7.6 35 2.5 2.3 1.4 .59 .23 15 72 27 04 23
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TABLE AZ. ESTIMATED RANGES AT WHICH VARIOUS NOISE LEVELS WOULD BE RECEIVED IF CERTAIN INDUSTRIAL ACTIVITIES TOOK PLACE AT SANDPIPER ARTIFICIAL ISLAND.FOR EACH
INDUSTRIAL SOURCE | WE CONSIDER ?SS FEW 1/3-0CTAVE sANDS IN WHICH S01SS LEVELS WERE HIGHEST RELATIVE TO THE MEDIAN AMBIENT NOMS LEVEL. SS8 SECTION 3.2
FOE DATA ON NOISE FROM SACS INDUSTRIAL SOURCE . SECTION 3.1 FOR DATA ON AMBIENT S0188 , AND SECYION 3.3 FOR DETAILS OF THE WESTON SOUED PROPAGATION MODEL
GSED TO OBTAIN THE ESTIMATED RECEIVED LEVELS.

G8T9 °ON 310ddy

Estimated Anbi ent rg from Ret. mange (Kn) froa Eat. Range (km) f rom
Ret. Notse at Sandpi per Sandplpet Hhete ig to Sandpiper V\lnere Signal  Saudpiper where Received
Dominant  1/3 (ctave (a8, 1/3 Cct. send) slope  Amb. Hotse Ratio - Exceeds 50%ile by Level (A8 re 1 upa) 48  Max.
Type Of Frequency Source Level Assumed (km) of
¥olse Source (s2) (dB) 5%ile 50%ile 95%ile in Model 5%Zile 50%ile 95Zile 10 dB 20d8 30 dB 40d8 100 110 120 130 _ Reliability
Dredge bucket 250 162 60 84 95 0 >50  >50 43 46 22 7.4 1.9 31 120 33 79 43
being ratsed .00035 >50  >50 >50 >50 23 75 19 36 13.0 3.3 .79 28
at Erik
750 158 61 83 95 0 >50 34 20 22 11 39 1.0 14 57 16 .38 20
.00035 >50  >50 26 31 12 40 1.0 16 5SS 16 .35 14
G 1250 158 60 81 93 0 >50 44 22 26 12 37 91 13 42 11 .25 14
o .00035 >50  >50 26 32 13 37 91 14 42 11 .25 10
Tug beginning 1000 170 60 s2 94 0 >50  >50 36 39 25 130 46 2s 15.0 5.9 1.6 15
to tow barge .00035 >50  >50 »50 >50 36 14.0 47 42 170 60 16 11
et Erik
3500 164 58 78 90 0 >50 50 29 34 16 5.2 1.4 13 41 10 .24 11
00035 - >50  >50 29 34 15 5.2 1.4 13 40 10 .23 9
Two tugs at 300 163 61 s4 96 0 >50 >50 43 48 24 8.7 2.3 33 140 39 .95 43
Sandpiper .00035 >50 >50 >50 >50 27 88 2.3 41 150 39 .95 2s
1500 164 59 81 93 >50  >50 33 38 Is 6.8 1s 20 77 2.1 .50 13
.0003: >50  >50 44 49 21 6.9 1.8 23 7.8 21 .50 9
4000 160 57 77 89 0 >50 44 21 24 10 31 76 73 2. 49 11 1
.00035 >50 43 20 24 99 3.1 76 72 2
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TABLE A2. (cont.) ESTIMATED RANGES AT WHICH VARIOUS ROISE LEVELS WOULD BE RECEIVED IF CERTAIN INDUSTRIAL ACTIVITIES TOOK PLACE AT SANDPIPER ARTIFICAL ISLAND.

' FOR SACS INDUSTRIAL SOURCE, WE CONSIDER THE FEW 1/3-OCTAVE BANDS IN WHICH NOISE LEVELS WERE HIGHEST RELATIVE TO THE MEDIAN AMBIENT NOISE
LEVEL. SEE SECTION 3.2 FOR DATA OS NOISE FROM SACS INDUSTRIAL SOURCE , SECTION 3.1 FOR DATA ON AMBIENT NOISE, AND SECTION 3.3 FOR DETAILS OF
THE WESTON SOUND PROPAGATION MODEL USED TO OBTAIN TSS ESTIMATED RECEIVED LEVELS.

Estimated Asbient Est. Range (kw) from Est. Range (kw) from Est . Range (km) from
Est. Notse at Sandpi per Sandpi per Were Sige to Sandpiper where Signal  Sandpi per where Received
Dominant 1/3 oOctave (dB, 1/3 oct. Band) Slope Amb, Noise Ratio = O Exceeds 50%ile by Level (B re 1 uPa)is MBX. Range
of Frequency Source Level Assumed (im) of
Noise Source  (#z) (48) 5Zile 50%ile 95%11e inm MNodel 5%ile 50%Zile 95%ile | 0dS 20 4B 30ds 40 48 100 110 120 330  Reliability
EXPLOREER |1 0 162 57 83 92 0 38 22 16 16 10 52 1.9 12 6.6 2.8 77 63
drilling at .00035 >50 29 20 19 11 54 2.0 13 6.9 2.8 77 38
Hammerhead
240 161 60 84 95 0 >50 >50 39 41 19 6.5 1.6 27 11.0 29 .68 43
.00035 >50 >50 >50 >50 20 6.5 1.6 32 11.0 29 .6S 2s
[ 920 160 60 82 94 0 >50 39 23 25 13 4.8 1.3 15 6.1 1.7 .40 17
\0 .00035 >50 >50 31 37 14 4.8 1.3 18 6.2 1.7 .40 12
(=}
1640 157 59 81 93 0 >50 43 20 22 8.7 2.4 5s 9.8 2.8 .67 016 12
.00035 >50 >50 21 26 8.8 2.4 58 9.9 2.8 .67 .16 9
Drilling at 40 145 56 82 0 8.5 4.4 1.1 3.0 1.7 .10 .22 1.9 81 21 .04 63
Sandpi per .00035 9.5 4.7 3.2 3.1 1.7 .70 .22 1.9 81 .27 .04 38

S8T9 "N 331o0dey
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TABLE A3. ESTIMATED RANGES AT WHICH VARIOUS S01SS LEVELS WOULD SE RECEIVED IF CERTAIN INDUSTRIAL ACTIVITIES TOOK PLACE AT THE HAMMERHEAD SITS NORTH OF FLAKNAN 4
ISLAND, AK. FOR SACS INDUSTRIAL SOURCE . US CONSIDER THE FEW 1/3-OCTAVE SANDS IN WHICR NOISE LSVSLS WERE HIGEEST RELATIVE TO THE MEDIAN AMBIENT S01SS
LEVEL. SSS SECTION 3.2 FOR RATA ON NOISE FROM SACS INDUSTRIAL SOURCE, SECTION 3.1 FOR DATA ON AMBIENT NOISE, AND SECTION 3.3 FOR DETAILS OF TNS WESTON (<))
SOUND PROPAGATION MODEL USED TO OBTAIN TNS ESTIMATED RECEIVED LEVELS. ‘l;
wn
Estimated Anbi ent Eat. Range (knm) from Bat. Range (km f rea Set. Range (km) from
Est. Noige Al Rammerhead Bammerhead ere stg. to Hammerhead Where Signal Hammerhead Where Received
Dominant 1/3 Cctave (d8, 1/3 Oct. Band) sl ope Amb. Noi se Ratio - 0 Exceeds 50%ile by Level (dB re 1 uPa) is  MAX. Range
Type of Prequency Source Level Aspumed (km) of
Noise Source (Hz) (dB) 5Zile 50Zile 95%ile in Model 52ile 50%ile 95Zile 10 d8 20ds 3o0ds 4o0ds 100 110 120 130 Reliability
Dredge bucket 250 162 69 85 96 0 >50 >50 36 41 11.0 2.5 .50 21 53 1.2 17 52
being raised
at Erik 750 15s 6S 82 94 0 >50 >50 20 25 6.7 1.5 .34 8.9 21 .46 .06 52
1250 158 66 82 94 0 >50 >50 17 22 6.0 1.4 .31 79 1.9 42 .06 52
Tug beginning 1000 170 67 82 94 0 >50 >50 >50 >50 30 8.4 2.0 37 11.0 27 .60 52
[l tot ow barge
[Ye) at Erik 3500 164 63 81 93 0 >50 >50 25 29 12 35 .83 13 4.0 .96 .22 44
-3
Two tuge at 300 163 69 84 96 0 >50 >50 42 >50 15 34 a7 25 6.2 1.4 .20 52
Sandpiper
1500 164 66 81 94 0 >50 >50 32 43 15 39 .90 17 45 1.0 .23 52
4000 160 62 81 93 o >50 39 16 20 7.2 2.0 .45 8.1 2.3 .53 .10 44
EXPLORER 11 SO 162 6S 89 99 0 >50 27 13 13 4.9 1.3 .20 12 4.3 1.1 .17 52
drilling at
Hammerhead 240 161 69 85 96 0 >50 >50 31 36 9.3 2.2 .40 19 4.5 1.0 .13 52
920 160 68 82 94 0 >50 >50 24 30 8.4 2.0 44 11 2.7 .60 .10 52
1640 157 66 81 94 0 >50 >50 14 20 5.7 1.4 .30 6.6 1.6 .35 .05 49
Drilling at 40 145 67 91 100 0 12 3.4 1.4 1.2 .26 0.3 <.01 1.4 .32 .03 <.01 52
Sandpiper
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TABLE A&. ESTIMATED RANGES AT wHICH VARIOUS NOISE LEVELS WOULD BE RECEIVED IF CERTAIN | NDUSTRI AL ACTI VI TI ES TOOK PLACE AT TSK ERIK S| TS WHICH IS NORTHWEST OF
BARTER ISLAND, ALASKA. FOR EACH INDUSTRIAL SOURCE, WE CONSIDER THE FEW }/3-0CTAVE BANDS IN WHICH NOISE LEVELS WERE HIGHEST RELATIVE TO THE MEDIAN
AMBIENT NOISE LEVEL. SSS SECTION 3.2 FOR DATA ON ROISE FROM EACH INDUSTRIAL SOURCE, SECTION 3. 1 FOR DATA ON AMBIENT SO018S, AND SECTION 3. 3 FOR DETAILS

OF THE WESTON SOUND PROPAGATION MODEL USED TO OBTAIN TSS ESTIMATED RECEIVED LEVELS.

Estimated Anbient Est. Range (ki) from Set. Range (km) f rom Est. Range (k.) f rxom
Est . Boise at Erik Brik Where Sig. to Erik where Sigoal Erik where Recefived

Dominant 1/3 Octave (d8, 1/3 Oct. Band) sl ope Aub, RoiseRatfio= 0 Exceeds S0Xile by Level (dB re 1 uPa) 18 Maw. Range
Type of Frequency Source Level Aggumed (km) O f

Hoise Source (8z) (dB) 5Zile 50%ile 95Zile in Model 5Zile S0Xile 95%ile 10 dB 20 dB 30 dB 40 4B 100 110 120 130 Reliability
Dredge bucket 250 162 69 85 96 -.0026 14 13 12 13 10 3.0 .66 12 6.1 1.4 .29 14
being raised 0 >50 >50 39 44 12 29 .66 24 6.0 1.4 .29 52
at Erik .0028 >50 >50 3?7 42 12 2.9 .65 22 5.s 1.4 .28 20
750 158 68 82 94 -.0026 15 14 14 14 6.7 1.5 .32 8.9 2.0 44 .05 15
0 >50 >50 19 25 6.3 1.4 .31 8.4 2.0 .43 .05 52
.0028 >50 >50 17 22 6.0 1.4 JI1 7.9 1.9 .43 .05 19
1250 158 66 82 94 -.0026 15 15 14 14 58 1.3 .28 7.8 1.8 .38 .05 15
0 >50 >50 16 21 55 1.3 .28 7.3 1.7 .38 .05 52
.0028 >50 48 14 18 53 1.3 .28 6.9 1.7 .38 05 18

|'-.l

O Tug beginning 1000 170 67 82 9%  -.0026 15 15 15 15 14 77 1.7 14 10 23 51 15
o to tow barge 0 >50 >50 >50 >50 27 7.2 1.7 33 9.5 2.3 .50 52
at Erik .0028 >50 >50 >50 >50 23 6.8 1.7 29 S.9 2.2 .50 19
3500 164 63 81 93 -.0026 15 15 15 15 13 3.9 .90 14 4.4 1.0 .24 15
0 >50 >50 26 30 12 3.7 .89 14 4.3 1.0 .23 44
.0028 >50 50 23 27 12 3.6 .88 13 4.1 1.0 .23 15
TWO tugsat 300 163 69 84 % -o0026 14 14 13 13 11 38 8 12 67 15 .32 14
Sandpiper 250 >50 43 >50 15 3.7 .83 26 6.6 15 .32 52
.002: 250 >50 40 50 14 3.6 .82 24 6.3 1.5 .31 20
1500 164 66 81 94 -.0026 15 15 15 15 14 3.8 .84 14 4.4 .98 .20 15
0 >50 >50 31 42 14 3.7 .84 16 4.2 .97 .20 52
.0028 >50 >50 27 36 13 3.6 .83 15 4.1 .96 .20 17
1600 160 62 81 93 -.0026 15. 15 15 15 8.2 2.2 .49 9.3 25 .57 .10 15
0 >50 40 17 20 7.7 2.1 .49 8.6 2.4 .57 .10 44
.0028 >50 36 16 19 7.3 2.1 .49 8.1 2.4 .57 .10 15

cent inued. ..
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TABLE A4. (cont.) ESTIMATED RANGES AT WHICH VARIOUS NOISE LEVELS WOULD BE EECELVED IF CERTAIN INDUSTRIAL ACTIVITIES TOOK PLACE AT THE ERIK S| TS, wamIcm | S
worrawest OF BASTES | SLAND, ALASKA. Pom EACH INDUSTRIAL SOURCE, US CONS| DER a8 FEW |/ 3- OCTAVE SANDS | N WHICH NOISE LEVELS WERE HIGHRST o
RELATIVE 10 3' SS MEDIAN AMBIERT NO SE LEVEL. SEE SECTION 3.2 FOR CATA ON NOISE FNON EACH IRDUSTRIAL SOURCE , SECTION 3.1 FOR OATA ON AMBIENT ;
NOISE, ANO SECTION 3.3 ¥OR DETAILS OF THE WESTON SOUND PROPAGATION MODEL USED TO OBTAIN THE ESTIMATED RECEIVED L EVELS. b
Estimated Ambient Eat. e (km) froa Est. Ramge (kn) from Est. BRange (km) from
Eat . Nolse at EBrik erik \Were sig. to Ertk Where Signal Erik WhEre Received
Dominant 1/3 Cctave (4B, 1/3 Oct. Band) Sl ope Amb. Noise Ratfo =0 Exceeds 50Zile by Level (dB re luPa)is Max. Range
Type of Frequency Source Level Assuned (km) Of
Noise Source (Hz) (dB) 5%ile 50Zile 95Zile i n  Model 5%ile 50%ile 95%ile 10 dB 20ds 30d8 4ods 100 1:0 120 130 Reliability
EXPLORER || 80 162 68 89 99 -.0226 10 S.6 6.8 6.8 3.7 1.0 20 6.6 3.3 87 .17 12
drilling at o 46 21 11 11 39 1.0 20 97 3.4 87 .17 52
Hammer head .0028 >50 45 14 14 40 1.0 20 13 35 87 .17 20
240 161 69 85 96 -.0026 14 13 12 12 95 2.6 57 12 53 1.2 .23 14
0 >50 >50 34 39 11 25 57 21 52 1.2 .23 52
— .0028 >50 >50 33 37 10 25 .56 20 5.0 1.2 .23 20
O
O 920 160 68 82 94 -.0026 15 15 14 14 77 L7 37 10 2.3 51 .06 15
0 >50 >50 21 27 73 1.7 37 9.6 23 50 .06 52
.0028 >50 >50 19 24 69 17 37 89 22 50 .06 19
1640 157 66 81 94 -.0026 15 15 14 14 59 1.3 29 6.8 1.6 34 .04 15
0 >50 >50 14 20 56 1.3 29 64 15 34 .04 52
.0028 >50 45 13 18 53 1.3 29 6.1 1.5 34 .04 17
Drilling at 40 145 67 91 100 -.0226 55 2.4 1.1 .97 .26 .03 <01 11 31 .03 <.01 8
Sandpiper 0 9.4 2.7 1.1 .98 .26 03 <01 11 31 .03 <.01 52
.0028 25 2.9 1.1 .98 .25 03 <01 1.t 31 .03 <.01 20
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TABLE A5. ESTIMATED RANGES AT WEECH VARYOUS NOISE LEVELS NOULD BE BRECEIVED IF CERTAIN INDUSTRIAL ACTIVITIES T0OK PLACE AT THE BELCHER SITE | WHICH IS EAsT O F
BARTER |SLAND, ALASKA,FOR SACS INDUSTRIAL SOURCE, WE CONSIDER THE FEW 1/3-OCTAVE BANDS IN wHiCH NOISE LEVELS WERE HIGHEST RELATIVE TO THE NEDIAN
AMBIENT NOISE LEVEL. SSS SECTION 32 FOR OATA ON NOISE FROM EACH INDUSTRIAL SOURCE, SECTION 3.1 FOR DATA ON AMBIENT NOISE, AND SECTION 3.3 FOR DETAILS
OF THE WESTON SOUND PROPAGATION MODEL USED TO OBTAIN THE ESTIMATED RECEIVED LEVELS,

G8T9 °ON jioday

Estimated Amblent Est.Range (km) free Egt. Range (knm) from Bat . Range (km) from
Est. RBoise at Belcher Belcher \Where sig. to Belcher where Sigmal Belcher where Received
Dominant 1/3 Cctave (dB, 1/3 Oct. Band) slope  Awb. HoiseRatio = O Exceeds 50%ile by Level (dB re 1 wPa) 48  Max. Range
Type of Frequency Source Level Agsumed (km) of
Noigse Source (s2) (da) 5%ile 50%ile 95Z1le in Model 5Zile SOIile 95Tile 10d8 20dB 3048 4048 100 110 120 130 Reliability
Dredge bucket 250 162 69 85 96 -.0013 34 31 21 23 6.5 1.5 .33 13 3.1 .69 .12 40
being ralsed 0 >50 >50 22 26 6.4 1.5 .33 13 3.1 .69 12 43
et Erik .0087 >50 >50 19 22 5*9 14 .32 11 29 .68 12 9.5
750 158 68 82 94 -.0013 39 37 14 1s 4.3 .96 .19 5.8 1.3 .28 .03 40
0 >50 >50 13 17 4.3 .95 .19 5.7 1.3 .28 .03 43
-.0087 >50 42 11 14 3.9 .93 .18 5.2 13 «28 .03 9.5
1250 158 66 82 94 -.0013 40 38 13 17 4.3 .95 -19 5.7 1.3 .28 .03 40
N 0 >50 48 13 16 4.2 .95 .19 5.6 1.3 .28 .03 43
0 .0087 >50 37 11 14 3.9 .93 .18 5.1 1.2 .28 .03 9.5
0
Tug beginning 1000 170 67 82 94 -.0013 40 40 38 3S 23 5.7 1.3 29 7.7 1.8 .38 40
to tow barge /] >50 >50 52 >50 22 5.6 1.3 27 75 1.8 .3s 43
et Erik 0087 . >50 >50 39 47 17 5.1 1.2 22 6.6 1.7 .38 9.5 g
3500 164 63 81 93 -.0013 40 40 22 26 9.6 2.6 .60 11 3.0 .70 .12 40 2
0 >50 48 21 25 9.3 2.6 .60 10 3.0 .69 .12 43
.0087 >50 40 1s 21 8.2 2.4 .59 9.1 2.8 .68 12 9.5 5:
o
Two tugs at 300 163 69 S4 96 -.0013 35 33 22 26 7.6 1.7 .38 13 3.1 .70 12 40 (o}
Sandpiper 0 >50 >50 23 30 7.5 1.7 .38 13 3.1 .69 12 43 n
0087 >50 250 19 24 6.8 1,7 .38 12 2.9 .68 12 9.5 (e:'
1500 164 66 81 94 -.0013 41 40 27 35 11 2.7 .60 13 3.2 .70 .12 41 ._01
0 >50 >50 25 34 1 2.7 .60 12 3.1 .70 12 44 e
.0087 >50 )50 20 27 9.3 25 .59 11 2.9 .69 12 9.5 0
4000 160 62 81 93 -.0013 41 36 14 17 5.7 1.4 .33 6.4 1.7 .38 .05 41 0
0 >50 34 14 16 5.6 14 .33 6.3 1.7 .38 .05 44 ]
.0087 >50 29 12 14 51 1.4 .33 5.7 1.6 .3s .05 9.5 o]
Q
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TABLE A5. (cent. ) ESTIMATED RANGES AT WHICH VARIOUS NOLSE LEVELS WOULD BE RECEIVED |F CERTAIN INDUSTRIAL ACTI VI TIES TOOK PLACE AT THE BELCHER S| TE, WHICH | S NAST .
OF BARTER ISLAND, ALASKA. FOE EACH INDUSTRIAL SOURCE, WE CONSIDER THE FEW 1/3-0CTAVE BANDS IN WHICH NOISE LEVELS WERE HIGHEST RELATIVE TO THE o
MEDIAN AMBIENT SO1SS LEVEL. SES SECTION 3.2 FOR DATA OS HOISE FROM EACH INDOSTRIAL SOURCE, SECTION 3.1 FOR CATA ON AMBIENT S01SS, AND SECTION i
3.3 FOR DETAILS OF THE WESTON S00S0 PROPAGATI ON MopEL 0SSO TO OBTAIN THE ESTIMATED RECRIVED LEVELS. 0
(%))
Estimated Anbi ent Est. Range (km) from Est. Range (km) from Est. Range (km) from
Est. Noi se at Belcher Belcher \\ere Sig. to Belcher Where Signal Belcher Where Received
Dominant 1/3 Cctave (dB, 1/3 Oct. Band) Sl ope Amb, Noi se_Ratio - 0O Exceeds 50%ile by Level (dB re 1 uPa) 1s  Max. Range
Type of Frequency Source Level Assumed (km) of
Nodse Source (Hz) (dB) 5%ile 50%Zile 95%ile in Model 5Zile 501le 95%ile 10dB 20 d8 30 dB 40 dB 100 110 120 130 Reliability
EXPLORER 11 80 162 68 89 99 -.0013 21 14 7.1 7.1 2.3 .56 .09 6.5 2.0 .48 .07 35
drilling at 0 50 19 8.1 8.1 2,3 .56 .09 7.4 2.0 .48 .07 44
Hammerhead .0087 >50 31 8.8 8.8 2.3 .56 .09 7.7 2.0 .48 .07 9.5
240 161 69 85 96 -.0013 34 30 19 20 5.6 1.3 .28 11 2.7 .59 .09 40
0 >50 >50 19 22 5.5 13 .28 11 2.7 .59 .09 44
.0087 >50 >50 17 19 51 1.2 .27 10 25 .59 .09 9.5
[ 8] 920 160 68 82 94 -.0013 40 38 18 23 58 1.3 .28 7.7 1.8 .38 .05 41
o 0 >50 >50 17 22 57 1.3 .28 7.5 1.8 .38 .05 44
L .0087 >50 48 14 18 51 1.3 .28 6.7 1.7 .38 .05 9.5
1640 157 66 81 94 -.0013 41 39 11 16 4.2 .95 .19 4.9 1.1 «23 .03 41
0 >50 44 11 16 4.1 .95 .19 4s 1.1 .23 .03 44
.0087 . >50 34 9.3 13 3.8 .93 .18 4.4 1.1 .22 .03 9.5
Drilling at 40 145 67 91 100 -.0013 7.9 1.9 .67 .58 12 .02 <.01 .67 .16 .03 <.01 28
at Sandpiper o} 9.9 2.1 .67 .58 12 .02 <.01 .67 .15 .03 <.01 44
.0087 37 2.2 .67 .58 12 .02 <.01 .67 .15 .03 <.01 9.5
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APPENDI X B
PREVI QUS DATA ON RESPONSES OF BONHEAD AND GRAY WHALES
TO NO SE FROM DRI LLI NG AND | SLAND CONSTRUCTI ON*

B.1 | NTRODUCTI ON

The present study was designed to determne the character-
istics of underwater noise around drillsites and i sl and construc-
tion sites in the A askan Beaufort Sea. The present study does
not include field tests of the reactions of whales to industria
noise. Previous studies of the sensitivity of whales to
i ndustrial noise, in conjunction with the new site-specific data
on industrial noise, are used to estimate the potential zones of
i nfluence of the industrial sites on bowhead and gray whal es
occurring in the Al askan Beaufort Sea.

Since 1976, there has been intensive offshore drilling for
oil and gas in parts of the Canadi an Beaufort Sea deep enough to
be utilized by bowhead whales. More recently, offshore drilling
has begun north of the barrier islands in the A askan Beaufort
Sea. Several studies of bowhead whal es have been conducted in
these areas in recent years. A few of these studies were
specifically designed to observe or to test the reactions of
bowheads to drilling or island construction (Hickie and Davi s
1983; Davis et al. 1985; Richardson et al. 1985b,c). Character-
istics of the underwater noise near industrial sites were
docunmented during each of these studies. In addition, nmany ot her
studi es of bowheads in the Canadian and Al askan parts of the
Beauf ort Sea have provided data on the occurrence (or absence) of
bowheads near offshore industrial sites, even though this was not

an objective of nmost of these studies.

*By W John Richardson (LG Ltd.) and C.I. Malme (BBN Labs, Inc.)
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G ay whal es occur regularly in the Chukchi Sea northeast to
Point Barrow, but are rare east of there (Rugh and Fraker 1981;
Ljungblad et al. 1985). Aside from one opportunistic observation
of a gray whal e when reactions of bowheads to drillship noi se
were being tested (Richardson et al. 1985b), there have been no
attenpts to study the reactions of gray whales to industrial
activities in the Beaufort Sea. However, controlled studies of
the reactions of mgrating gray whales to various industria
sounds have been conducted along the California coast (Malme et
al . 1983, 1984). Followup work has recently been done on the
reactions of feeding gray whales sumering in the northern Bering
Sea to industrial noise (Malme et al. 1986).

B.1.1 Scope of This Review

In this section, we sunmarize the avail able data on the
occurrence, behavior and noi se exposure of bowhead whal es near
actual and sinmulated drillsites and offshore construction sites
in the Beaufort Sea. The objective is to determne the
di stances, noise levels, and signal-to-noise ratios at which
bowhead whal es do or do not react to underwater noise from
drilling and island construction. Wth this information about the
sensitivity of bowheads to noise, along with neasurenents of
underwat er noise fields near industrial sites in the Al askan
Beaufort Sea (present study), it should be possible to estimate
the potential zones of influence of those sites on bowhead
whal es.

The main sources of information about sensitivity of bowhead
whal es to industrial noise are the few investigations that have
specifically exam ned the distribution, behavior and noise
exposure of bowheads near industrial sites (Hickie and Davis
1983; Davis et al. 1985; R chardson et al. 1985a,b,c). However
we have al so exam ned published and unpublished data from ot her
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projects, mainly involving aerial surveys, to identify additional
cases I n which bowhead whal es have been observed near industri al
sites in the Al askan or Canadi an Beaufort Sea.

This section also contains a brief review of the situations
in which mgrating and feeding or summering gray whales do and do
not react to various industrial sounds. Those data came from
studies along the California coast (Malme et al. 1983, 1984).

Data concerning the sensitivity of sumering gray whales to
industrial sounds is discussed in the context of the Beaufort Sea
using results of the 1985 tests of the reactions of gray whales
summering in the northern Bering Sea to industrial noise (Malme

et al. 1986)

B.2. BONHEADS AND DRI LLI NG IN THE BEAUFORT SEA

B.2.1 Types of Drilling Operations

O fshore drilling can be fromartificial or natural islands,
platfornms of various types, and drillships.

1. Artificial islands constructed of uncontained sand and
gravel have been used to drill in nearshore portions of
the Beaufort Sea, in areas as deep as 18 m Such islands
have ‘gently-sloping sides, and hence are not econom cal
in deeper water because of the huge amount of fill
required. Artificial drilling islands have been
constructed in both the Canadi an and Al askan parts of
the Beaufort Sea. Many of these islands were in water
shal | ower than that normally used by bowheads, but sone
i sl ands have been constructed far enough offshore to be
near the southern edge of the areas frequented by
bowheads.
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2. Caisson-retained islands and self-contained drilling
cai ssons have been used in the Canadi an Beaufort Sea
since 1981, and in the Al askan Beaufort since 1984,
usual ly in water deeper than 18 m Cai sson-retained
i slands are steep-sided rings filled by sand. Self-
contai ned cai ssons are steel or concrete structures
bal | asted down onto the bottom or onto an underwater
berm

3. Three or four ice-strengthened conventional drillships
have worked in the Canadi an Beaufort Sea each summer and
autum since 1976. One of these sane drillships,
EXPLORER ||, began to work in the Al askan Beaufort Sea
late in 1984 and drilled there in 1985. These drillships
have usually operated in water 25-75 m deep. In
addition, during 1983-1985, a new circular drilling
barge, KULLUK, was al so operating in the Canadi an

Beaufort. KULLUK may drill in Alaskan waters in future
years. Drillships are normally attended by one or nore
smal | er support vessels. In the Beaufort Sea,

drillships often are also attended by icebreakers,
especially during the early and late parts of the
drilling season when ice is nost commonly present.

Drilling fromartificial islands and cai ssons can occur at
any time of year. Drillships, in contrast, operate only during
sunmer or autumm when ice is absent or thin; bowhead whal es may
be present at these times.

B.2.2 Sightings Near Drillships

Ri chardson et al. (1985b,c) saw bowheads w thin 4-20 km of
drillships on several days in August of 1981-84. Sonetines the
drillship was the only potential source of disturbance to the
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whal es. On ot her occasions, bowheads 8-20 km from a drillship
were al so exposed to sounds from various conbinations of seismc
exploration, helicopter and boat traffic, and island construc-
tion. In nost of these cases, bowheads were seen in the sane
area for at least a few days (Fraker et al. 1982; Ri chardson et
al., 1984, 1985b,c). This suggested that some whal es were
tolerating the presence of the drillship and ot her industrial
activities, although there was nc proof that the sane individual
whales were present on successive days.

On five occasions when bowheads were seen 4-20 km from
drillships, the drillships and their standby vessels were the
only sources of possible disturbance (Richardson et al. 1985b,c).
Ceneral activities of these bowheads seenmed characteristic of
undi st urbed bowheads (Table B-1). The whal es were not heading
away fromthe drillship on any of these five occasions. Bowheads
seen 4 km from EXPLORER Il were socializing even though exposed
to strong drillship noi se. The apparent lack of calling by whales
4 kmfromthe ship is notewrthy, since socializing bowheads
usual ly call frequently (Wﬁrsig et al. 1985). However, faint
calls m ght have been present but not detected because of the
high drillship noise level.

Surfacing, respiration and dive characteristics of bowheads
near drillships were usually within the ranges for undisturbed
whal es (see Richardson et al. 1983b, p 195-8 for details). The
one exception involved two whales 10-12 km from EXPLORER |11 on
31 Aug 1982. Their dive times were consistently long (23.4-

31.0 rein). However, there was no evidence that the |ong dives
were related to the proximty of the drillship. Indeed, a
sonobuoy near these whales did not detect drillship sound.
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5. About 20 bowheads were seen 12 km from EXPLORER |11 at
Arluk on 2 Sept 1984 (Davis et al. 1986). About 15
bowheads were seen 23 km from Arluk three days |ater,
but the three individually identifiable bowheads found
on 5 Sept apparently had not been present on 2 Sept
(Davis et al. 1986).

In addition, there have been a few other sightings of single
bowheads at distances of 13-20 km from drillships.

| ndustry personnel reported sightings of bowheads near
EXPLORER |V and EXPLORER Il on several occasions frommd-July
to early August 1980. The distance of the whale(s) fromthe
drillship was estimated for 7 sightings as 0.2-5 km In 1982 and
1983, industry personnel reported 3 sightings of single bowheads
near drillships, in each case at an estimated distance of 3.7 km
(Richardson et al. 1985b,c).

Prior to 1985, drillships had not operated in the Al askan
Beaufort Sea during the bowhead mgration period. In 1985,
EXPLORER || operated north of Flaxman |sland (146°W) in August
and early-md Septenber. Intensive aerial survey and acoustic
prograns were conducted to search for bowheads near the drillship
and to docunent its underwater noise; the results are expected to
be available in MLaren et al., in preparation).

In sunmmary, aerial surveyors have seen bowhead whal es as
close as 4-5 km from operating drillships on at |east three
occasi ons, and there have been nunerous sightings at distances of
10-20 km As docunented in B.4.2, underwater noise from
drillships is strong at distances of 4-5 km and typically is
detectabl e at and beyond 10 km [Industry personnel have reported
bowheads considerably closer to drillships, as close as 0.2 kmin
one case. Bowheads have sometimes been seen near drillships over
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periods of several days, but there is no infornation about the
duration of stay of particular individual bowheads near drill-
ships. There has been no quantitative analysis of bowhead
abundance relative to distance from drillships; it i s question-
abl e whether a neaningful analysis of this type would be possible
given the |ow density and variable distribution of bowheads.

Thus, it is not known whether the nunbers of bowheads seen at
various distances fromdrillships are the same as woul d occur in
t he absence of drillships.

B.2.3 Sightings Near Drillsites on Artificial Islands and
Cal ssons

I n the Canadi an Beaufort Sea, drilling fromartificial
i slands and cai ssons was not common during the |late sunmmers of
1980- 84 when behavi or of bowheads was studied. Mst island-based
drilling was done at other tines of year. There was no drilling
from uncontained artificial islands during the study periods of
Ri chardson et al. (1985b,c), and there was drilling from caissons
during only a few days within those field seasons. The cl osest
bowhead sighting relative to a caisson where drilling was under-
way was 21 km from Tarsiut caisson-retained island on 4 Aug 1982
(Richardson et al. 1983b). However, industry personnel at
Tarsiut reported two sightings during a drilling period, one only
0.2 km away. Two nore bowheads were reported about 0.3 km away
after drilling ended. Sound levels near Tarsiut and its attending
support vessels during drilling are unknown. However, background
noise levels within about 1 km from Tarsiut were quite high
during periods without drilling (G eene 1985).

In the Al askan Beaufort Sea, several artificial islands have
been built north of the barrier islands northwest of Prudhoe Bay

since 1982. A self-contained drilling caisson, known as the CIDS,
was present farther west in Harrison Bay in |late 1984 and 1985.
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TABLE B-1. CI RCUMSTANCES OF OBSERVATI ONS OF BOWHEADS NEAR
DRILLSH PS, 1981-82. THESE WERE ONLY OBSERVATI ONS
VHEN THE DRI LLSHI P WAS THE ONLY SOURCE OF POTENTI AL
DI STURBANCE ( FROM RI CHARDSON ET AL. 1985).

Bag '8l Bag '8l 11 g '82 3ag ' 82 31ag 82 °

location - N. Lat. 70°04! 70°05" 70°50’ 70°28' 70°27°
W. Long, 134°s4' 134°28' 134°18’ 136°51 136°30’
Water Depth(m) 3l 23 %0 550 150390
Sea State 1 1 34 1-2a 2
AMrerafe Altitude (M) 457-610 610 457 457b 457
Duration of Ots. (min) 62 63¢ 26 113b 194
Drillshi _
| dpent ity . Bel.I BExpl. I Bol. |V Expl. III 1. IO
Range (k) 15-20 4 17 18-19 10-12
Activity Drilling Drilling Not drilling Drilling  Drilling
Detectabled Yes Yes—strong Yes—weak No No
Approx. No. of Whales &+ 3 + 1 2
Activity Of Whales Some Mainly Unkmowng Slaw to Long dives;
echelon soctializing; some medium slow to
feeding & no tans” calling speed medium
socializing; detected . travel; travel;
calling calling some calling

3 No whitecaps ut heavy swell.

b ubsequent observarions frum 05 m a.s.l. are not considersd here. ,
C Excludes subsequent observations when toats nearby.

d Industrial nofse detected by soaohuwoy dropped near whales.
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Al t hough the aforementioned cases are the only ones in which

bowhead behavi or has been docunented near drillships, aeria
surveyors have recorded nunerous other sightings of bowheads
within 20 km from drillships operating in the Canadi an Beaufort

Sea:

4*

During an LGL grid survey on 13 Aug 1981, 18 whales were
seen wthin 20 km of one or nmore of the three drillships
operating north of the Mackenzie Delta. The cl osest
sighting was of three whales 5 km from EXPLORER | at
Kopanoar (unpubl. data; sumnmarized in R chardson et al.
1985a, p 270).

Davis et al. (1982) found a nunmber of bowheads within

20 km of EXPLORER Il on 24 Aug 1981, including one only
4 km fromthe drillship. These whales were near those

seen on previous days by Richardson et al. (1985b,c)
(e.g. Table B-1).

In 1982, there was a sighting of one bowhead 12 km from
EXPLORER |V at Kenalooak (Harwood and Ford 1983, Fig.
5), as well as the sightings listed in Table B-1.

In late August and early Septenber 1983, there were
several sightings of bowheads 12-20 km fromthe circular
drilling unit KULLUK at Pitsiulak (Ljungblad et al.

1984, p A-32; Richardson et al. 1984). Some were

soci alizing and feeding near the bottom

In 1984, one bowhead was seen about 10 km from KULLUK at

East Amauligak on 16 Aug (D. Rugh, U.S. Nat. Mar. Fish.
Serv., pers. comm.). A bowhead calf was seen about

13 km from EXPLORER |1 at Havik on 12 Sept (Harwood and
Borstad 1985, Fig. 9).
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However, because of the “seasonal drilling restriction” and other
regul atory actions related to bowhead whal es, there has been
little drilling fromthese structures during periods when
bowheads were mgrating westward. Site-specific studies of
bowheads and of underwater sounds were conducted near Seal and
Sandpi per Islands in 1984 and 1985, respectively (Davis et al.
1985; Johnson et al. in prep.).

In 1984, drilling at Seal Island continued until 22
Septenber. Wiile drilling was underway, bowheads were seen no
nearer to Seal Island than 29 kmaway (Davis et al. 1985; see
al so Ljungblad et al. 1985). However, the whale 29 kmfromthe
island was traveling west at a |ocation WNW of Seal Island and
only about 5 kmnorth of the barrier islands. Its closest point
of approach to Seal I|sland was probably nmuch less than 29 km In
1985, drilling was not permtted at Sandpiper |sland during the
bowhead mgration period.

In sunmary, there has been very little drilling fromislands
and cai ssons in either the Canadian or Al askan Beaufort Sea
during periods when bowheads were present and under study. Thus,
no concl usi ons can be drawn about occurrence or behavior of
bowheads near drilling operations of these types.

B.2.4 Reactions to Playbacks of Drillship Noise

On six occasions in 1982 and 1983, Richardson et al
(1985b,c) observed the behavior of groups of bowhead whal es
before, during and (in sone cases) after exposure to underwater
pl aybacks of recorded drillship noi se. The drillship sounds had
been recorded 185 mfromthe EXPLORER Il drillship in 1981. Four
tests provided interpretable data: two tests in 1982 and two in
1983. The whal es under observation during the four successful
tests were at ranges of 3-6.5 kmin the nost distant case, and
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0.4-1.7 km in the closest case. Sonobuoys dropped am dst or near
t he bowheads showed that the drillship noise was clearly audible,
at least to humans, at the locations of the whales (see Section

B.5.2 for details).

During playbacks, general activities of the bowheads changed
only slightly (Richardson et al. 1985c). In the 1982 experinments,
the observers believed that the whales travelled nore consis-
tently and rapidly away fromthe projector than had been true in
t he pre-playback control periods. During one test in 1983, nost
whal es seened to interrupt their gradual travel toward the
projector. However, in all three of these tests, the reaction was
| ess conspi cuous than the reaction of bowheads to an approaching
boat. During the second test in 1983, no change in behavior was
noted in real tinme. There was little change in surfacing and
respiration behavior during drillship noi se playbacks, but there
was a hint of reduced dive durations during playbacks.

In both 1982 and 1983, the experinments provided weak
evi dence that bowheads tended to orient and nmove away fromthe
noi se projector during playbacks. The tendency was consi dered
weak because sone whal es headed toward the projector even during
pl aybacks, and because the results of the statistical tests were
often only marginally significant (R chardson et al. 1985c).
There was a greater tendency for orientation and novenent away
fromthe projector while drilling noise was being broadcast than
during the pre- or post-playback periods. However, the difference
bet ween the orientations before and during playbacks was not
significant in 1982 (p>0.5), marginal in 1983 (p=0.05), and very
mar gi nal overall (p=0.1). Considering the individual experinents,
the tendency for orientation and novement away was evident in
only one of two experiments in each year. A possible reason for
the stronger reaction on 18 than on 22 Aug 1983 was that the
anbi ent noise level was |ower, and the signal-to-noise ratio was
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hi gher, on 18 Aug (see Section B.5.2)., To the human ear,

drillship sound reaching the sonobuoy and whales on 18 Aug 1983
conpl etely dom nated the underwater sound field. In contrast,

wat er noise was still detectable along with drillship noi se on 22
Aug 1983. The tendency to orient away fromthe source of drilling
noi se during playbacks did not seemto depend on range fromthe
projector, within the range of distances studi ed.

Bowheads apparently called |ess during drillship noi se
pl aybacks than before those playbacks. However, the proportiona
frequenci es of occurrence of the various call types were simlar
before, during and after playbacks (Richardson et al. 1985c).

In sunmary, call rates seemed | ower during drillship noi se
pl aybacks, and bowheads tended to turn away from | ocations where
drillship noi se was originating. However, the effect was weak,
and not all whales reacted. In 1983, dives were briefer when the
wat er was ensonified by drillship noise than after such
pl aybacks, but the sanple sizes were very snall. None of the
ot her behavioral variables analyzed differed significantly
bet ween pre-playback and pl ayback periods (Richardson et al.
1985¢c) .

It is noteworthy that sone bowheads reacted, although not
strongly, to drillship noise at intensities simlar to those
several kilometers froma real drillship {see Section B.5.2 for
quantitative analysis). In contrast, bowheads sometimes were
found within 4-5 km of operating drillships, well wthin the zone
where drillship noise was clearly detectable. General activities
there seemed normal, and there was no concl usive evidence that
the noise affected surfacing, respiration or dive cycles. The
significance of this apparent difference between observations
near actual drillships and during playback tests is discussed in
Section B.5.3.
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B.3 BOMHEADS AND | SLAND CONSTRUCTI ON IN THE BEAUFORT SEA
B.3.1 Types of Island Construction Operations

Several seagoi ng dredges have been used in the Canadian
Beaufort Sea during recent open water seasons (Richardson et al.

1985a) . They construct artificial islands and undersea bernms from

sea bottom materials. They al so excavate glory holes for wells to
be drilled by drillships. Two types of dredges are used in the
Canadi an Beaufort:

1. Suction dredges remain nearly stationary. They excavate
material fromthe bottom near the dredge, and
continuously deposit the material nearby via floating
pi pel i ne.

2.  Hopper dredges are ships that excavate material at one
| ocation, load it into the ship, and carry it to a
construction site. There the dredge dunps the materi al
either through gates in the bottomof the ship or via
punp-out methods. The dredging and construction sites
are occasionally as much as 100 km apart.

Bot h suction and hopper dredges create continuous underwater
noi se detectable many kilometers away (G eene 1985; see Section

B.4.3).

O her types of equi pnent besides suction and hopper dredges
are often used during island construction. C anshells aboard
barges are sonetines used to excavate glory holes at drillsites,
or to nmove fill from abandoned artificial islands onto barges for
transport to new artificial islands. Tugboats and other support
vessels are commonly used during island construction e.g., to
tow barges and caissons. \Wen an artificial island is nearing
conpl etion, bulldozers and other machinery are often operated on
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the island. Underwater noise fromnost of these types of
activities has been studied in the Al askan but not the Canadi an
Beaufort Sea (G eene 1983; Davis et al. 1985; Johnson et al., in
prep.; present study).

In the Al askan Beaufort Sea, suction and hopper dredges have
not been used to construct artificial islands. The npbst common
nmet hod has been to use trucks to transport fill from shore over
the winter ice. Thus, island construction has not, to date, been
a mpjor activity during the open water season in the Al askan
Beaufort Sea.

B.3.2 Sightings Near Island Construction Sites

Most of the avail able data concerning reactions of bowhead
whal es to island construction were acquired in the Canadi an
Beaufort Sea by Richardson et al. (1985b,c). Their opportunistic
observations of bowheads near construction operations are
reviewed here. Their controlled tests of the reactions of
bowheads to underwater playbacks of dredge noise are reviewed in
Section B.3.3. Sone other investigators have al so sighted
bowheads near construction sites in the Canadian Beaufort Sea.

Al so, sone construction activities have taken place in the
Al askan Beaufort Sea during the autumm, and bowheads have
occasional ly been found close enough to such activities to
warrant comment .

Ri chardson et al. (1985b,c) described three situations in
whi ch they saw bowhead whal es well| within areas ensonified by
dredge noise:

1. In 1980, underwater industrial noise was readily
detectable 1.2 and 4.6 km from BEAVER MACKENZI E, a
suction dredge operating at Issungnak (water depth 18
m . This noise was probably detectable considerably
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3*

farther away (Section B.4.3). Bowheads were seen as
close as 0.8 kmfromthe construction operation. As
many as 12 bowheads were seen within 5 kmduring a
singl e survey, although bowheads were not that close on
all dates (Norton Fraker and Fraker 1981; Fraker et al.
1982) . Industry personnel working at |ssungnak reported
17 sightings of whales on 2-18 Aug 1980; several whales
were estimated to be <500 m from the dredge. Sightings
by industry personnel and biol ogists were consistent in
i ndi cating that bowheads were comon within 5-10 km of

| ssungnak for about 17 days (Richardson et al. 1985c).
Whet her specific individual bowheads remained nearby for
17 days is unknown.

Richardson et al. (1985c) observed two bowheads 2-4 km
fromthe suction dredge BEAVER MACKENZI E and its support
vessel s on 13 Aug 1983. | ndustry personnel reported
bowheads there on 12 and 15 August. These observations
were at Amerk, where the water depth is 26 m  Under-
wat er sounds 1.85 km from the dredge were recorded on 13
Aug 1983; industrial noise was very noticeable (Geene
1984) .

G oups of 12 and 7 bowheads were observed 13 km from 1-2
hopper dredges unl oading at Mnuk on 30-31 Aug 1984. The
whal es noved at slow to noderate speed, with no tendency
to orient away fromthe dredges (Richardson et al.
1985c) . on 30 August, when observations began 2.33 h
before the dredge arrived at Mnuk, general activities
of the whales did not change when the dredge approached
or began unl oadi ng. The whal es often brought nmud to the
surface, indicating that near-bottom feeding was
occurring during dives. Sonobuoys showed that strong
dredge sounds were reaching the whales on both dates
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(see Section B.4.3). Water depth was 12 m at Minuk and
13 m near the whal es.

Even in the shall ow waters where seagoi ng dredges operat ed,
dredge noi se was detectable underwater for at |east severa
kil ometers (G eene 1985; Section B.4.3). Bowheads engaged in
seem ngly normal activities were seen well within the zones
ensoni fied by suction and hopper dredges. Bowheads were seen in
areas Wwth dredge noise for as nmuch as 17 days, but it was not
known whet her specific individuals ever remained in an ensonified
area for that |ong.

Various other studies in the Canadi an Beaufort Sea have
provi ded additional sightings of bowheads near dredgi ng and/ or
i sland construction sites. Mdst of these authors have not
commented directly on the occurrence of whales near industria
sites. The followng list was conpiled by conparing sighting
| ocations with information about industrial sites conpiled by
Richardson et al. (1985a). In nost of these cases, the exact type
of industrial activity at the tinme of the whale sighting is
uncertain:

1. In 1981, three single bowheads were seen 2-8 km from
dredgi ng and island construction operations at South
Tarsiut and Tarsiut on 17 and 24 Aug (Davis et al. 1982
and unpubl. LG data). Bowheads were seen as close as 3
kmto dredging |locations at both Herschel |sland and
Ukalerk in Sept 1981 (Davis et al. 1982 and unpubl. LG.
data) .

2. In 1983, a bowhead was seen 11 km fromthe suction
dredge AQUARI US operating at Nerlerk on 20 Aug (McLaren
and Davis 1985).
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3. In 1984, three groups of 2-5 bowheads were seen 5-10 km
from dredgi ng and berm construction operations in the
Tarsiut area in md and |ate August 1984 (Harwood and
Borstad 1985; Richardson et al. 1985a; Davis et-al.
1986).
Al though it is uncertain whether all of these whales were
exposed to industrial noise at the tinmes when they were observed,

most probably were.

There have been far fewer opportunities to observe bowheads
near island construction operations in the Al askan Beaufort Sea.
Most island construction has been done in seasons when no
bowheads were present, and all islands have been south of the
southern edge of the main autumm mgration corridor of bowheads
(cf. Ljungblad et al. 1985). In the autumm of 1982 construction
was continuing at Seal Island, in 12 mof water NW of Prudhoe
Bay. Machinery in operation on the island included three front-
end | oaders, a tracked crane, a bulldozer, and a notor-driven
bag-filling plant. Al so, barges occasionally brought fuel and
gravel to the island (Hickie and Davis 1983). Those authors
conducted intensive aerial surveys near Seal |sland on 13 days.
Their cl osest bowhead sighting was 11.5 km NW of the island;
others were at 15 km 17.5 km and various greater ranges north
of the island. (O the whales seen by Ljungblad et al. [1983] and
Reeves et al. [1983], the closest was about 20 km NE of Seal
| sl and) Acoustic nonitoring showed that noise fromthe island was
occasionally detectable as nuch as 9.5 km away, but only on calm
days. Bowhead calls detected by acoustic buoys 4.5 and 9.5 km
fromthe island indicated that nost bowheads were substantially
nore than 4.5 km offshore fromthe island, consistent with the
aerial survey results (Hickie and Davis 1983).

I n sunmary, bowhead whal es sonetines occur within a few
kilonmeters of dredging and island construction sites in the

220



Report No. 6185 BBN Laboratories |ncorporated

Canadi an Beaufort Sea, well within the zones ensonified by

i ndustrial noise. Bowheads appear to engage in normal activities
while within the ensonified zones. Although bowheads have been
seen within such areas for periods as long as 17 days, it i s not
known how | ong individual whales remained there. It is also not
known whet her nunbers present near construction sites were the
sane as woul d occur in the absence of industrial activities. In
Al askan waters, there have been few opportunities to observe
bowheads near island construction sites. The closest sighting to
such a site was 11.5 km away.

B.3.3 Reactions to Pl aybacks of Dredge Noise

Three dredge noi se playback experinents were conducted near
the Yukon coast in 1983-84 (Richardson et al. 1985c). Noise
recorded 1.2 km from the BEAVER MACKENZI E suction dredge was
pl ayed back underwater in the sane manner as during playbacks of
drillship noi se (see Section B.2.4). During the first two tests,
di stances of whales fromthe projector were 0.5-2 km and 0. 15-
2.25 km In the third experinment, five whales under detailed
observation were only 0.1-0.8 kmfromthe projector at the start
of the playback period. During the [ast two experinents,
sonobuoys were dropped am dst the whal es; dredge sounds reaching
the whal es were quite promnent to the human ear (see Section
B.5.2).

The overt responses of bowheads to the playbacks apparently
depended on distance fromthe noise projector. During the test at
ranges 0.5-2 km activities were the sane before, during and
after the noise playback. During the test at ranges 0.15-2.25 km
general activities were again simlar before, during and after
t he pl ayback, but during the playback many surfacings were quite
short with only 1 or 2 blows. During the test at the shortest
ranges (0.1-0.8 km, bowheads ceased near-bottom feeding and swam
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away at noderate speed. Thirty mnutes after the start of the
third playback, no bowheads could be found within 2 km of the

pl ayback site. Consistent with these general observations, there
was little change in headi ngs during the f£irst playback, but
significant orientation away fromthe noise source during the
second and third tests (Richardson et al., 1985c).

In sunmary, the three dredge noi se playback experinments
showed that bowheads often respond to the onset of strong dredge
noi se, even when the noise level is increased gradually over 10
min as in these experinments. \Wales tended to orient away from
the playback site. In 2 of 3 tests the tendency to nove away was
strong, Whales 0.1-0.8 km fromthe projector ceased feeding near
the bottom and vacated the area within 2 km of the playback site
within 30 min. Section B.5.3 discusses the apparent contrast
bet ween t he obvi ous response of bowheads to sone playbacks vs.
their apparent tolerance of simlar levels of noise from actua
dredgi ng operations.

B.4 NO SE FROM DRI LLI NG AND | SLAND CONSTRUCTI ON I N THE
BEAUFORT SEA

Underwat er industrial noise was neasured around nmany of the
industrial sites near which bowhead whal es have been observed. To
provide the basis for evaluating situations in which bowheads did
and did not react to industrial noise, this section reviews the
rel evant measurenments of underwater noise. Mst of these data
come fromthe work of Geene (1985) in the Canadi an Beaufort Sea.
For nost of these noise sources, this section includes some
previously unreported neasurenents and equations for received
noi se levels in I/3-octave bands (unpubl. data courtesy of C
Greene; conpiled by LGL). The width of the |/3-octave band around
any given frequency is about 23% of that frequency. For exanple,
the |/3-octave bands around 50, 500 and 5000 Hz are approxinmately
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45-56, 450-560 and 4500-5600 Hz, respectively. In contrast, nost
previous reports of industrial noise characteristics in the
Beaufort Sea have presented the results as spectrumlevels (i.e.,
noi se power in various 1 Hz bands) and as broadband |evels (total
noi se power over a w de range of frequencies, e.g. 20-1000 Hz) .

Qur enphasis on |/3-octave band | evels warrants sone

expl anati on. The hearing nechanisnms of bowheads and ot her bal een

whal es have not been studied. However, if their hearing processes
are |ike those of other mammal s, noise |levels in bands about 1/3
octave in wdth are likely to be nost rel evant (see Background
information in Section 2, and Gales 1982b). For nobst mamal s t hat
have been tested, noise within (approxinately) a |/3-octave band
around a particular frequency affects the ability of the mamal
to detect a sound signal at that frequency. Noise at a frequency
nmore than about 1/3 octave fromthe frequency of the sound signa
has little effect on detectability of that signal. If we restrict
attention to the frequency range within which a mamual has
sensitive hearing, then to a first approxination the mammal can
detect a sound if its level within any |/3-octave band exceeds
the anbient noise level in that same band. Although this
statenment involves several approxinmations and assunptions
(Richardson et al. 1983a), noise data from bands about 1/3 octave
wi de are clearly nore relevant for our purposes than are data
fromvery narrow bands (e.g., 1 Hz spectrumlevels) or fromvery
broad bands (e.g., 20-1000 Hz).

B.4.1. Anbient Noise

Because industrial noise is only likely to be detectable
when its | evel exceeds that of the ambient noise, a brief summary
of avail able data on anbient noise levels in the Canadi an
Beaufort Sea is necessary. Over the 1980-84 period, Geene (1985)
obtai ned 66 neasurenments of underwater noise at depths of 9 or
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18 m at |ocations where industrial noi se was not prom nent. Mbst
of these measurenments were obtained at sea states ranging from
Oto 3; no neasurenents were obtained under the high sea states
characteristic of storms. Geene$s data for the 20-1000 Hz band,
in dBre 1 uPa, were as foll ows:

Measur enment Dept h Percentil es
Sour ce (m) n 10% 50% 9 0 %
Sonobuoys 18 29 86 99 111
Hydr ophor e 18 22 81 99 117
Hydr ophor e 9 15 77 94 112

The overall median |evel at depths 9 and 18 mwas 98 dB. For
conmpari son, the expected levels for sea states O 1, 2, 4 and 6
are 87, 95, 100, 107, and 112 dB re 1 uPa. These figures are
based on the standard deep-water spectrumlevel curves of Knudsen
et al. (1948), extended to |ow frequencies with an assuned sl ope
of -5 dB/octave (G eene 1985).

G eene (unpubl.) determ ned the anbient noise levels in
various |/3-octave bands at 20 tines on eight days in 1984 (Fig.
B-1). Sea states were O 2. The average levels in |/3-octave bands
were nore or less constant below 70 Hz, and dimnished at a slope
of about -2.7 dB/octave over the 80-1600 Hz range (Fig. B~l1). The
sanpl e of data plotted in Fig. B-1 is small, but the average 1/3-
octave levels shown there are simlar to expected values (Fig. B-
2). |If spectrumlevels of anbient noise typically dimnish at
-5 dB/octave (Knudsen et al. 1948), then |/3-octave band |evels
woul d be expected to dimnish at -2 dB/octave (Fig. B-2; from
Davis et al. 1985).

224



Report No. 6185 BBN Laboratories Incorporated

wm
o
i Max
w
-l
o
=
fad
m
| Mean
[ )
o
10 - .
- SP I TR O H i
L4 irerid 1 L L b gt #in

1ot 10° 1o
FREQUENCY <HIZ»

FIGURE B1L . AVERAGE, M NIMUM AND MAXI MUM AMBI ENT NO SE (dB re
1 uPa) I N | /3- OCTAVE BANDS, BASED ON MEASUREMENTS IN
THE CANADI AN BEAUFORT SEA AT HYDROPHORE DEPTHS 9-18 M
ON 20 OCCASI ONS DURI NG EI GHT DAYS | N AUGUST 1984, SEA
STATES O-2. | NDUSTRI AL NO SE wAs NOT PROM NENT ON
ANY OF THESE OCCASI ONS.

m e
(;1“0
:.110
Ll
-
100
=)
= S
T
T agl| |
-
o 20 582
=
ss1
[‘:' T
—_ : : L S50
P4t p kit 1 1t iyl

10 1o
FREQUENCY ¢HZ) ~

FIGURE B2 . EXPECTED AMBIENT NOSE ( ds re 1 ypa ) IN |/3-OCTAVE
BANDS AS A FUNCTI ON OF SEA STATE. THESE CURVES ARE
BASED ON THE DATA oF KNUDSEN ET AL. ( 1948) FOR H GH
FREQUENCIES AND DEEP WATER THE CURVES ARE EXTENDED
TO LOW FREQUENCI ES BASED ON THE OBSERVATI ON THAT
SPECTRUM LEVELS TYPI CALLY | NCREASE AT 5 dB/OCTAVE
W TH DECREASI NG FREQUENCY ( FROM DAVI S ET AL. 1985).

225



Report No. 6185 BBN Laboratories |ncorporated.

B.4.2. Drilling Noise

In the Canadi an Beaufort Sea, bowhead whal es have been seen
near the conventional drillships EXPLORER I-IV and the coni cal
drilling barge Kulluk (Section B.2.2). Noi se from EXPLORER II is
of particular interest because a recording of this noise was used
in drillship pl aybacks to bowheads (Richardson et al. 1985b,c;
Section B.2.4) and to gray and hunpback whal es (Malme et al.

1983, 1984, 1985; Section B.6). Furthernore, EXPLORER Il drilled
in the Al askan Beaufort Sea in 1985, and its sounds were recorded
there (McLaren et al., in prep.). To date, there has been little
drilling fromartificial islands and cai ssons when bowheads have
been present, but noise propagating fromthese types of
drillsites is also of interest.

EXPLORER 11--Sounds from EXPLORER || were recorded while
this ship drilled at North Issungnak, north of the Mackenzie
Delta, on 6 Aug 1981 (G eene 1982, 1985). Water depth was 27 m
hydrophore depth 9 m bit depth was 2030 m and the supply ship
CANVAR SUPPLIER |1l was standing by near the drillship. Sounds
were recorded at six ranges fromthe ship, 0.19 to 7.4 km away.
The received level in the 20-1000 Hz band di m ni shed from about
134 dB to 112 4B over the 0.19to 7.4 kmrange (Fig. B-3). A
strong tone at 275-278 Hz was the nobst prom nent tone at all
ranges (Fig. B-4A,B). The received level in the |/3-octave band
centered at 250 Hz (which contained the 275-278 Hz tone) was hi gh -
relative to levels in adjacent |/3-octave bands, especially at
the shorter ranges (Fig. B-5). The 250 Hz band al so had the
hi ghest received level relative to typical anbient noise |evels
(cf. Fig. 13-1, B-2). Thus, sounds in the |/3-octave band around
250 Hz would probably be detectable farther away fromthe drill-
ship than would the sounds in other |/3-octave bands. The
received levels in the 20-1000 Hz band and in the |/3-octave band
near 250 Hz (containing the 275 Hz tone) are conpared in Fig. B-6.
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G eene (1985) found that received levels of sounds from
several industrial sites in the Canadi an Beaufort Sea, i ncl udi ng
EXPLORER 11, could be approxi mated by equations of the form

Received level = A - B*R - 10*log(R),

where the received level is in dBre 1 yPa, A and B are
constants, and Ris range in kilometers. Geene (1985) found
that, for the 20-1000 Hz band, the received |evel of noise near

EXPLORER || was
RL (dB) = 128.4 - 0.985*R - 10*log(R)

Based on the sane set of neasurenents, Geene (1982) found that
the received level for the tone near 275 Hz was

RL {(dB) = 122.9 - 1.52*R - 10*log(R)

Simlarly, for the I/3-octave band around 250 Hz and i ncl uding
the 275 Hz tone, we calculated th