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Introduction Section 1

1.1 Background

INPEX Browse, Ltd. (INPEX) proposes to develop the natural gas and associated condensate contained in the
Ichthys Field in the Browse Basin at the western edge of the Timor Sea about 200 km off Western Australia’s
Kimberley coast. The field is about 850 km west south west of Darwin in the Northern Territory (Figure 1-1) and
encompasses an area of approximately 800 km? (out of the 3041 km? in the permit area) with water depths
ranging from 90 to 340 m (Figure 1-2).

The two reservoirs which make up the field are estimated to contain 12.8 tcf (trillion cubic feet) of sales gas and
527 MMbbl (million barrels) of condensate. INPEX will process the gas and condensate to produce liquefied
natural gas (LNG), liquefied petroleum gas (LPG) and condensate for export to overseas markets.

For the Ichthys Gas Field Development Project (the Project), the company plans to install offshore facilities for
the extraction of the natural gas and condensate at the Ichthys Field and a subsea gas pipeline from the field to
onshore facilities at Blaydin Point in Darwin Harbour in the Northern Territory (Figure 1-3). A two train LNG
plant, an LPG fractionation plant, a condensate stabilisation plant and a product loading jetty will be constructed
at a site zoned for development on Blaydin Point. Around 85% of the condensate will be extracted and exported
directly from the offshore facilities while the remaining 15% will be processed at and exported from Blaydin
Point.

In May 2008 INPEX referred its proposal to develop the Ichthys Field to the Commonwealth’s Department of the
Environment, Water, Heritage and the Arts and the Northern Territory’s Department of Natural Resources,
Environment and the Arts. The Commonwealth and Northern Territory ministers responsible for environmental
matters both determined that the Project should be formally assessed at the environmental impact statement
(EIS) level to ensure that potential impacts associated with the Project are identified and appropriately
addressed.

Assessment will be undertaken in accordance with the Environment Protection and Biodiversity Conservation
Act 1999 (Cwlth) (EPBC Act) and the Environmental Assessment Act (NT) (EA Act). It was agreed that INPEX
should submit a single EIS document to the two responsible government departments for assessment.

For the purposes of this report, the Project has been divided into two main components:

e  Offshore development area—including the Ichthys Field in the offshore waters of north-western Australia as
well as the subsea pipeline route from the field to the mouth of Darwin Harbour (Figure 1-1).

e Nearshore development area—including from the mouth of Darwin Harbour south to the coastal waters
around Blaydin Point and Middle Arm Peninsula (Figure 1-3).
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1.2 Objectives and Scope

Darwin Harbour and the nearshore development area

Activities associated with the offshore development, and nearshore activities including the construction of a
product loading jetty and other project associated activities within Darwin Harbour will generate noise, which has
the potential to lead to adverse impacts upon marine fauna in the vicinity of these activities. Some
noise-generating activities will also continue through the operations and maintenance phases of the project.

Sources of noise will include pile driving, dredging and trenching activities, rock armour and dredge spoil
dumping, general vessel traffic, pipelaying activities, drilling, vertical seismic profiling and blasting. All of these
activities may disturb marine fauna to varying degrees. As a result, it was deemed pertinent to undertake a
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Section 1 Introduction

review of the literature on the effects of noise on marine fauna and potential impacts associated with this
project.

This report provides information on important marine fauna within Darwin Harbour and the offshore
development area in relation to noise generating activities and examines the potential impacts associated with
noise generated from activities attendant to this project. The report also provides a literature review on sound in
the ocean and the effects of noise on marine fauna, where the following topics are discussed:

e Noise sources associated with the project

e The physics of underwater sound

e  The characteristics of ambient noise

e Natural sources of noise in the ocean

e Anthropogenic sources of noise in the ocean
e Categories of noise effects on marine fauna
e effects of noise generation on marine fauna.

This review focuses principally on the known and potential physiological and behavioural responses of fauna to
noise in the offshore marine environment, with emphasis given to Darwin Harbour where information is
available. Although this review is not exhaustive, it does illustrate and place into context the range of impacts
that might be anticipated as a result of underwater noise generated by this project.

The review’s weighting towards cetaceans is a reflection of the relatively high research intensity afforded to this
group of animals. Very little is known about the effects of exposure to sounds on other marine fauna such as
sirenians, turtles, fishes, etc. In cases where data are available, they are so few that one must be cautious in
attempting to extrapolate between species, even for identical stimuli. Moreover, caution also needs to be
exercised with any attempts to extrapolate results between stimuli because the characteristics of sources

(e.g. ship noise, pile-driving) differ significantly from one another.
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Proposed Activity in Relation to Underwater
Acoustic Impacts Section 2

2.1 Marine infrastructure and associated activities

Marine infrastructure to be installed and associated activities within the nearshore and offshore areas is
summarised below.

Offshore development area

Components of the Project that will be developed in the offshore area include subsea production wells and
flowlines, a central processing facility (CPF), floating production storage and offloading (FPSO) facility and the
major portion of the subsea gas export pipeline. Details of all offshore infrastructures are summarised as
follows:

. Drilling of production wells via a mobile offshore drilling unit (MODU) and support vessels.

. Installation of approximately 50 subsea wells and flowlines to carry the natural gas and reservoir fluids
from the wells to the CPF.

. Installation and commissioning of the CPF, FPSO and gas export pipeline.
. Export of condensate via FPSO to offtake tankers.

. On-going operation of the CPF, FPSO and gas export pipeline.

. Decommissioning.

Nearshore development area

Infrastructure to be constructed in this area includes a product offloading jetty with a marine outfall, a module
offloading facility, shipping and navigation channels, and the nearshore section of the gas export pipeline with a
shore crossing south of Wickham Point. Details of all nearshore infrastructure can be summarised as follows:

e  Construction of the nearshore portion of the gas export pipeline, including trenching, rock armouring and
pipeline shore crossing.

e Construction of a jetty and module offloading facility, with associated dredging for shipping and navigation
channels.

e  Operation of the jetty for hydrocarbon export, and operation of the module offloading facility.
e  Operation of the marine outfall on the jetty.
e  Decommissioning.

2.2 Noise generating activities

Construction and associated activities associated with the offshore and nearshore development areas will result
in a temporary increase in noise levels and a change in the characteristics of ambient background noise. These
alterations could affect transitory and resident marine fauna within the vicinity of these activities.
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Proposed Activity in Relation to Underwater
Section 2 Acoustic Impacts

Specific activities which will generate noise are:

1. dredging and trenching

pile driving

rock armour dumping and dredge spoil dumping

general shipping/vessel traffic (pre and post construction)

drilling

o 9 kb W N

underwater blasting
7. subsea pipelaying.

At present there is no information available on actual noise levels likely to be generated from this project, or the
exact frequency and duration of these noise generating activities as well as the time of year these activities are
likely to occur. The only guidance available is that construction of the Project is likely to take approximately two
years in total, with at least some activities likely to occur on a 24 hours a day basis (e.g. dredging).

2.3 Environmental Setting within the Project Area

2.31 Offshore development area

The Ichthys Field is located approximately 200 km from the Kimberly coast, Western Australia, in the northern
Browse Basin in petroleum exploration permit area WA 285 P R1 (see Figure 1-1). The offshore waters of the
Ichthys Field are between 235 m and 275 m deep (see Figure 1-2). Browse Island is located 30 km south of the
field, and Echuca Shoal is 50 km to the east. The continental shelf is located around 20 km to the west of the
Ichthys Field.

The subsea pipeline route extends from the Ichthys Field to the mouth of Darwin Harbour, a distance of around
900 km. Most of this alignment is distant from land, with the exception of the eastern end of the route that
curves around the Cox Peninsula as it leads into Darwin Harbour. The pipeline runs in the vicinity of the North
Australia Exercise Area (NAXA), used by the Australian Defence Force, in the eastern portion of the route.

2.3.2 Nearshore development area

The nearshore pipeline route extends from the mouth of Darwin Harbour, through the centre of the Harbour to
the low tide level at the pipeline shore crossing area south of Wickham Point, in Middle Arm near Channel
Island (see Figure 1-3). The pipeline route for the Ichthys Project runs parallel to the existing Bayu-Undan
pipeline, utilised by the ConocoPhillips Darwin LNG plant. Other seabed features near the pipeline route include
Karumba Shoal, Plater Rock and Weed Reef, to the west of the alignment. Channel Island is located just west
of the Middle Arm Peninsula, around 1.5 km south of the pipeline shore crossing.

The nearshore development area also includes the marine environment around Blaydin Point, below the low
tide mark. This area is located on the southern banks of East Arm, downstream of the Elizabeth River. The
existing East Arm Port is located on the northern side of East Arm. Features of this area include South Shell
Island and Old Man Rock. Also, west of Blaydin Point on the Middle Arm Peninsula are two narrow tidal creeks
known as Lightning Creek and Cossack Creek, which are both used for recreational fishing.
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Proposed Activity in Relation to Underwater
Acoustic Impacts

Darwin Harbour is a large ria system, or drowned river valley, with an area of about 500 km?Z. In its southern and
south-eastern portions the Harbour has three main components (East, West and Middle arms) that merge into a
single unit, along with the smaller Woods Inlet, before joining the open sea. Freshwater inflow to the Harbour
occurs from January to April, when estuarine conditions prevail in all areas (Hanley 1988).

The main channel of the Port of Darwin is around 15-25 m deep, with a maximum depth of 36 m (Figure 3-12).
The channel favours the eastern side of the Harbour, with broader shallower areas occurring on the western
side. Intertidal flats and shoals are generally more extensive on the western side of the Harbour than on the
eastern side. The channel continues into East Arm, towards Blaydin Point, at water depths of greater than 15 m
LAT; the bathymetry in this area has been modified by dredging for the development of East Arm Port. A slightly
deeper channel extends into Middle Arm, up to the western side of Channel Island. A shallower channel
(generally 10 to 15 m LAT depth) separates Wickham Point from Channel Island and terminates in Jones Creek

Water quality in Darwin Harbour is generally high, although naturally turbid most of the time. Water quality
parameters vary greatly with the tide (spring versus neap), location of sampling (inner versus outer Harbour),
and with the season (wet season versus dry season). The Darwin wet season extends from November to March
and its effects on Harbour water quality (due to high surface runoff from the land) can last until April or May
depending on rainfall. Dry season climate conditions prevail from May to September.

Darwin Harbour is characterised by a macrotidal regime. Tides are predominantly semidiurnal (two highs and
two lows per day), with a slight inequality between the successive tides during a single day. For a two day
period during neaps, there are nearly diurnal tide conditions. The lowest spring tides of the year occur during
October, November and December. Mean sea level is approximately 4.0 m above LAT. Spring tides can
produce tidal ranges of up to 7.5 m (0.0 m above LAT at low tide to 7.5 m above LAT at high tide), while the
neap tide range can be as low as 1.4 m (3.1 above LAT at low tide to 4.5 m above LAT at high tide)

(URS 2009).

Tides have a marked effect on water clarity in the Harbour, with waters of neap tides being the clearest, while
spring tides carry a lot of sediment from the fringing mangroves (DHAC 2007). The areas with the highest
natural sedimentation are in the upper reaches of East and Middle arms. Medium levels of sedimentation occur
in the seaward end of West Arm and the lowest levels are in the more open water areas such as East Arm
Wharf, Larrakeyah and the seaward boundary (DHAC 2006). It is estimated that 60% of the Harbour’s
sediments originate from offshore. The remainder is input via rivers and creeks, derived predominantly from
erosion of channel walls. Direct contribution to the Harbour from sheet erosion is likely to be limited because of
the very low hillslope gradients adjacent to the Harbour (DHAC 2006).

With its tropical location, water temperatures in Darwin Harbour are typically high, but some seasonal variations
do occur. Water temperatures are lowest (23 °C) in June-July and highest (33 "C) in October-November
(Padovan 1997).

Darwin Harbour contains variable bottom sediments, which can be divided into four types
e terrigenous gravels, which occur primarily in the main channel

e calcareous sands with greater than 50% biogenic carbonate, which are among or close to the small coral
communities at East Point, Lee Point and Channel Island. Carbonate sediments, largely derived from
molluscan shell fragments, also occur in spits and shoals close to the Harbour mouth
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e terrigenous sands on beaches and spits, with 10-50% carbonate, largely derived from molluscs. This type
of sediment is predominantly quartz and clay

e mud and fine sand on broad, gently inclined intertidal mudflats that occur in areas characterised by low
current and tidal velocities, such as in Kitchener Bay (prior to the construction of the Darwin City
Waterfront).

Salinity in Darwin Harbour varies considerably during the year, particularly in East, Middle and West arms where
freshwater influence is greatest during the wet season. Seawater has a global average salinity of

35 parts per thousand (ppt) (DEH 2008). Salinities throughout the Harbour however are about 37 ppt during the
dry season, with surface and bottom depths having similar levels. Salinity tends to be higher in the dry season
owing to increased evaporation and less fresh water inflow. At the height of monsoonal inflow during February
March, areas in the middle of the Harbour such as Weed Reef can experience salinity levels of 27 ppt (Parry &
Munksgaard 1995). The variable low levels of salinity within Darwin Harbour will have a marked attenuation
effect on acoustic propagation. The temporal and spatial variability of salinity within Darwin Harbour also creates
difficulties in accurately predicting acoustic propagation.

2.4 Important Marine Fauna in Respect of Noise Generation

241 Dugongs

Dugongs (Dugong dugon) are listed marine and migratory species under the Commonwealth Environment
Protection and Biodiversity Conservation Act 1999 (EPBC Act)

The dugong has a range that extends from east Africa to the western Pacific. In Australia, dugongs are
distributed along the northern coastline from Shark Bay in Western Australia to Moreton Bay near Brisbane,
Queensland (NRETAS 2008b).

Dugongs are herbivorous and demonstrate a strong dietary preference for seagrasses, though they will also eat
algae (Anderson 1982; Marsh 1999; Marsh et al. 2002). Dugongs are usually found in coastal areas such as
shallow protected bays, mangrove channels and the lee of large inshore islands where seagrass grows
(Heinsohn, Marsh & Anderson 1979). However, they have also been recorded further offshore in areas where
the continental shelf is wide, shallow (up to 37 m deep) and protected (Marsh et al. 2002; Lee Long, Mellors &
Coles 1993).

Given that water depths in the offshore development area range from 190-250 m, the presence of feeding
habitat for dugongs is non existent, as seagrass or macro algae could not grow at these depths, although
migrating animals may pass through the area. During vessel surveys only one dugong was observed in the
vicinity of the Ichthys Field. Dugongs were recorded more commonly in aerial and vessel-based surveys
throughout the coastal survey areas, around Camden Sound and Pender Bay, and were also observed several
kilometres off the north-east coast of North Maret Island and near South Beach, South Maret Island (RPS
2007b).

Within Northern Territory waters, dugongs occur in the Gulf of Carpentaria and Arnhem Land with fewer on the
western coast of the territory (NRETAS 2008b). Areas identified as key sites for the conservation of dugong and
seagrass habitat include the north coast of the Tiwi Islands, Coburg Peninsula, and Blue Mud Bay,

Limmen Coast and the Sir Edward Pellew Group of islands on the east Arnhem Land coast (URS 2009). Aerial
surveys in the Anson-Beagle Bioregion have recorded large numbers of dugongs around the Vernon Islands
and Gunn Point, 30-50 km north east of Darwin Harbour. Satellite tracking data showed that dugongs can move
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large distances and dugongs tagged around the Vernon Islands spent time in Darwin Harbour, around the Tiwi
Islands and as far west as Cape Scott and Cape Ford south of the Peron Islands, 100-120 km south west of
Darwin Harbour (Whiting 2003).

Dugongs are known to occur in Darwin Harbour waters, albeit in relatively low numbers. Dugongs have been
recorded in high densities at Gunn Point and the Vernon Islands, approximately 30-50 km north-east of the
mouth of the Harbour. The species is also known to travel long distances (Whiting 2003).

Dugongs have been observed foraging on the rocky reef flats between Channel Island and the western end of
Middle Arm Peninsula, in a three-year study conducted by Charles Darwin University and Biomarine
International. Dugongs were observed in this area during most months of the year, except from September to
December. No seagrass occurs on the reef flat in this area—instead, the dugongs were likely to have been
feeding on macro algae (Whiting 2001).

Whiting (2001) suggests that the occurrence of small, sparse patches of seagrass in the Anson-Beagle
Bioregion may cause dugongs to supplement their diet with algae. Dugongs had been observed foraging on
algae on similar reefs in Fog Bay, 60 km south-west of Darwin Harbour (Whiting 2001).

2.4.2 Turtles

Six species of marine turtle are known to occur in the Northern Territory waters; the loggerhead turtle

(Caretta caretta), green turtle (Chelonia mydas), leatherback (Dermochelys coriacea), hawksbill

(Eretmochelys imbricata), Pacific/olive ridley (Lepidochelys olivacea) and flatback turtle (Natator depressus). All
of these species are listed marine and migratory species under the EPBC Act. The loggerhead, leatherback and
Pacific/olive ridley are listed as endangered, while the remaining species are listed as vulnerable. The green,
hawksbill and flatback turtles occur in Darwin Harbour regularly, and the olive ridley and loggerhead turtles are
suspected to be infrequent users. The leatherback turtle is considered an oceanic species and is unlikely to
occur in Darwin Harbour (Whiting 2001).

The shoreline throughout Darwin Harbour, and particularly in Middle Arm and East Arm, largely consists of
mangroves and mud flats and does not provide suitable nesting habitat for any species of turtle that may
frequent the area (URS 2009). Turtles visiting the Harbour are more likely to be foraging for food.

Green turtles are predominantly herbivorous and feed on seagrasses and algae. Immature and adult size green
turtles have been observed in a variety of habitats throughout Darwin Harbour feeding on sparse seagrass,
algae and mangrove seedlings and fruits (Whiting 2003; Metcalfe 2007). Published records include observations
of relatively high numbers of green turtles foraging on the intertidal reef flats between Channel Island and the
Middle Arm Peninsula, particularly in the dry season when algae are more abundant (Whiting 2001). In the
offshore area, green turtles are known to nest at Browse Island.

Hawksbill turtles are omnivores but in some areas they are reported as sponge specialists. In Darwin Harbour,
immature and adult sized Hawksbill turtles have been reported using rocky reef habitat at Channel Island, but
they may also occur in other habitats (Whiting 2001). Hawksbill turtles occur in Darwin Harbour at lower
abundances than green turtles, with around four times as many green turtles recorded at the Channel Island
foraging area than hawksbill turtles (Whiting 2001).

While flatback turtles are the most commonly encountered nesting species in the Anson-Beagle Bioregion
(Chatto & Baker 2008), the species appears to occur in Darwin Harbour rarely, with no nesting activity inside the
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Harbour and only occasional observations of flatback turtles swimming and foraging (Whiting 2001). Likewise,
olive Ridley and loggerhead turtles are rarely observed in Harbour waters (Whiting 2003).

2.4.3 Cetaceans

All cetaceans are protected under the EPBC Act. Cetaceans that occur within the North West Shelf and Oceanic
Shoals bioregions include a variety of baleen whales and toothed whales including dolphins. There are other
species of cetaceans that may occur in the vicinity of the offshore development area based on knowledge of
their general distribution and biology, although they have not been recorded in the area in any surveys. These
species are included in the discussion below.

The most commonly recorded cetacean species in Darwin Harbour are three coastal dolphins—the Australian
snubfin (Orcaella heinsohni), the Indo-Pacific humpback (Sousa chinensis) and the Indo-Pacific bottlenose
(Tursiops aduncus) (Palmer 2008). Other cetaceans that have been recorded in Darwin Harbour include the
great sperm whale (Physeter macrocephalus), the pygmy sperm whale (Kogia simus) and the humpback whale
(Megaptera novaenglie). However, recordings of these species are rare and may represent vagrant individual
sightings. Occasional pods of false killer whales (Pseudorca crassidens) are known to visit the Harbour but little
research has been conducted into their utilisation of the area (URS 2009). While the blue whale (Balaenoptera
musculus) is listed as a potential inhabitant according to the public threatened species database (DEWHA
2008), it is extremely unlikely to occur in Darwin Harbour and has not been recorded.

Whales

Baleen whales
Humpback whales

Humpback whales are the most common whale species observed in the North West Shelf Bioregion, and are
seasonally abundant between August and October. They are a listed as vulnerable and a migratory species
under the EPBC Act.

Australia has two discrete populations of humpback whales—one migrating along the west coast and the other
migrating along the east coast. The humpback whale stock that winters off Western Australia is known as the
Group IV (Breeding Stock D) population (Jenner, Jenner & McCabe 2001), and is thought to have a total
population of between 30 000 and 38 000 whales (Branch 2006).

Stock D humpback whales migrate annually from their Antarctic feeding grounds to their breeding and calving
areas off the Kimberley coast. The known calving area for Stock D humpback whales covers approximately
23 000 km? from the Lacepede Islands in the south to Adele Island in the north and to Camden Sound in the
east (Jenner, Jenner & McCabe 2001). Calving occurs between June and November, with the peak of the
southbound migration between late August and early September; cows and calf pairs trail the main migratory
movement by three to four weeks (Chittleborough 1965).

There is no evidence that the offshore development area is a calving ground for humpback whales, although the
nearshore waters of the Kimberley Bioregion are known to be used by humpbacks for calving and resting.
Humpback whale densities recorded in field surveys were significantly higher in Camden Sound and Pender
Bay than in the Browse Basin. Whales observed in Pender Bay exhibited surface passive behaviour suggesting
that the area is used for resting. Cow—calf pods appear to congregate in the area between Pender Bay and the
Lacepede Islands during mid-September, using the area as a staging point and resting place prior to beginning
their southern migration (RPS 2007b).
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Blue whales

Two subspecies of blue whale are found in the southern hemisphere; the “true” blue whale (Balaenoptera
musculus intermedia) and the pygmy blue whale (Balaenoptera musculus brevicauda). The blue whale is listed
as endangered and a migratory species under the EPBC Act.

Pygmy blue whales have been observed on many occasions during the winter months in locations such as the
Savu Sea west of Timor (URS 2009) and have been recorded along the coast of Western Australia as far north
as Cape Londonderry (URS 2009). While pygmy blue whales have been recorded in the Kimberley region, true
blue whales are uncommon north of 60 °S (Branch et al. 2007).

Pygmy blue whales are assumed to breed in the tropical north, like other rorquals. Previous studies on the
distribution of pygmy blue whales and true blue whales in the southern hemisphere suggest that the Western
Australian continental slope is a likely migratory path between a southern feeding area and a northern calving
area. The location of the northern breeding ground is thought to be in deep waters to the west of the Browse
Basin (McCauley 2009). There is no current consensus on the size of the pygmy blue whale population

(DEH 2005), however in 1996 the Australian Nature Conservation Agency estimated there to be 6000 animals
(Bannister, Kemper & Warneke 1996).

No true blue whales or pygmy blue whales were observed in vessel surveys of the offshore development area,
although pygmy blue whale songs were recorded on the acoustic logger during October 2006. The pygmy blue
whale song comprised at least two calling animals-as not all individuals vocalise, this suggests that several
whales could have been in the area at that time (RPS 2007b).

Minke whales

Antarctic minke whales (Balaenoptera bonaerensis) are a listed migratory species under the EPBC Act. They
appear to migrate from summer southern feeding grounds to northern tropical feeding grounds in the winter
months. However, the detailed pattern of migration is still unclear and may be quite complex. In the north east
Pacific, for instance, it has been suggested that some minke whales are migratory while others form a resident
population. In Australia, it is known that dwarf minke whales (Balaenoptera acutorostrata unnamed subsp.)
occur broadly from Victoria to northern Queensland between March and October, with the maximum number of
sightings on the northern Great Barrier Reef in June and July.

A small number of minke whales (seven) were recorded in the offshore development area during vessel
surveys. One was positively identified as the dwarf subspecies.

Toothed whales and dolphins

Offshore area

Information on toothed whale and dolphin species off the Kimberley coast is limited, especially in offshore
waters. In total, 21 species of toothed whale and dolphin could occur in the offshore development area
(DEWHA 2008). Species recorded by Jenner, Jenner and McCabe (2001) in the Kimberley region included false
killer whales (Pseudorca crassidens), dwarf spinner dolphins, spinner dolphins (Stenella longirostris), bottlenose
dolphins (Tursiops sp.) and Australian snubfin dolphins (Orcaella heinsohni). Sperm whales

(Physeter macrocephalus) have also been recorded in the Kimberley (Townsend 1935). Fifteen species of
dolphins and whales (other than humpback whales) were observed in vessel surveys in the offshore
development area. In particular, large numbers of Indo-Pacific bottlenose dolphins long-beaked common
dolphins, spinner dolphins, dwarf spinner dolphins, pantropical spotted dolphins and offshore bottlenose
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dolphins were recorded, along with smaller numbers of false killer whales, melon headed whales and short-
finned pilot whales (RPS 2007Db).

The Australian distribution of short-finned pilot whales is not well known. This species prefers deep water and is
found at the edge of the continental shelf and over deep submarine canyons (Bannister, Kemper & Warneke
1996). The short-finned pilot whale is not particularly migratory but inshore—offshore movements are determined
by squid spawning patterns and the species is found inshore primarily during the squid season (RPS 2007b).

The false killer whale is also an oceanic species and has been reported to be widely distributed in deep tropical,
subtropical and temperate waters globally. Although tending to prefer warmer waters, it is reported to live in
water temperatures ranging from as low as 9 °C, up to 31 °C (Stacey, Leatherwood & Baird 1994).

The number of cetacean species observed in surveys of the offshore development area is relatively high,
compared with previous studies in other regions of Western Australia (RPS 2007b).

Nearshore area

The most commonly recorded cetacean species in Darwin Harbour are three coastal dolphins—the Australian
snubfin, the Indo-Pacific humpback (Sousa chinensis) and the Indo-Pacific bottlenose (Palmer 2008). The
Australian snubfin and Indo-Pacific humpback dolphin are listed migratory species under the EPBC Act.

The Australian snubfin is a recently identified species, having previously been classified under the taxonomy of
the Irrawaddy dolphin (O. brevirostris). Recent morphological and genetic studies for Orcaella showed that
populations in north-eastern Australia are a separate species, and that the Australian snubfin represents
Australia’s first endemic dolphin. This taxonomic revision was based on a range of parameters including genetic
samples from Asia and north Queensland, with only one genetic sample from the Northern Territory. The
taxonomic identity of the Australian snubfin dolphin in Northern Territory waters remains uncertain, and research
is currently being undertaken by NRETAS to determine whether the local populations are genetically distinct
species from those that occur in Queensland (Palmer 2008).

Indo-Pacific humpback dolphins are widespread and relatively common throughout Australian tropical waters
from Shark Bay (Western Australia) north through the Northern Territory, Queensland and northern New South
Wales (AES 2008). The species is also believed to extend through the Indo-Pacific region as far as Borneo, the
Indian subcontinent, Gulf of Thailand, the South China Sea and the coast of China to the Changjiang River
(Ross 2006).

However, similar to the Australian snubfin dolphin, recent genetic studies on Indo-Pacific humpback dolphins
indicate that the Australian populations may also represent a separate species found only in Australian waters -
at this stage, very few genetic samples have been taken in the Northern Territory or northwest Western
Australia (Palmer 2008).

Recent research on the Australian snubfin and Indo-Pacific humpback dolphins in northern Queensland
indicated that both dolphins are typically found in shallow, coastal and estuarine waters, typically within 20 km of
land and in water depths of less than 15 m (Palmer 2008). Both species show a preference for feeding around
river mouths, at the edges of sediment plumes. No calving areas have been identified in Australian waters for
either species and little is known of their reproductive biology or population structure (Ross 2006).

The Indo-Pacific bottlenose dolphin occurs internationally from South Africa to the Red Sea and eastwards to
the Arabian Gulf, India, China and Japan, southwards to Indonesia and New Guinea, and New Caledonia. The
species occurs around the whole Australian coast, and frequents a large number of bays and inshore waters in
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considerable numbers. It is a coastal species and generally occurs in waters less than 20 m deep. Studies on
South African populations of Indo-Pacific bottlenose dolphins suggested that the species rarely migrates and
that females stay close to their birthplace throughout their lives (Ross 2006). The ecology of the population in
Northern Territory waters has not been researched in detail.

244 Saltwater crocodiles

The saltwater crocodile occurs in Darwin Harbour, although its abundance is controlled by a trapping and
removal program for public safety, conducted by the Parks and Wildlife Service of the Northern Territory. Only
limited nesting sites for the saltwater crocodile are available inside Darwin Harbour, therefore the area is not
considered critical habitat for crocodile survival in the Northern Territory (Whiting 2003).

While it is not a threatened species under Northern Territory or Commonwealth legislation, the saltwater
crocodile (Crocodylus porosus) is listed under Appendix Il of the Convention on International Trade in
Endangered Species of Wild Fauna and Flora (CITES). It therefore also appears as a listed marine and
migratory species under the EPBC Act. This protection is applied to regulate commercial hunting, particularly for
the trade of crocodile skins, which historically has resulted in population declines. Today’s export orientated
crocodile industry is regulated and wild populations of the species are not considered threatened (PWSNT
2005).

24.5 Fish

Darwin Harbour waters support a high abundance of both resident benthic and transient pelagic fish species.
The most recent survey of fishes within the Harbour was undertaken by Larson and Williams (1997), which
documented a total of 415 species including 31 new records for the Northern Territory. However, little is known
about their basic requirements, such as habitat preference, food habits, where and when they breed, and life-
span (Larson 2003).

Fish presently inhabit a considerable range of habitats within the Harbour catchment. Most Harbour fish are
small, and are difficult to distinguish taxonomically. The most diverse group in Darwin Harbour area are the
gobies (approximately 70 species), the next most diverse are the cardinal fish (20 species), and unusually for
the tropics the third most speciose group are the pipefishes (19 species), which are listed marine species under
the EPBC Act (Larson 2003).

Mangroves provide habitat for juveniles of most of the fish species commonly harvested by recreational and
indigenous fishers, such as trevallies (Caranx sp.), mackerel (Scomberomorus semifasciatus), salmon
(Eleutheronema tetradactylum and Polydactylus macrochir), grunter (Pomadasys kaakan) and

barramundi (Lates calcarifer) (Wolanski 2006). The Darwin Harbour Mangrove Productivity Study found that
during high spring tides the mangrove forest is used extensively by a wide range of fish. At low tide, only
resident species appear to remain in pools (Martin 2003).

Barramundi is a particularly important commercial and recreational species in the Northern Territory. Spawning
occurs at river mouths between the months of September and March and eggs and larval fish are carried by
tides into supralittoral swamps at the interface of salt and freshwater, at or near the upper high tide level. These
swamps are vegetated by seasonal plants, including saltwater grasses and various sedges, and provide nursery
habitat for the young fish. The swamps are very productive, providing barramundi with conditions for rapid
growth simultaneous with shelter from predators (PPH 2001). No supralittoral swamps have been recorded in
the Blaydin Point area (GHD 2008). Griffin (2000) indicated that the Darwin Harbour barramundi stock probably
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spawn in the vicinity of Lee Point and Shoal Bay as there is very little suitable nursery habitat within Darwin
Harbour.

Towards the end of the wet season, before the swamps dry out, the juvenile fish move out into adjacent rivers or
creeks and usually migrate upstream into permanent fresh waters. If they do not have access to fresh water,
they probably remain in coastal and estuarine areas. After three to five years, most of the freshwater
barramundi migrate back to the ocean to spawn at the beginning of the wet season. (Allsop et al 2003). Hence,
at the beginning and end of the wet season it is possible that barramundi may migrate past Blaydin Point in
order to reach freshwater in the Elizabeth River or to return to the sea to spawn.
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This section provides an introduction to the physics of underwater sound propagation and measurement, by
borrowing from a range of reviews, conferences and workshops (e.g. ADFA 2003, European Cetacean Society
2003, ONR 2003, US MMC 2004a,b) plus reviews by McCauley and Cato (2003), URS (2003, 2004, 2005),
LGL (2004) and US-MMS (2004).

Most of the above publications draw upon or refer to other reviews and publications such as Richardson et al.
(19995), Gisiner (1998), Ketten (1995, 1997, 1998, 2000), Lewis (1996a,b), McCauley et al. (2000, 2003), NRC
(2000, 2003) and WDCS (2003). The advantages of referring directly to these publications as an adjunct to the
following text cannot be overstated.

3.1 Nature of Sound and Hearing

Sound is generated by a vibrating object and is the expression form of wave energy that can travel through any
elastic material such as air, water or rock, termed the ‘medium’. Sound travels by vibrating the medium through
which it is propagated. The medium’s vibration (oscillation) is the back and forth motion of its molecules parallel
to the sound’s direction of travel, thereby causing a corresponding increase then decrease to the medium’s
pressure, i.e. barometric pressure for sound in air and hydrostatic pressure for sound in water.

Sound is manifested by two physical effects: acoustic pressure (which is force per unit area) and particle
velocity (length per unit time plus amplitude and direction). The individual particles within the medium oscillating
back and forth in a coherent manner form a wave. While sound does not bodily move the medium, any
movement of the medium (e.g. a wind or current) will carry the sound with it. The sine wave is the most common
naturally-occurring wave form (Figure 3-1).
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Figure 3-1 Shapes of natural sine and electronically generated square and pulse waves

The waveform shows the changes in the amplitude of the sound pressure over time, and the single sinusoid
wave in Figure 3-1 represents the sound of a pure tone ' Tones underwater typically originate from oscillating

A pure sine wave forms a tone in which the sound pressure change occurs at a single frequency.
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or rotating objects, e.g. an outboard motor shaft rotating at 3,000 rpm (= 50 rotations per second) can generate
a tone at 50 Hertz (= complete wave cycles per second). Tones are often accompanied by harmonics, which are
simple integer (whole number) multiples of the underlying fundamental frequency. Thus the second and third
harmonics of a 50 Hz fundamental are 100 Hz and 150 Hz respectively. For multi-bladed turbines or propellers,
their blade rate (i.e. number of blades times the shaft rotation per second) can provide the fundamental for a
harmonic ‘family’ of tones (Richardson et al. 1995). For example, a three bladed propeller rotating at 3000 rpm
(i.e. 50 Hz) will have a blade rate of 150 Hz.

If two waves of the same frequency are synchronised (cycle at exactly the same time), they are in perfect phase
(Figure 3-2(a)) and will add to each other. Conversely, two waves of the same shape, amplitude and frequency
but 180° out of phase will completely cancel each other out (= total destructive interference). Figure 3-2(b)
shows how two waves of different frequencies (upper plots) can alternatively reinforce (strengthen) then
attenuate (weaken) sound by constructive and destructive interference respectively (bottom plot).

Pure silence in air simply represents a constant air pressure, which at sea level is 1 bar and close to a force of
~500 kilopascals (kPa) 2 Natural sounds are complex combinations of component waves, each with a
particular frequency and amplitude. Some of the acoustic energy in sound waves is the form of potential energy
due to the stresses set up in the elastic medium. However most of the energy is kinetic (mechanical) as a result
of the particle oscillations, and the perceived loudness of a sound is directly proportional to the amplitude of its

waveform.
 peaks occurring together "’ l\ F/\) \J JF
\j xf &Y
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Two sine waves of same frequency that are in phase j

N.B. Figure 3-2(a) does not show the combined, larger waveform resulting from the two waves.
Figure 3-2  Wave phase and interference

The ability of animals and humans to hear a sound is not only related to the amplitude of the received pressure
waves but also their frequency. ‘Noise’ is any audible sound, i.e. its frequencies lie within, or at least overlap,
the sonic (or ‘hearing’) range of humans or other animals, while ‘signal’ refers to a distinct or interpretable sound
(i.e. conveys potential meaning). When an audible sound reaches the auditory organs of humans and other
mammals, the oscillations in the air or water pressure are conducted to the inner ear (cochlea) via the middle
ear. The cochlea contains a specialised basement (basilar) membrane which supports millions of hair cells.

2 One Pascal (the standard Sl unit measure of pressure) is produced by a force of one Newton applied to a
square metre of surface.
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Different parts of the membrane are most sensitive to (and thus easily vibrated by) different frequencies,
causing the sensitive cilia of the hair cells to move and generate electrical signals which are sent to the brain for
further processing and interpretation.

Most sounds are complex composites that have their power distributed over a band of frequencies that form its
spectrum. Musical sounds comprise harmonics while the noise of traffic, waterfalls and ‘white noise’ contain a
wide range of unrelated discordant tones. Sound spectrum plots (spectrograms) portray the distribution of the
sound’s power across its frequency range. If the frequency spectrum of a particular sound received by an
animal has peaks within its audible frequency band, the sound will be heard unless the amplitude of the peaks
are too small to overcome the threshold of hearing at the frequency for the animal and the masking effect of
ambient background noise and/or other signals. Ambient noise from multiple-sources such as road traffic, a
rowdy bar or the waters of a busy Harbour, is a complex composite which causes the apparent level of other
arriving sounds to drop owing to the increased average background pressure. Ambient noise is generated in the
oceans by various natural and human sources and is addressed in Section 4.

In quiet surroundings (i.e. no background noise), the pressure amplitude of a 1,000 Hz (1 kHz) sine wave in air
which reaches the threshold of hearing in the average person is 2 x 10-5 N/m? (i.e. 20 micropascals). This
represents a mere 0.00000003% variation to the average background atmospheric pressure, while that of a very
loud sound still represents a relatively small variation (0.03%) but is over a million times larger (~20 Pa or N/mz).
The sonic range normally detectable by humans lies between 20 and 20,000 Hz (20 kHz) but the threshold
values for particular frequencies differ because the ear is not uniformly sensitive across its hearing range.
Hearing ranges are species specific and, as with marine mammals and probably most other vertebrates, an
individual’s sensitivity to particular frequencies also varies according to health, age, previous noise exposure
and other factors that can temporarily or permanently affect the ear’s sound-conducting structures and hair cells
(e.g. Popper et al. in Gisiner 1998).

Ultrasonic (>20 kHz) and infrasonic (<20 Hz) sounds are inaudible to humans but the former can be heard by
dogs, bats, and some seals plus dolphins and other toothed whales, while the latter are known to be detectable
by some land animals (e.g. elephants) as well as manatees and some of the larger baleen whales. In summary,
the hearing process in both air and water depends on:

e the characteristics of the sound produced by its source.

e changes to sound characteristics as the sound propagates away from the source.
e the auditory properties of the receiver.

e the amount and type of ambient noise.

Apart from its power spectrum (frequency band and strength), the characteristics of the sound source include its
variation over space and time (e.g. either from a moving or stationary source and either producing transient or
continuous sounds). Sound propagating from a source through one or more media progressively decreases in
intensity (attenuates) as a result of simple geometric spreading plus absorption and scattering at rates which
vary depending on the frequencies involved (higher frequencies are absorbed more rapidly than low
frequencies) and other factors of the medium.

Propagating sound may also be ducted (channelled) or otherwise altered depending on its frequency in relation
to the nature of the media which contribute to the pathway/s between the source and receiver. The way
underwater sound propagates in the ocean is influenced by the presence of distinct water layers or
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thermoclines, the air-sea interface and the proximity and type of the seabed. Underwater sounds in relatively
shallow shelfal waters often propagate along multiple transmission routes (multipaths) involving combinations
water, air and seafloor substrate which will refract (bend), reflect, absorb and scatter the different frequency
components of the source spectrum to different degrees. These processes result in transmission anomalies
which are harder to predict compared to simple range loss predictions due to geometric spreading and
absorption within a uniform water body. Thus where water depths, seabed and temperature profiles are
relatively uniform, transmission loss rates usually approximate to a constant log range. When fluctuations to the
strength of the received signal do not relate to changes in the strength or distance of the source signal, they are
usually the result of changes to the intervening seafloor topography and sound velocity profiles. These produce
different multipath interference patterns which cause fluctuations to the amplitude of the received signal and, in
the case of sound pulses, to their duration. In other circumstances, the influence of seafloor topography and
bottom type and inconsistencies in the water column act to scatter or absorb sound energy.

Whether or not a transmitted sound is eventually detected by a distant whale or turtle also depends on the
animal’s sensitivity to the frequency peaks within the arriving sound and the strength of these peaks relative to
the local pressure levels produced by ambient background noise (i.e. degree of masking or ‘signal to noise ratio’
[SNR]). Whether or not a detectable sound becomes consciously noticed by an animal and elicits a response
depends on the degree of processing (decoding) and interpretation applied by the auditory brain stem
(‘ear-brain combination’) and the nature of the perceived signal.

The ‘Source-Path-Receiver’ model is the most useful and common method of acoustic studies and forms the
basis of convenient equations such as the passive sonar equation:

SE=SL-TL-AN+AG

where SE is the signal excess, SL is the source level, TL is the transmission loss associated with the
propagation process, AN is the ambient noise and AG is the amount of processing ‘gain’ applied by the receiver
(e.g. Urick 1983; Gisiner 1998; NRC 2003).

Gain is the recovery of some of the losses through signal processing techniques such as matched filtering,
correlation processing and array processing that can be applied by purpose-built electronic equipment and
computer software or achieved naturally by the ear-brain combination. The ability of humans and animals to
‘tune out’ ambient noise and enhance the degree of signal recovery varies moment by moment, depending not
only on the nature of the signal versus the type and degree of ambient noise, but also the amount of attention,
motivation and other psycho-acoustic factors that influence signal perception, treatment and response. These
factors include sensory adaptation (a peripheral process) plus learning processes including habituation,
sensitisation and adoption of active coping strategies, all of which can be exceptionally difficult to disambiguate
when attempting to interpret the apparent response or non-response of marine animals to particular sounds
(e.g. Gentry et al., in Gisiner 1998, NRC 2003, Tyack 2003).

3.2 Characterising and Measuring Sound

3.21 Terminology

The following parameters are commonly used to characterise and measure sound:
e  velocity (which varies according to the elastic properties and density of the medium)

e frequency (number of wave cycles per second [cps] or Hertz)
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e octave bands and spectra

e sound pressure and intensity, both expressed in potentially confusing logarithmic units (decibels) as
measures of relative pressure and intensity

e duration and other temporal properties (continuous, repeated or transient sounds or pulses, the nature of
which dictate the way their intensity is best measured).

The most convenient scales for measuring changes to sound frequency (octaves), pressure and intensity
(‘loudness’) are logarithmic, and this is related to many vertebrate senses which process signal information in
logarithmic fashion. Logarithmic sensation is the subjective reaction of the ear/brain combination to an incoming
signal which, when the frequency or loudness of the signal is increased by multiples, interprets these as linear
steps. For example, if the intensity of a sound is progressively stepped up five times by a logarithmic doubling
(i.e. , 2, 4, 8, 16), the auditory brainstem interprets five roughly equal steps of increasing loudness

(1, 2, 3, 4, 5). Evolving a logarithmic response to sound allows animals to compress and manage a very large
dynamic range, thereby facilitating the ability to sense variations in weak sounds equally as well as those
among loud sounds.

3.2.2 Velocity

The speed of sound in air is close to 340 m/s near sea level (e.g. 1,215 km/h at 20°C and barometric pressure
of 1013.3 millibars). It is almost five times faster in water (~1,500 metres/second) because of the greater density
of this medium, and where its velocity alters fairly predictably with temperature, depth and salinity. The following
formula has been used by DSTO for estimating the speed of sound in shallow coastal water Defence Training
Areas (Box et al. 2000):

Vs (m sec”) = 1449.1 + 4.572T - 0.04453T2 + 1.398(S-35) + 0.017d

This equation yields a sound velocity (Vs) of 1529 m/s when the water temperature (T) is 21 °C, salinity (S) is
35.2 PSU and average depth (d) is 3 m. The influence of temperature on sound velocity is the key process
behind the acoustic thermometry of ocean climate (ATOC) experiment, now renamed the North Pacific Acoustic
Laboratory (NPAL) °.

When the speed of sound is changed along its transmission path, the sound ray becomes bent (refracted) in
accordance with Snell’'s Law. Sound refraction occurs in both the atmosphere and ocean since pressure and
temperature vary with altitude and depth. Refraction of sound rays can result in convergence zones (regions or
‘caustics’ containing re-focused rays and hence stronger than predicted sound levels) and shadow zones where
sound levels are lower than predicted by simple range modelling. The key factor influencing the character of
sound propagation in deep water are the relatively small variations of the sound velocity profile with depth
(typically less than 4%). In fact these variations exert a profound influence on the structure of the sound field
including ducting (channelling).

® The ATOC/NPAL experiment has been broadcasting low frequency (75 Hz) transient sounds from a site near
Hawaii to detect regional temperature trends across the Pacific Ocean as part of the global warming monitoring
effort.
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Knowing the sound velocity allows wavelengths (A; lambda) to be calculated for particular frequencies. For
example, a 500 Hz tone travelling at 1,531 m/s will have a wavelength of 3.062 m (500/1531).

3.2.3 Frequency, octaves and spectra

Frequency (f) affects the perceived pitch of a sound, i.e. from low frequency rumbles to high-frequency
screeches and whistles. Low frequency sounds (<1 kHz) are least absorbed by seawater and therefore are the
dominant component of ambient background noise.

The minimum received sound level at which a sound of a particular frequency is perceived by an animal in the
absence of significant background noise is termed the auditory threshold. Plots of auditory thresholds versus
frequency are typically V- or U-shaped for most vertebrates, with high thresholds (= poor sensitivity) typically
present below 100 Hz and above 1 kHz for most marine fishes, below 1 kHz and above 10-20 kHz for humans,
and above 50-100 kHz for toothed whales. The lowest thresholds (= high sensitivity) form the bottom of the ‘V’
or ‘U’, where the central and ‘best’ frequencies of a species’ audible range form the band of maximum
sensitivity. The best or ‘optimal’ frequency range varies widely among vertebrate species.

An octave is a continuous band of frequencies where the highest frequency of the band is twice that of its lowest
frequency. For example, middle C on the music scale (262 Hz) is bracketed by higher and lower octaves with C
at 524 Hz and 131 Hz respectively. Doublings of frequency are perceived as increases by one octave, whether
the change is from 131 to 262 Hz or from 4000 to 8000 Hz. Since human hearing range is roughly 20 Hz to

20 kHz it contains about 10 octaves.

The nominal standard bandwidth used by mammalian ears to process the pitch of a sound is a third of an
octave. A one third octave is a continuous band in which the highest frequency is the cube root of 2. Thus a

5 octave band (¥ OB) about a centre frequency of Fc ranges from Fc/(21/6) to Fc x 21/6. The ¥4-OB filter,
together with the 1-octave band (1-OB) filter, record the sound power in bandwidths that cover 23% and 71% of
the octave about the filtered centre frequency respectively, and have been adopted as standards for sound
spectrum analysis.

Sound levels in biological studies are often plotted and compared in 2 OBs because the band pass filters of the
mammalian auditory system also cover frequency bands that are approximately 23% of the centre frequency.
For example, the band width of the mammalian auditory filter for a centre frequency at 500 Hz is about

115 Hz wide (0.23 x 500).

To interpret any reported sound levels, it is important to be aware of the particular bandwidth across which the
level was measured. For example, the intensity reported for a 1 OB must be at least as high and usually
considerably more than that of any of the three %3 OBs lying within it (and in fact is the sum of them). Similarly,
the squared pressure or intensity in a /3 OB will be their sum from all 1 Hz bands occupying that ¥5 octave.
Underwater ambient noise is sometimes reported as: Ambient, SS4, ¥z OB @ 1 kHz. This indicates the
particular sound pressure measurement was made during sea state 4 conditions for the frequencies in the

5 octave band centred around 1000 Hz.

3.2.4 Sound pressure and intensity levels

Sound pressure is the force per unit area (Newtons/m?® = Pascals), as exerted by a medium as a result of its
deformed state in a sound field, and it is analogous to the force exerted by a compressed or stretched spring.
Absolute measures of acoustic pressure variations are typically measured in micropascals (pPa),

milliPascals (mPa) or kilopascals (kPa), and these reflect the variations about the equilibrium pressure of the
medium, the latter being determined in air by the weight of the overlying air column (barometric pressure) or in
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water by the weight of the overlying water column (hydrostatic pressure). The force that tends to restore the
equilibrium pressure is provided by the ‘springiness’ of the medium, the ‘stiffness’ of which is called the
adiabatic incompressibility (also termed the bulk modulus).

Sound Pressure Level (SPL)

One of the easiest ways to determine the strength of a sound is to measure its wave amplitude in

micro Pascals (uPa). This provides a measure of the sound’s strength in terms of the average size of the rapid
pressure oscillations above and below the essentially constant surrounding air or water pressure. As shown in
Figure 3-3, the root mean square (rms) of the pressure variations from background provides the average
effective pressure amplitude (a ‘straight’ averaging would produce zero amplitude). In the case of sine waves
such as the pure tone in Figure 3-3, the average pressure is always 70.7% of the wave’s maximum amplitude
since rms is equivalent to dividing by V2.

Measuring the rms amplitude of a sound allows its average sound pressure level (SPL) to be calculated, which
is not expressed in terms of absolute pressure but by the convenient logarithmic scale of decibels (dB) *. For
example, for an airborne sound whose rms amplitude is 0.2 N/m? (0.2 Pa), its relative pressure level in dB can
be calculated using the following equation:

SPL (dB) = 20 log10(P/P.;)

Since P, is usually set at 20 yPa for airborne sound measurements, the calculation is
20 x (log10 [0.2 / 2 x10-5]). This reduces to 20 x log10(10000) which yields 80 dB. Because the decibel unit is a
dimensionless ratio it has little meaning unless the reference level is also quoted (i.e. 80 dB [re. 20 pyPal).

4 Using units of pressure to characterise or compare sound strengths is clumsy owing to the wide and non-linear
range of the pressure differences detectable by humans and other mammals (10 yPa-100,000,000 uPa, i.e.
1012 units of magnitude). The dimensionless logarithmic decibel scale (dB) is convenient since the mammalian
ear-brain combination perceives changes in sound strength in linear steps, with these units representing the log
ratio of a sound's pressure with respect to a reference pressure. The reference pressure used for airborne
sound is normally set to the human auditory threshold for a 1 kHz tone (Pref =20 pPa; the equivalent threshold
pressure level in water is 1 yPa). The airborne decibel units match the human perception of loudness, with the
intensity ratio of 1012 equivalent to a range of 120 dB. Thus the weakest sounds perceived by the human ear
start close to 0 dB, while loud airborne sounds producing discomfort and a breakdown of the linear-increase
perception commence above 100 dB (re 20 yPa), with pain occurring around 110-125 dB (re 20 yPa).

An often misunderstood concept is the way dB measurements combine. Two complementary sounds with equal
dB levels always produce an increase of 3 dB because any doubling of pressure level causes a logarithmic
increase of 3. The perception of increasing loudness (sound intensity) is another factor worth understanding. In
general, an increase in a sound level by 3 dB is just detectable by a human, while a 10 dB increase is
experienced as a doubling of loudness. Because log representations of sound compress absolute pressure
values (e.g. 0.00004 Pascals = 3 dB (re. 0 Pa) and 100 Pascals = 134 dB (re. 0 Pa)), summation of levels which
differ by 10 dB or more yields a result very close to the larger of the two values (e.g. 60 dB + 70 dB = 70.4 dB).
This helps explain why removing sound sources whose contributions are 10 dB below that of a dominant sound
have very little effect on reducing the overall sound level (<0.4 dB).
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Figure 3-3 Measuring sound amplitude

If the measurement was for an underwater sound of equal strength, the result would be 106 dB (re 1 yPa), since
the same SPL is always 26 dB higher in water than in air. Even correctly referenced dB values can cause
confusion unless their distance from the source is also noted to denote if it is the sound level at the source

(i.e. Source Level, or ‘SL’) or a received sound (i.e. measured some distance away, termed received level, or
‘RL’). Source levels are usually measured at, or estimated for, a distance of 1 metre from the source (e.g.

106 dB (re 1 yPa) at 1 m, sometimes notated as 106 dB [re. 1 pPa at 1m]).

Sound Intensity Level (SIL)

Sound intensity levels (SILs) are often reported and discussed because they are a measure of a propagating
sound’s energy flow (Joules per second) that passes through a given area lying normal to the direction of the
sound. SlLs are different from SPLs since they are vector quantities reflecting the direction and magnitude of
the particle velocity (sound ray), and the correct Sl units for true sound intensity (= acoustical power) is
Watts/m2.

It is important to understand how SlLs relate to SPLs. The higher the sound pressure, the more energy is being
carried by the sound and the louder is the perceived sound. When sound from an omnidirectional point source
propagates outward in a uniform medium, the waves become spread over an increasingly large area as the rays
geometrically fan out, with the received pressure falling in proportion to the inverse square of distance from
source. Sound intensity, energy and acoustic power are thus second order variables which are proportional to
the square of the pressure amplitude (i.e. mean square pressure, termed acoustic density). For example, the
power delivered per unit area by the sound rays of a continuous tone is halved between the distances where
geometric spreading causes the received effective pressure to fall from 900 uPa to 30 yPa (rms).

Sound intensity reflects the energy flow across a unit area lying normal to the particle velocity. Because this flow
is proportional to the mean square pressure in a uniform free-field medium, SILs can be expressed by
appropriately referenced dB values:

SIL (dB) = 10 logio(Measured Intensity [I] / Reference Intensity [lef] )

As with SPLs, the scale is referenced to the auditory threshold (I,e) but note the log4o multiplier is now 10
(not 20), owing to the square relation between sound pressure amplitude and intensity. These units may appear
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closely related to SPL (dB), but are not equivalent as SPLs have no directional component. In fact the historical
meaning of SIL (dB) is a power ratio with | reflecting the amount of power at the auditory threshold in air
(10-12 Watts/m? [= 1 picoWatt/m?]) or in water (i.e. 0.64 x 10™° pW/m? for P of 1 uPa; see e.g. Urick 1983).

It is cheaper and more convenient to measure and compare sound pressure values (uPa) than true acoustic
power (Watts/mz), and both sound pressure and particle velocity for plane and spherical waves propagating in a
uniform medium are directly related to the latter's acoustic impedance (intensity values can be obtained by
dividing the square of time-averaged sound pressure by the medium’s acoustic impedance 5).

Thus decibel scales for underwater SPLs (dB [re 1 pPal), particle velocity (SPVLs dB [re 1 m/s]), mean square
pressure (dB [re 1 pPaZ]) and SILs (dB [re 0.64 x 10% Watts/mz]) are all related in situations involving uniform
water bodies but there are a number of potentially confusing differences. Doublings of sound pressure or
particle velocity are represented by steps of 6 dB while doublings of sound intensity, energy or power occur in
3 dB steps. A 10 dB change in sound intensity represents a tenfold rise or fall (e.g. 170 dB and 160 dB are ten
and a hundred times less intense than 180 dB respectively).

Another trap arises if SILs reported for air are converted to obtain equivalent values for water using only the
same step for converting air to water SPL values (i.e. adding 26 dB to account for the reference level change
from 20 pyPa to 1 yPa). A second step is needed to account for the different acoustic impedances of air and
water, involving the addition of a further 36 dB (+62 dB in total) ® For example, airborne sound intensities
producing received mean square pressures of 100 dB or 140 dB (re 20 pPaz) provide the same loudness as
those in water which achieve received mean square pressure of 162 dB or 202 dB (re 1 pPa?) respectively.

Use of dB for many different scales can be confusing to non-acousticians, who may also wonder how intensity
(power per unit area) can be closely related to pressure (force per unit area). The answer lies in the assumed
conditions the relationship holds only for plane or spherical waves propagating within a uniform medium. The
relationship collapses near the air-water interface, the seabed boundary and for non-uniform media. The
differences quickly arise because sound pressure measured at a point is the result of waves arriving from all
directions whereas sound intensity reflects an energy flow from a particular direction. Care needs to be taken
when interpreting values in the literature that refer to sound intensity, energy and power, owing to mistakes such
as using intensity when referring to the mean square pressure of a sound field, power when referring to its
instantaneous squared pressure, or energy as the sum of squared pressure over time.

® | = p%/pc where the characteristic acoustic impedance of seawater (pc) is the product of its density
p (1.030 kg m™) and particular sound velocity ¢ (e.g. 1500 m/s), i.e. 1.5 million kg m?s .

® The instantaneous sound pressure exerted by a vibrating object on an area of medium is directly proportional
to velocity (v) and the acoustic impedance (pc) of the medium. Acoustic impedance (analogous to electrical
resistance) is the density of the medium (p; measured in kg/m3) times its sound speed (c; m/s). The acoustic
impedance of water (1.5 million kilograms per square metre per second) is much higher than that of the air
column near sea level (~4.15 x 102 kg m? s'1). To adjust for the different acoustic impedances when converting
airborne SIL values to equivalent in-water values, the number of additional dB required is

10 x log10((pc air/(pc water) = 36 dB, so the rule of thumb for SIL air to water conversions is to add 26+36 dB.
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Formal Definitions of Sound Intensity, Energy Density and Power (NRC 2003)

Sound Intensity = the flow of acoustic energy through a unit of surface area per unit of time. The intensity
(acoustic energy flux density) is a vector quantity that is equal to the product of acoustic pressure with the
acoustic particle velocity, with its direction of flow perpendicular to the unit of area through which it passes.
The magnitude of the time-averaged flux density, which comprises net flux energy (i.e. the active intensity
or propagating part that transfers information from one place to another) plus the reactive intensity (the
degree of deformation set up in the medium by the sound field), is not proportional to the mean squared
acoustic pressure except in a special types of sound field. It has units of Watts/m? (since one joule of
energy per second equals 1 Watt), with the corresponding decibel reference for underwater sound

being dB (re 1pW/m?).

Sound Energy Density = the energy per unit volume of the sound field, which represents its kinetic
energy (= ability to do work due to the fluid motion within the sound field) plus the potential energy density
of the medium (= ability to do work owing to its deformed state). The acoustic energy density (either
potential, kinetic or the sum of both) has decibel units of dB (re 1 Joule/m®).

Sound Power = the rate at which a sound source places energy into the medium, with its decibel units
being dB (re 1 pW). For example, a 75 Watt light consumes the equivalent of nearly 139 dB (re 1 pW) of
electrical power.

In summary, useful pointers concerning sound pressure and intensity are:

e sound pressure levels (SPLs) can be easily measured and interpreted by a referenced logarithmic decibel
scale using calibrated SPL meters;

e  SPLs for source sounds are usually measured or estimated at 1 m from the source, with the standard
reference unit being dB (re 1 yPa [rms] at 1 m) for underwater sound fields and 20 pPa for airborne sound;

e sound intensity, energy and power are second order measurements containing directional content, and
relate to acoustic pressure measurements for circumstances involving sound propagating omni-
directionally in a uniform medium where particle velocity is constant;

e adecrease of 6 dB represents a halving of the sound pressure level;
e decreases of 3 and 10 dB represent a halving and tenfold decline in acoustic energy flow respectively;

e parameters such as source pressure level (dB (re 1 yPa [rms]) at 1 m) and source spectral density level
(dB (re 1 uPa’ per Hz) at 1 m) are preferred units for convenient comparisons and calculations;

e rule of thumb conversions enable comparisons between sound pressure and intensity levels in air and
water. These conversions account for the different reference standards plus, in the case of intensity, the
different acoustic impedances of the two mediums.
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3.2.5 Temporal properties of sound

Sound sources can be conveniently grouped by their type, frequency content or the following temporal
characteristics:

e transient pulsed sounds

e transient continuous sounds
e periodic continuous sounds
e aperiodic continuous sounds

Transient not only means transient in time (short duration) but also in space. Both ships and aircraft radiate
sound continuously but will generate transient-in-time signals to a relative stationary or fixed receiver. Similarly,
a directional sound from a fixed source can also be perceived as transient to a fixed receiver if the direction of
the source is varied. Thus if the nature of a transient sound is potentially ambiguous it is necessary to check if it
applies to the source or the received signal. The duration of a sound emitted by a source can usually be defined
unambiguously, whereas the duration perceived by a receiver will depend on the mobility of the source relative
to the receiver (and vice versa), the level of ocean noise with respect to the location of the receiver and the
strength of the signal at this point, plus other factors governing the ability of the signal to be detected such as its
spectral content. It is also worth remembering that sound speed is an influencing function of frequency, and
multiple propagation paths can alter the apparent frequency range and duration of a signal (an example is in
McCauley & Cato 2003).

When the term ‘continuous’ is used, it is necessary to make clear if this refers to duration and/or frequency. A
continuous-in-time sound has a discrete spectrum whereas a sound with a continuous frequency spectrum may
be continuous-in-time within transient, periodic or aperiodic domains. Examples of the different temporal types
of sound plus the metrics commonly used for measuring their sources are shown in Table 3-1. This table draws
from NRC (2003), including the footnotes which note where some metrics are inappropriate for some of the
categories.
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Table 3-1 Sounds Grouped by Temporal Character

Temporal Source Examples Common Metrics
Character
(1) Transients | Explosions Time domain
Lightning strikes Rise time; time series; 0-peak and peak-peak
amplitudes'; total duration; mean squared
Brief tectonic events amplitude’; RMS amplitude?; squared amplitude
summed over total duration®
Whale breaching, fluke slapping
Frequency Domain
Low aircraft/helicopter overflights )
Spectral density or spectrum.
(2) Periodic Commercial, military, research sonar | 7ime Domain
transients
Seismic airgun arrays Duty cycle*; period; rise time; time series; 0-peak
and peak-peak amplitudes'; total duration; mean
Pile driving squared amplitude’; RMS amplitude’; squared
amplitude summed over total duration®
Acoustic harassment devices .
Acoustic deterrent devices Frequency Domain
Tectonic tremor activity Repetition rate; spectral density or spectrum
Cetacean vocalisations and clicks
(3) Periodic Discrete tone research sonar Time Domain
continuous
Ship and outboard noise (propeller maximum 0-pk amplitude
cavitation / tonals)
Machinery, pump andmotor rotation | maximum pk-pk amplitude; mean squared
tonals amplitude; rms amplitude
Fish choruses and snapping shrimp Frequency Domain
Some types of whale song Frequencies of tonals; spectral levels of tonals;
pectlrum5
(4) Aperiodic | Dredging and sea dumping Time Domain
continuous
Ice breaking Broadband mean squared amplitude; rms amplitude;
0-pk amplitude; pk-pk amplitude.
Wave and rainfall noise Frequency Domain
Helicopter blade-tip tonals Spectral density’
Deep ocean vents/eruptions

(modified from NRC 2003)

1) Zero-to-peak and peak-to-peak amplitudes of airgun array signals are shown in Section 3 of the main review.
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2) The time interval for calculating mean squared amplitude (the average of the squared amplitudes over a specified time
interval) and root mean squared (rms) amplitude (the square root of the mean squared amplitude) for a transient signal
must be specified to allow adequate interpretation.

3) Squared pressure integrated over the total signal duration is not equal to energy, as often stated. Rather, a more
appropriate term might be “unweighted sound exposure.” According to ANSI (1994), the term sound exposure is the
“time integral of squared instantaneous frequency-weighted sound pressure over a stated time interval or event.” A-
frequency weighting appropriate for human hearing sensitivity is usually used but no frequency weighing equivalent to
unit weighting across the whole frequency band needs to be applied. Alternatively, a species-specific metric could be
defined using a frequency weighting based on an audiogram.

4) The duty cycle is the percentage of total time occupied by the periodic sound transmissions.

5) Spectral density is not appropriate for sounds composed of a discrete set of tones (line spectra). Conversely, the
spectrum level of signals whose frequency content varies continuously with frequency (‘continuous spectra’) is
determined by the bandwidth over which the signal energy is integrated.

3.3 Resonance

Resonance occurs when a body or system is subject to a periodic disturbance of the same frequency as the
natural frequency of the body or system, whereupon it displays an enhanced oscillation or vibration. Familiar
types of sonic resonators are bells, organ pipes and ‘helmholtz resonators’ (e.g. blowing air across the open top
of a glass bottle produces a distinctive note as the air inside the bottle resonates from the stimulation provided
by the passing air flow).

Resonance is commonly associated with air cavities, and the presence of gas bubbles, fish swim bladders and
marine mammal lungs in the ocean means that resonance effects can be induced in these cavities. At the
simplest level, the resonant frequency of a free floating bubble in water depends on the compressibility of the
enclosed gas and the liquid mass moved by the bubble as it pulsates. Damping losses due to surface tension
and thermal conductivity provide limits to the actual amplitude and duration of the oscillation.

When an air bubble resonates, it absorbs energy at the frequency that drives the oscillations, and also scatters
and diffuses sound energy due to their large impedance mismatch with the surrounding water (this is the
principal of bubble curtains that are used to protect fish from the percussive impacts of pile driving; e.g. Wirsig
et al. 2000). Another effect when water is highly aerated with bubbles is the dramatic reduction in the “stiffness”
(bulk modulus) of the medium, leading to significant reductions in sound velocity.

Small bubbles resonate at high frequencies (e.g. 52 kHz for 60 micron bubbles in breaking waves), while much
larger air cavities such as lungs require much lower and relatively sustained frequencies to induce resonation.
Resonance of real systems often requires a lengthy stimulus as it can take several cycles of the stimulating
signal to drive it into forced oscillation (e.g. a sustained note from an opera singer is required to firstly resonate
then ultimately shatter a wine glass). By contrast a church bell will resonate following a very rapid stimulus, in
the form of a single hammer blow. The response is immediate and prolonged as bells are deliberately designed
to resonate at particular frequencies or sets of frequencies according to their size, shape and construction
material.

3.4 Blast and cavitation

Blast refers to any shock wave generated in water (e.g. by detonation of a high explosive charge) or air (e.g. a
sonic boom from a supersonic aircraft). A shockwave is an acoustic wave where the amplitude of the field is so
large and non-linear that portions of the medium become torn and bodily shifted, with discontinuities in pressure
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and particle velocity invalidating the physics behind normal sound equations. Both an explosive blast and sonic
boom start as a non linear shock wave which, through dissipation and absorption, eventually evolves into a
linear acoustic wave some distance from the source.

Explosive sources produce broadband signals with a very high zero to peak source level and a relatively flat
spectral structure, in which the largest-amplitude component in the detonation time series comprises the initial
shock wave (Figure 3-4). The zero to peak source pressure level produced by an explosive device can be
predicted using its charge weight and detonation depth with the following equation from Urick (in NRC 2003):

SL(0—pk)dBre 1 yPaat1m = 271.8 dB + 7.533*log(w)

where w is the charge weight in pounds. Thus a ~0.45 kg (1 Ib) detonation of high explosive at 37 m depth
yields a maximum zero to peak pressure of 272 dB (re yPa at 1 m), while ~45 kg (100 Ib) produces an initial
zero to peak pressure of 287 dB (re 1 Pa at 1 m) (Urick, in NRC 2003).

Cavitation is the tearing apart of water when the negative component of a pressure wave exceeds the
surrounding hydrostatic pressure and becomes sufficiently large to cause bubble formation. Water becomes
readily ‘torn’ into many bubbles as it cannot support much tension. ‘Bulk’ cavitation is the process where the
water is torn apart by the surface reflected shock wave of an underwater explosion. As discussed by Lewis
(1996a), when a shock wave hits the water air interface its outgoing (positive) pressure wave is reflected back
down into the water as a negative pressure (tension) wave, which is an inverted image of the outgoing wave. As
a result, the pressure wave at a particular point in the water column is a combination of the outgoing
compression wave and the reflected tension wave that arrives soon after. Figure 3-4 shows how the shock-
wave and bubble pulse energies combine at frequencies greater than

1/T (T = time (seconds) between the shock wave and first bubble pulse).
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Figure 3-4  Spectrum showing the broadband source from detonating
~0.45 kg (1 Ib) of high explosive at 37 m depth

(figure modified from Urick, in NRC 2003)
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A schematic of the zone of bulk cavitation around an underwater explosion is shown in Figure 3-5. Below this
zone no cavitation occurs since the tension never exceeds the hydrostatic pressure (which increases relatively
rapidly with depth). While charge size influences the maximum depth (thickness) of the cavitation zone, the
zone’s horizontal limit (radial distance from the detonation point) is far more influenced by the depth of the
detonated charge than its size. For example, increasing the charge size by ten times (a magnitude increase)
roughly doubles the maximum depth of the cavitation zone but its horizontal distance is increased by only about
20% (for further detail see Lewis 1996a).

Interpretation of pressure time records recorded for underwater detonations normally includes determining the
impulse of the pressure pulse (Pa seconds; as calculated from the area under the curve of the first positive
pressure pulse), its maximum zero to peak pressure and arrival time, the time constant of the decaying
pressure-time signal, and the 'bubble' period. Impulsive sounds can be defined as the generation of an acoustic
energy field in which the overall sound pressure level measured for 0.5-1 seconds via F-time weighting is more
than 12 dB above the average maximum sound level.
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Figure 3-5 Diagrammatic representation of the zone of bulk cavitation

In a classic pressure pulse signal, the first positive peak usually provides the highest zero to peak pressure.
However detonations in shallow water (<5 m) focus the shock wave towards the surface and markedly reduce
the amount of lateral blast propagating into the surrounding water column. This feature can lead to unusually
complex pressure-time histories in nearshore environments where the second peak may have a greater value
(e.g. Box et al. 2000). In complex cases, measuring the impulse may require calculating both the positive and
negative areas for several oscillations after the initial peak to ensure all significant pressure excursions are
included.

Cavitation imposes an upper limit to the maximum acoustic power output of sound sources. For example, for a 3
kHz source in shallow water, the cavitation threshold is slightly more than 1.013 bar (= 220 Db [re 1 yPa]; Urick,
in NRC 2003). Since some cavitation can be tolerated the effective sound level can be 2-3 times larger than this
threshold (i.e. close to 230 dB [re 1 yPa]; NRC 2003).

The most damaging component of an underwater shock wave is the initial fast rise in pressure. The area over
which this has a significant effect is limited however due to the rapid loss of the component frequencies which
form the sharp leading edge of the pulse. After propagating through the water column these higher frequency
components diminish such that the initial shockwave rapidly attenuates into a broad spectrum of frequencies
with most energy in the sub 1 kHz range.
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3.5 Sound Propagation and Transmission Loss

As sound propagates from its source it undergoes transmission loss with increasing distance (range). The most
influential processes causing transmission losses in seawater comprise geometric spreading and absorption,
which are described in the following subsections.

3.5.1 Geometric spreading

As a sound wave radiates from a source, its amplitude and intensity fall as a function of the geometric spreading
of its wave front. Wavefronts spread spherically in the near field, and cannot adopt a cylindrical pattern of
spreading until attaining a significant distance from the source (typically 100 m or more). Spherical spreading is
the propagation of the wavefront in an omni-directional or conical form away from the source. The area of the
sound front (mean square pressure) varies inversely with the square of the distance from the source, so sound
levels are diminished by 6 dB for every doubling of distance from the source (= 20 dB when distance has
increased ten fold). Spherical spreading occurs in the source’s near-field and typically extends for a distance of
several times the depth (i.e. the distance required before a sufficient number of ray paths from seafloor
reflections produce a ‘wall’ that provides a cylindrical wave front).

Cylindrical spreading develops when the medium is not homogenous, including shallow areas (0-200 m) where
the sound waves reflected off a reasonably reflective seafloor as well as from the more mirror-like water surface.
The underlying seabed strata can also become part of the media through which the sound propagates, although
the propagation efficiency is far less than that of the water column. Cylindrical spreading can be pictured as a
widening tin can or fat cylinder, with the wavefront forming the vertical wall. It is never perfect nor commences
near a source since it requires sufficient distance (usually several times the water depth) for enough reflections
and/or refractions to spread the energy across the entire wavefront.

Since the surface area of a cylinder doubles for every doubling of its radius, the sound front halves for every
doubling of the distance from the source. Hence sound levels decrease by 3 dB instead of 6 dB for every
doubling of the distance from the source. In practice, cylindrical spreading rarely commences <100 m from the
source, with sound transmission losses in both the near- and mid-field best approximated by spherical
spreading, particularly for near-surface sources in shelfal waters (e.g. Cato 2003). As an example, Table 3-2
shows how sound levels diminish more slowly with increasing distance if perfect cylindrical spreading
commences beyond 64 m from a source (as may occur with a source in water 16 m deep, noting that cylindrical
spreading sometimes establishes at distances from source around four times the depth of water).

Cylindrical spreading can occur in deep ocean waters whenever sound waves become ‘trapped’ along an axis
(‘duct’) as a result of different temperature and pressure conditions which change their speed and cause
alternating bending. The duct is formed by the temperature decline in the upper layer (which reduces the sound
speed and thus bends the waves downward, away from the surface), plus the rising water pressure in the
deeper layers where temperatures are more uniform (which increases the sound speed and thus refracts the
waves upward, away from the seafloor). The depth layer which has the slowest sound speed forms the axis of
the duct because of the differing (‘down/up’) wave refractions on either side of it. Mid-water ducts also allow the
wavefront to retain energy by preventing the sound waves reaching (and being absorbed by) the seafloor and
from reaching (and being scattered by) the surface. Since long waves are more sensitive to the bending effect
of sound speed changes, the lower frequency components of a source are more amenable to sound ducting.
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Table 3-2 Sound transmission loss rates by pure cylindrical and spherical spreading from
a nominal source of 200 dB (re 1 pPa)

Distance from Received Level at Distance From Underwater Source
Spherical spreading Cylindrical spreading*
source (m) (dB re 1 pPa) beyond 64 m (dB re 1 pPa)

1 200 200
2 194 194
4 188 188
8 182 182
16 176 176
32 170 170
64 164 164
128 158 161
256 152 158
512 146 155
1024 140 152
2040 134 149
6096 128 146

*Assumed 16 m depth of water and that cylindrical spreading effect sets in within a distance of four times the depth.

The mid-water duct which is formed by the typical ocean thermocline is the so-called classic ‘deep sound’ or
‘SOFAR’ channel (Sound Fixing and Ranging). The axis of this channel (= depth of the minimum sound speed)
lies between 600-1200 m in the low and middle latitudes, and it is typically ~1,000 m below the surface near
Australia (Figures 3-6, 3-7, 3-8). It becomes much shallower in the higher latitude polar regions because of their
cold surface waters and very different thermocline (Figure 3-6b).

A surface duct is often present in polar waters because sound waves become trapped between the surface and
a layer of deeper but warmer water that refracts the waves upward. Significant surface cooling in the middle
latitudes during a winter cold spell can also produce thin and typically more ephemeral surface ducts by the
same mechanism, i.e. the sound waves are bent upward by a warmer deeper layer and are thus prevented from
reaching the seafloor if there is sufficient water depth (>500 m). This can occur off the WA coastline when the
warm but relatively narrow Leeuwin Current becomes covered by a cooler surface layer due to a winter storm
(Figure 3-7). As with cylindrical spreading in shallow water areas, the upper boundary of any surface duct is
formed by the reflecting ability of the surface.

The ‘skipping’ action of the waves which propagate along the SOFAR or a surface duct form alternating sound
convergence and ‘shadow’ zones, the latter occurring where the sound waves are absent from the surface
layer. The waves will propagate approximately by cylindrical spreading until leakage, bottom absorption and/or
insufficient bending occur. In the case of a surface duct, ducting of middle to high frequency sound waves is
reduced by surface scattering due to wave roughness, with rough seas unable to provide enough reflections to
maintain any long distance propagation. Sea state therefore plays an important role in the surface ducting of
>1 kHz frequencies, since only in calm conditions (sea states 0 2) is the surface smooth enough to form a good
reflector for all incident angles.
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Figure 3-6  Schematic of the mechanism forming the deep sound channel

In summary, both types of geometric spreading are only approximate for most situations, with cylindrical
spreading becoming evident whenever wavefronts become (a) refracted by sound speed variations due to
changing temperature and pressure, or (b) by sufficient multiple reflections between the surface and an
amenable seafloor (i.e. unusually reflective).
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Figure 3-7  Simplified schematic showing sound paths from surface and deep sources, and
highlighting the transmission and loss process for a surface source (not all paths shown)

(from McCauley et al. 2000)

At both the surface and bottom, sound waves reflect back onto themselves, and these reflections interfere with
the original wave to produce an interference pattern in the water column. A single frequency source will produce
a discrete number of vertical interference patterns, each with a different number of maximum and minimum
pressures from top to bottom. Each vertical interference pattern, or standing wave in the vertical direction,
propagates in the horizontal direction at its own speed. However, if the frequency of a standing wave is too low,
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it will not propagate. This lower frequency limit is called the cut-off frequency, and standing waves with
frequencies below the cut-off cannot propagate in the horizontal direction.
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Figure 3-8  Depth profiles showing sound transmission losses in different ocean regimes,
as predicted by a parabolic equation model (MMPE) for a low frequency (200 Hz) and
high frequency (3 kHz) source at 50 m depth

(a) shows extended propagation of high frequencies via a shallow surface duct as well as the SOFAR channel (axis of
slowest speed is at 1000 m);

(b) shows the shallower location of the sound channel in cool polar waters due to the altered temperature-related
sound speed profile.

In summary, the ultimate distance of any sound source’s audible or higher level range is heavily influenced by
its depth and frequency characteristics, the water depth and sea surface state, the sound channelling ability of
ducts, and the level and type of background noise in the region of the receiver. The complex nature of sound
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propagation must therefore be appreciated when evaluating the potential effects of particular sound sources,
and this is especially the case in coastal and ‘shallow’ continental shelf areas, where sound can propagate over
distances greater than the equivalent of several water depths only by repeatedly interacting with the surface and
either the seafloor or a temporary layer of warmer subsurface water. Predicting propagation ranges in coastal
regions is further complicated by the fact that several key factors can markedly differ not only between locations
but also with the time of day, lunar cycle and season (e.g. temperature profile, wind state, tidal regime, diurnal
bioacoustic rhythms and other events that alter acoustic propagation conditions and ambient noise levels; e.g.
Cato 1993, Frisk, in NRC 2003).

3.5.2

Sound absorption by seawater is caused by several effects including shear and volume viscosity losses, heat
conduction and relaxation losses from dissolved magnesium sulphate and boric acid (e.g. Richardson et al.
1995, Medwin & Clay, in NRC 2003). Absorption rates vary slightly with temperature but are overwhelmingly
frequency dependent, as can be seen by the different absorption rates for the frequencies depicted in Table 3-3
and Figure 3-9. These show the different absorption losses at near-surface hydrostatic pressure. Since the loss
rates are reduced by only 2 4% for every 300 m increase in depth, changes to the frequency absorption rates
due to sloping depths across coastal and shelfal areas are negligible.

Seawater absorption

Table 3-3 Seawater absorption loss rates for different frequencies at 5° C
Frequenc Absorption loss Absorption loss Absorption loss at | Absorption loss
quency rate per metre rate per km 10 km at 100 km

100 Hz | 0.002 x 10 dB/m 0.002 dB/km 0.02 dB 0.2dB
1 kHz 0.06 x 10 dB/m 0.06 dB/km 0.6 dB 6 dB
10 kHz 0.0008 dB/m 0.8 dB/km 8 dB 80 dB

50 kHz 0.013 dB/m 13 dB/km 130 dB -
100 kHz 0.029 dB/m 29 dB/km 290 dB -
500 kHz 0.1 dB/m 100 dB/km - -

[from Richardson et al. 1995, NRC 2003

Sound transmission loss (TL) from both geometrical spreading and seawater absorption can be estimated by
the following ‘rule of thumb’ equations for omnidirectional single sources:

TL (dB re 1 m) =20 log10 r + ar, when r < D (spherical spreading)
TL(dBre1m)=101log10r+ 1010og10 D + ar - 3, when r > D (cylindrical spreading)

where r is the horizontal distance between source and receiver (metres), a is the absorption constant (dB/m)
and roughly proportional to f 2 (square of the frequency), and D is the water column depth (m). These equations
are not valid for complex multiple source configurations such as vertical line arrays. The very low absorption
rates for low frequency sounds (<1 kHz) further promote their ability to become propagated over much longer
distances than higher frequency sounds.

URS
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3.5.3 Scattering and other absorption losses

Apart from geometric spreading and seawater absorption, transmission losses also occur via:

e  surface scattering from wind-generated surface roughness

e bubbles present near the surface as a result of recent wave action

e suspended silts and other particles (turbidity)

e density of sound absorbing phytoplankton and other marine organism tissues (including fish bladders)

e seabed topography, sediment type and thickness (seabed absorption is typically 1000 or more times that of
seawater, and can be 100% depending on the frequencies of interest)

e scattering and leakage at boundaries between water masses with different temperature, salinity and/or
turbidity properties

e Intervening landmasses, including reefs, shoals and mudflats.

Accurate prediction of sound transmission loss rates is therefore a complex function involving the environmental
parameters of the water column as well as the source and receiver depth-range geometry, source spectrum,
sea surface conditions and the proximity, contours and type of the seabed (e.g. Richardson et al. 1995, Gisiner
1998, McCauley & Cato 2003, NRC 2003).

3.5.4 Propagation modelling and transmission anomalies

Propagation models utilise bathymetric databases, geo-acoustic information, oceanographic parameters and
boundary roughness models in attempts to estimate the acoustic field at points far from a sound’s source in the
face of various unknowns that cause transmission anomalies. The quality of these estimates is related to the
choice of model and the quality and quantity of the available environmental information. In continental shelf
waters where transmission anomalies may include a number of significant geoacoustic effects such as
compressional sound speeds, bottom topographic roughness and sediment density, sound pathways can be
readily altered and estimates of propagation loss can be out by +10 dB or more.

In the case of transient sounds, the properties of sound pulses received at >20 km from their source can be
quite different from the signal emitted by the source, particularly if they have propagated across shallow coastal
waters before reaching a receiver located in deeper offshore waters. In the case of airgun arrays, for example,
duration of received pulses is often increased by a factor of 20-40, while the centre frequency emphasis can
climb from ~50 Hz to between 110-260 Hz (e.g. McCauley et al. 1998, 2000, Madsen et al. 2003). This shift is
characteristic of shallow water propagation in which the signals become high-pass filtered (Richardson et al.
1995).

These changes reflect the effects of multipath propagations involving multiple surface/bottom reflections, and
where the contents of the received signal contain the sum of wave energies arriving from different transmission
pathways. Their slightly different arrival times at the receiver produce ‘smeared out’ waveforms, with the
duration of the ‘chirp’ like signal that contains audible energies (~10 dB above background) lasting for one
second or more (e.g. Greene & Richardson 1988, Bowles et al. 1994, Madsen et al 2003).
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In summary, predicting sound transmission losses for a particular source at a particular location and time
depends heavily on the type and quality of available environmental data and empirical evidence, since the
propagation can involve multiple pathways that are influenced by:

e the frequency energy spectrum, waveform and depth of the sound source
e velocity/rise time and duration of the source signal (for impulses)
e uniformity of the water depth (seafloor bathymetry)

o sea surface state

e  water temperature, salinity and turbidity profile (especially the presence and depth of any disjunct thermal

or salinity boundaries in the water column)

e variations in the geoacoustic properties of the seabed along the direction/s of interest, including the
seafloor topography, rugosity and strata composition and thickness

e the proximity and complexity of surrounding or intervening land.

There are four main types of propagation models used in underwater acoustics:
e  Parabolic equation (PE).

e Normal mode.

e  Wave number integration.

e Ray code models.

Each group provides a different approach to simplifying either the acoustic wave equation (containing the basic
physics of sound propagation), the influence of the environment or both. The performance of each type depends

on the range and sound frequencies being modelled and the environmental characteristics. In general,

PE models perform well for range dependent environments for frequencies below 1 kHz, although normal mode

models can be more efficient and accurate for modelling these frequencies in strongly range-dependent
environments. Ray code models are usually efficient for frequencies above 1 kHz in many environments.
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Ambient Noise in the Ocean

This section describes the characteristics of ambient noise in the ocean and the natural components of that
noise to identify the range of noise levels to which marine fauna are naturally exposed. Natural sources are
described in more detail in Section 5 and anthropogenic sources in Section 6.

Ambient noise refers to the overall background noise from both natural and human sources such that the
contribution of a specific source is not readily identifiable. The term ‘ocean noise’ has been used by the National
Research Council (NRC 2003) to encompass not only background noise but also sounds from distinguishable
nearby sources such as individual ships or pods of whales.

Ambient noise levels are generally reported as ranges of sound pressure level recorded over various sampling
periods. Any consideration of ambient noise levels needs to recognise that the indicated levels are actually
averages over the selected sampling period. The averaging period used influences the indicated noise level.
Short period, transient natural events can produce noise spikes far in excess of the assigned average level for
any particular natural phenomenon.

The primary sources of mid-ocean ambient noise are weather effects, tectonic activity, ocean wave interactions
(‘microseisms’) thermal agitation and distant shipping traffic (Figures 4-1 and 4-2). Examples of the differences
in ambient noise levels, make-up and energy spectra, including deep sea versus coastal waters and regional
differences are given in Urick (1983) and Cato (2000). The ambient noise level and frequency spectrum can be
predicted for most deep-water areas from known shipping traffic density and the wind speed, Beaufort force or
sea state. Heavy rainfall can cause significant but localised increases (Section 5.2.4), since this surface source
has significant vertical directionality (to 45°) and therefore less range than omnidirectional and horizontal
near-surface sources (e.g. Cato 2000).

Broadband ambient noise spectrum levels ’ range from 45-60 dB in quiet regions (light shipping and calm seas)
to 80-100 dB for more typical conditions and over 120 dB (re 1 pPa) 8 during periods of high winds, rain or
biological choruses. In the 100-500 Hz range, Urick (1983) estimated average deep water ambient noise
spectra of 73-80 dB for areas of heavy shipping traffic and relatively high sea states and 46-58 dB for areas with
light shipping and calms.

Background levels in the 20-500 Hz range are frequently dominated by distant shipping, particularly in heavy
traffic regions. Vocalisations of the great whales also contribute to this low frequency band, with the duration
and frequency of these choruses increasing in breeding, migrating and feeding areas as stocks recover from
past whaling (Croll et al. 2001, McCauley & Cato 2003). Above 300-400 Hz the level of weather-related sounds
exceeds shipping noise, with wind wave conditions and nearby rainfall dominating the 500-50,000 Hz range.

" The level of a sound wave in a 1 Hz wide frequency band (Urick 1983; see also Figure 4-1). Reported
spectrum levels are assumed to reflect mean square pressure unless otherwise stated.

8 Measure of underwater noise, in terms of sound pressure. As noted previously, the dB is a relative measure,
rather than an absolute measure; it must be referenced to a standard “reference intensity”, in this case

1 micro Pascal (1uPa), which is the standard reference that is used. The dB is also measured over a specified
frequency, which is usually either a one Hertz bandwidth (expressed as dB (re 1uPa2/Hz), or over a broadband
which has not been filtered. Where a frequency is not specified, it can be assumed that the measurement is a
broadband measurement.
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46

LITERATURE ON SOUND IN THE OCEAN AND EFFECTS OF NOISE

Prepared for INPEX Browse, Ltd., 27 July 2009



ICHTHYS GAS FIELD DEVELOPMENT PROJECT : REVIEW OF
LITERATURE ON SOUND IN THE OCEAN AND EFFECTS OF NOISE
ON MARINE FAUNA
Ambient Noise in the Ocean Section 4
& |
HF‘N‘"““EISI-!:MW:
e - } Sk | H Evening
s rasman f £ 9
[\ S P chorus
= B0[—Sea ___h1‘=--.]h__- - ﬁ‘h-v L u
g ol RIS AL |
= -Dﬂaﬂ. e - ‘\h-n.‘ — i ; i
- Uoral Sea™~ | TITH Ea A \ o |
£ 70 i ™ == N Tt "E: e i e Rain, heavy
~] = { =
2 Remote [~ | "N \\ 4 Bast \ ™ - o
: —dﬂB‘} o =y I‘-- i - b e ' . S-"-rllTlFS
L}u F"""-.._ 'N.-;;-\\‘, —--..__”__:-J: M S inshore
y 60 ——— N SLN Pt Sperm~l: “'-..,;\ N Rain, moderate
g | Arafura ‘S'E;;s‘ﬂh--.,_:h__‘_:}{i‘—‘-—--.,f‘ whales T :" M.
=, i — = M ] ~ \"’“\ Shrimps
= i g g ™ i 20
¢y 50 - - knols
L ol Mt \
o Usual ™ b 20 knots
(77 lowest [ e
L ccean M \
noise
2 4 Lo Nl N10 ot
= | — Wind dependeant noise at wind spesds shown i
———- Traffic noi n
L D.H. Cato, 1985
3[: (] i | T | (| i i 1 B il I i1 N §aai
10 100 1000 1000
100 e - T ——
h;“"._ Range of traffic noise
& 90 —— Wind noise at speeds shown
S Evening chorus
— =
E \
@ S
< 80 = ~]
g \ evening chorus
L 70 S ‘::-—"'““‘ o
- T 3y, ¥ g \
= i ﬁhﬁ"'h \ .
x iz ™
k60 - <
w --.__/5,-\\
o
o P
L
i 50
o
=
40 . i PR S - i PR S G W
10 100 1000
FREQUENCY (Hz)

Figure 4-2  Pressure density curves of ambient noise components

Top: Australian waters (Cato 1995)
Bottom: From Defence Science and Technology Organisation (DSTO) survey site off Perth

In contrast to deep sea regions, ambient noise levels and frequency components across shelfal and nearshore
waters are far more variable with season, location and time of day and are less amenable to prediction without
local measurements. While the key sources remain shipping and local weather patterns, contributions from
marine biota as well as various fishing, boating and industrial noises near ports, Harbours and marinas become
significant, with the level and composition changing with time and place (Cato 2000; Urick 1983).
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In regions with feeding or breeding great whales, whale vocalisations vary by season, week, day and hour and
can boost background noise levels to over 120 dB (re 1 pPa) (e.g. 110-136 Db [re 1 pPa [rms]] at ¥50B 300 Hz,
with 123 dB [re 1uPa] peaks at 315 Hz °), as measured in March and April 1998 at four locations off Maui where
humpback whales were not in the vicinity of the receivers (Au & Green 2000). The type, intensity and
propagation of sources contributing to ambient noise in coastal waters are also more spatially variable as a
consequence of finer scale changes in seafloor topography and seafloor substrate. Levels increase where more
reflective rocky substrates are prevalent and decrease where thick absorptive layers of fine sediments and mud
occur.

Turbulence and seafloor saltation noise induced by strong tidal streams can also become locally dominant,
particularly in coastal parts of northern Australia with large tidal ranges, and where noise levels fluctuate widely
according to local tidal flow rates and bottom types. Ambient noise in Kimberley embayments that contain
coarse gravely sediments can exceed 110-120 dB on a diurnal basis, particularly during spring ebb and flood
tides (URS 2008).

Published plots of low and high frequency ambient noise indicate that the waters surrounding Australia
(Figure 4-2) are similar to those elsewhere except for the noisier areas of busy shipping traffic in south Asia,
east Asia and NW Atlantic-European waters (see e.g. the colour global sound charts in NRC 2003).

° When evaluating the literature it is important to check the measure used when interpreting reported pulse
levels. Geophysical studies frequently record peak-to-peak values (dB (re 1 yPa at 1 m)), while the ‘peak level’
(zero to peak) for the same pulse is typically some 6 dB less. Received sound levels of airgun pulses in
biological reports are often given as the average level (root mean square; rms), which represents the mean
sound pressure level over the duration of the pulse. These are typically some 10 dB lower than the zero-peak
level of airgun pulses and often 16 dB lower than the peak-peak value (e.g. Greene 1997, McCauley et al. 1998,
2000a). The energy level (dB (re 1 yPa2 per second) is less frequently used and is always lower than rms
pressure level because the pulses are less than 1 second.
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5.1 Characteristics of Natural Ambient Noise

The following sections describe the naturally sourced sounds that contribute to the ambient background of
ocean noise. In the absence of shipping, natural sources are the dominant sources of the long-term
time-averaged ocean noise at all frequencies, including whale calling in many regions (e.g. McCauley & Cato
2003). Even in the presence of distant shipping, contributions from a range of natural sources dominate the
ocean noise spectra below 5 Hz and from a few 100 Hz to 200 kHz.

The dominant source of natural noise across the 1-100,000 Hz range is associated with sea surface waves
generated by wind acting on the sea surface. Non-linear interactions between ocean surface waves, previously
called ‘microseisms’, are the dominant contributors below 500 Hz

(referred to as ‘Surface Waves Second-Order Pressure Effects’in the classical Wenz curves of ambient noise).
The dominant contributor above 50,000 Hz is thermal noise, which arises from pressure fluctuations associated
with the molecular agitation of the ocean medium itself (Section 5.2.5).

Natural biological sound sources make significant contributions in certain regions, seasons and times of day.
For example the natural noise from snapping shrimps (from ~5 kHz to 300 kHz) forms an important component
close to reefs and in rocky bottom regions in shallow waters in <40° latitudes, reaching crescendo proportions in
<60 m deep areas near tropical coasts. Fish choruses can significantly add to ocean noise in many locales,
while groups of whistling and echo-locating dolphins can raise local noise levels in the frequency range of their
signals. An almost infrasonic peak around 20 Hz created by modulation of the calls of large baleen whales,
often referred to as ‘whale ticks’ (e.g. Au & Green 2000), is often present in deep-ocean spectra, while choruses
of humpback whales reach broad peaks near 300 Hz,. Around Australia, the Timor/Arafura Sea region has the
most divergent ambient noise signature owing to the dominant role of biological sources plus distinctive fish
sounds (Cato 2000).

5.2 Components of Natural Ambient Noise

The frequency ranges of the following common natural physical and biological sources of relatively intense,
persistent and/or frequent noise are shown in Figures 5-1 and 5-2, with their source levels listed in Table 5-1.

Physical: Subterranean vents, tremors, earthquakes, eruptions, sediment slumps and other tectonic
activity; lightning strikes, microseisms; thermal noise, ice cracking, wind waves, surf, rainfall, tidal turbulence
and seafloor saltation.

Biological: Sea urchins, snapping shrimp, Sciaenid croakers (jewfish, mulloway, etc), other fish choruses,
high frequency whistles and echolocation clicks (dolphins and other toothed whales), low frequency
vocalisations (great whales, including near-infrasonic calls from rorqual species), unidentified ‘biotics’.
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Table 5-1 Examples of intense natural sound sources
Location and Perceived Y O Frequency | Source
SIS LG Timing Direction LRI range (Hz) | Level*
Tectonic quakps, Unpredictable ' Seafloor or Sudden 1rregula.r transients LF (10-100) | 220-250
tremors, eruptions circumferential (2-20 mins)
Lightning Unpredictable Surface Sudden short pulse Broadband | ~260
Breaching gnd Variable Surface Sudden pulse Broadband | 170-190
fluke slapping
Baleen whale Variable Variable Variable coptmuous or LF-MF.+ 170-195
songs and moans transients harmonics
Delphinid whistles . . Mostly anticipated HF-VHF
and squeals Variable Variable transients (>10 kHz) 180-195
Sperm whale click, Variable Variable Mostly aqtlclpated HF 180-235
codas and creaks transients
Toothed whale . . Mostly anticipated HF-VHF
echolocation sonar Variable Variable pulses or click bursts (>10 kHz) 190-232
Sea ice noises Surface Multg)(l)eisnilslrface Variable transients Broadband | 120-190
E(i):gh weather and Surface Background Irregular, continuous Broadband | 80-120*
Tide turbglence Seafloor Background Regular, continuous Broadband | 80-120*
and saltation
Stationary / LF and
Fish choruses Variable Ty Regular continuous MEF/HF 80-120*
background
tonals
. . Stationary / . "
Snapping shrimps Seafloor backeround Regular, continuous LF-MF 80-120

*dB (re uP at 1 m) peak-peak
(from University of Rhode Island [undated], NOAA 2002, Cato 2000, Simon et al. 2003.)

5.2.1

Seismic events from tectonic activity produce one of the most intense sources of natural noise. Undersea
earthquakes, seafloor venting and volcanic activity frequently provide sources of intense low frequency sound.
Sounds from volcanic eruptions and resonance tremors in the Pacific Ocean are routinely detected and
recorded across distances of thousands of miles.

Eruptions, tremors and other tectonic events

Fox et al. (2002) noted that seismic monitoring since 1991 shows that natural seismic activity in the Pacific
Basin produces nearly 10,000 acoustic events annually that involve source levels >200 dB (re 1 yPa 1m).
Arriving signals often have sudden, sharp onsets and can last from several seconds to several minutes, with
frequencies extending from the infrasonic to over 100 Hz.

Earthquakes produce a triangular-shaped acoustic energy signal known as ‘T-waves’. The T-phase duration is
related to the earthquake magnitude, and these produce the highest acoustic energy in the 5-35 Hz frequency
range (e.g. Nishimura & Clark 2001). A T-wave showing the highest acoustic energy in the 5-30 Hz range is
shown in Figure 5-1 (the yellows and reds).

URS
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Figure 5-1 Triangular shaped low frequency signal from subsea earthquake

Plots of T-waves recorded by both SOSUS % and NOAA'’s Eastern Equatorial Pacific autonomous hydrophone
array " during the February 1996 Gorda eruption (near 42°40'N and 126°48'W in the northeast Pacific), and the

' The SOund SUrveillance System (SOSUS) is a fixed component of the US Navy's Integrated Undersea
Surveillance Systems (IUSS) network that was deployed for deep ocean surveillance during the Cold War.
Installation of SOSUS began in the mid 1950s for use in antisubmarine warfare SOSUS consists of bottom
mounted hydrophone arrays connected by undersea communication cables to facilities on shore. The individual
arrays are installed primarily on continental slopes and seamounts at optimal locations for receiving undistorted
long range acoustic propagation. The combination of location within the oceanic sound channel and the
sensitivity of large-aperture arrays allows the system to detect radiated acoustic power of less than one watt at
ranges of several hundred kilometres. A brief history of SOSUS and its current use is at
http://www.globalsecurity.org/intell/systems/sosus.htm.

" In October 1990, NOAA was permitted to access the SOSUS arrays in the North Pacific for ocean
environmental monitoring. The data collection systems developed by NOAA's VENTS Program were
implemented in August 1991, with acoustic signals from the north Pacific Ocean recorded at NOAA’s Pacific
Marine Environmental Laboratory (PMEL) in Newport, Oregon. PMEL has subsequently deployed moored
autonomous hydrophones for monitoring remote ocean areas not covered by fixed arrays such as SOSUS.
PMEL is the primary centre for both continuous monitoring of low-level seismicity around the northeast Pacific
Ocean and real-time detection of intense volcanic activity along the northeast Pacific spreading centres, in
support of NOAA’s VENTS research on ocean hydrothermal systems. Its first array was deployed in the eastern
equatorial Pacific in May 1996 to long-term monitor the East Pacific Rise between 20N-20S. Other arrays have
since been deployed on the centre ridge of the Atlantic Ocean. Real-time ridge crest monitoring permits timely
on-site investigations of hydrothermal and magma emissions. Hydrophones have also been deployed in the Gulf
of Alaska for marine mammal monitoring in 2000. The sensitive PMEL arrays have recorded several airgun
sources from around the Atlantic Basin, sometimes simultaneously. The most frequent originating locations are
near Nova Scotia (Canada), northeast Brazil and northwest Africa. Airgun signals have occurred in
approximately 75% of the annual data recordings of the Atlantic arrays. More information is at
http://www.pmel.noaa.gov/vents/acoustics/haru_system.html.
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1993 lateral magma injection and subsequent eruption at the ‘CoAxial Segment’ site (on the Juan de Fuca
Ridge at 46°30'N) are shown in Figure 5-2(a,b). The latter event comprised a dike injection and eruption
episode during June-July 1993, and intense T-waves were generated during the latter part of this event. The
flow site was subsequently investigated by Canada’s remotely operated vehicle ROPOS in mid-July 1993,
where it found and mapped a fresh venting lava flow 2.5 km long plus extensive venting along a nearby 4 km
tract.

1
0]
3
L
£y

Figure 5-2  Colour spectrograms showing examples of T-waves
a) Recorded during the 1996 Gorda eruption
b) Recorded during the 1993 Coaxial segment magma injection
[one minute ticks along the x-axis, 0-75 Hertz along the y-axis; from PMEL (2006)].

The seismicity of the Gorda and Coaxial segment events are very similar, in which a rapid series of earthquakes
occurs without large ‘foreshocks’ (Figure 5-2(a,b)). The histogram in Figure 5-3 shows the number of events
recorded per hour for each event. The apparent decline in activity of the Gorda seismic events from midday

day 62 to late day 65 was probably due to loss of the closest array.

The various hydrophone arrays in the Pacific and Atlantic Oceans have been monitoring these types of seismic
events for many years. A long-lasting example comprises the extremely loud tremor-like signals which
emanated from the volcanically active island chain south of Japan. This is the so-called

‘Inferred Harmonic Tremor’ which developed on 30 separate occasions between May 1998 and December 1999
(PMEL 2006). The precise source was beyond the optimal array coverage but the best estimates place it
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between 22-27°N and 138-141°E. The signals were characterized by a high amplitude fundamental at ~10 Hz
plus three harmonics at 20, 30, and 40 Hz. The signals typically appeared as discrete packets lasting

4-5 minutes, with brief quiescent periods of roughly 30 seconds followed by the beginning of the next packet of
signals (Figure 5-4). During each signal packet, the spectral peaks typically rose by 5-10 Hz while maintaining
their harmonic spacing. The largest peak amplitudes and longest durations occurred on four separate occasions
during August 1998, on seven widely spaced occasions during 1999 and continued into 2000. The distinctive
spectral characteristics have been previously seen in volcanic tremor signals recorded by seismic and airborne

equipment from the Arenal and Pavlof volcanos in Costa Rica and Alaska (PMEL 2006).
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[from PMEL (2006))].
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Natural Sources of Noise in the Ocean

900

A 900 second (15 minute) portion of the ‘'Inferred Harmonic Tremor' that was
detected south of Japan on many separate occasions in 1998-2000.

[from PMEL (2006)]

Figure 5-5 shows a 10 minute (600 second) spectrogram from the SOund SUrveillance System (SOSUS)
autonomous deep water hydrophones in the western North Atlantic. The green-highlight shows a low frequency
T-wave from an earthquake event in the mid-Atlantic, while the blue- and pink highlighted dark vertical streaks
are vocalisations of humpback and minke whales in the vicinity of the array. The spectrogram and sound file
show the earthquake produced a loud, low frequency rumble. This recording is on the Office of Marine
Programs (OMP) sounds page as an example of how typical tectonic events do not apparently cause marked
responses to baleen whale calling behaviour. Such statements would benefit from a longer spectrogram (i.e.
showing the type and periodicity of calls recorded for at least the same period before the event of interest as
that made after it). It is also unclear if the humpback auditory range is as sensitive to low frequency sounds as
those considered likely for the minke and larger rorquals (i.e. the blue and fin whales).

Hertz %
300 i ‘ : ]
1] l 2 | |
200 4y R
Humpback whale o L
Earthquake e = 1
100 5 dia -
' Minke whale
Wi IL ik |
0 200 400 Seconds
Figure 5-5 600 second (10 minute) spectrogram showing whale calls recorded by the

West Atlantic SOSUS array during and after a subsea earthquake

(from OMP 2006)

The northern waters of Australia are occasionally exposed to the intense low frequency sounds which emanate
from maijor tectonic events along the Indonesian-Melanesian island chain, some of which also produce tidal

URS
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waves that reach northwest Australian shorelines. Australian waters are not immune to local natural seismic
sources, since smaller earthquakes (magnitude 4 or less) are not uncommon. On average 17 moderate sized
earthquakes occur annually on Australia’s continental shelf, while seven seismic events were recorded in

21 days in the deep sound channel off Cape Leeuwin (southwest Australia) in June-July 1998 (Pidcock et al.
2003).

5.2.2 Ocean-wave interactions (microseisms)

‘Microseisms’ are the dominant below 10 Hz natural noise source in the space and time averaged ocean noise
spectra (Section 6-1). This source is generated by non-linear interactions of ocean surface waves. Oppositely
propagating waves produce a standing wave pattern that radiates sound with twice the frequency of that of the
interacting surface waves. These waves are not related to tectonic processes but were termed ‘microseisms’ by
seismologists because they are also the dominant source of noise in high quality, on-land seismometer
measurements. The Wenz-Curves include ‘Seismic Background’ (Figure 4-1) but it is now known that
earthquakes and other tectonic processes contribute only intermittently while the ocean wave interactions
provide an almost continuous source of ocean noise in the low frequency range.

5.2.3 Lightning strikes

Underwater recordings of spectra of a received sound of thunder from a storm 5-10 km away show a peak
between 50 and 250 Hz up to 15 dB above background levels, with detectable energy down to 10 Hz and up to
1 kHz (Dubrovsky & Kosterin 1993, in NRC 2003; Hill 1985). Lightning strikes produce one of the loudest natural
sounds in the ocean, generating low tonal impulses with source levels close to the ocean surface of about

260 dB (re 1 yPa at 1 m) (Arnold, Bass & Atchley 1984; Hill 1985; OMP 2006). Analysis of underwater records
indicates the sound has an inherent ability for substantial propagation as most of the energy is in the

10-1000 Hz range, with peaks between 100-300 Hz (Figure 5-6). Most lightning activity is recorded during
thunderstorms which have lifetimes usually less than an hour and with fronts as small as 5-10 km. Sometimes
thunderstorms are arranged in lines hundreds of kilometres long or form large circular clusters.
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Figure 5-6 = Spectrogram of an underwater recording of a lightning strike
[recording from the DFO Institute of Ocean Sciences, British Columbia, Canada]

As shown in Figure 5-7, lightning activity is generally less over the oceans than land. The broader Darwin region
receives approximately 6-8 ground flashes per km? per year (see Figure 5-8). Darwin Harbour covers an area of
approximately 500 km?, and as such from these figures it can estimated that this area may potentially
experience between 3000 and 4000 lightning ground flashes per year.
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Figure 5-7  Global distribution of lightning flash density (km?) per annum

[from http://thunder.msfc.nasa.gov/otd/images/global_ltg_from_paper.JPG ]
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Figure 5-8  Australian annual lightning ground flash density

[from http://www.bom.gov.au/cgi-bin/climate/cgi_bin_scripts/thunder-light.cgi]
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524 Wind and rain sources

Wind is almost omni-present and its acoustic signature is discernible most of the time (e.g. Richardson et al.
1995, Quartly 2002). Wind generates subsurface sound via the production of breaking waves and generation of
subsurface bubbles, with a frequency range from 200 to 50,000 Hz. Although the production of bubbles appears
to visibly commence once wind speeds exceed ~5 ms™ and breaking waves form 'white caps’, bubbles are
produced even under very light winds (Quartly 2002). The movement and breaking of these bubbles cause
strong underwater sounds. The typical noise spectra due to wind-induced wave and bubble formation increase
with wind speed and fall off with frequency (Figure 5-9(a)).
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Figure 5-9 Underwater spectrograms

(a) different wind speeds (in m s™') and (b) rainfall, and (c) rainfall rate probability distributions when raining.
(c) upper panel = Nov-Dec 1999; (c) lower panel = May-Jun 2000

[All data for Loch Etive in Scotland, reproduced from Quartly 2002.]

Recent meteorological events and shipping activity can have an effect, as both strong winds and heavy rain
produce a sub-surface bubble layer that takes time to dissipate and attenuates the higher frequencies
generated by any subsequent surface sources (Quartly 2002). Bubbles left in the wake of passing ships can be
identified for almost an hour after the event. Heavy swells produced by storms many hundreds or thousands of
kilometres away can arrive on exposed beaches to produce large plunging breakers which can raise local
ambient levels over 20 dB for up to 1 km offshore from big surf beaches.

Rain produces a loud, distinctive signal that can increase ambient noise by up to 35 dB across a wide band
(100 Hz-50 kHz; Figures 4-1, 4-2). Drizzle produces a characteristic ~14 kHz peak while the intensity of the
frequency spectra of heavy rain often exceed that of wind (Figure 5-9(b,c)). Rain generates sound in several
ways including the direct impact of droplets, although the bubbles produced by air entrainment during the
splashes are the noisiest component. For most raindrop sizes and angles, the bubble sounds provide the
loudest component. Small raindrops (0.8-1.2 mm) generate frequencies between 10-25 kHz. Medium raindrops
(1.2-2.0 mm) are quiet due to poor air entrainment while large (2.0-3.5 mm) and very large (>3.5 mm) raindrops
trap large bubbles which generate frequencies as low as 1 kHz. Sound recordings of rainfall can be used to
measure rainfall rate, raindrop size and other features, and are helping meteorologists, oceanographers and
climatologists in climate change studies.

Because different raindrop sizes produce distinctive sounds, the underwater sound can be inverted to
quantitatively measure drop size distribution in the rain. Acoustical Rain Gauges (ARGs) are being deployed on
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oceanic moorings to make long-term measurements of rainfall using this acoustical technique (for details see
Applied Physics Laboratory, University of Washington; http://students.washington.edu/binbing/publication.html ).

Darwin has a mean annual rainfall of 1711 mm, with rain falling on an average of 111 days, mainly in the wet
season. A range of monthly rainfall averages received at Darwin Airport (highest, mean and lowest monthly
rainfall) is presented in Figure 5-10 (BOM 2008b).

During the wet season Darwin is dominated by westerly and west-north-west winds. Dry season winds vary from
the southeast through to the north. The monsoonal tropics also experience cyclone activity. The strongest winds
and heaviest rainfall are associated with the passage of tropical cyclones, which can occur in the region at any
time during the period November to April.
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Figure 5-10 Average monthly rainfall for Darwin (mm)

5.2.5 Thermal noise

Thermal noise is generated by pressure fluctuations associated with the thermal molecular agitation of the
ocean medium itself. It is what remains when all other noise sources are removed and so provides the lowest
bound for noise levels in the ocean. Depending on sea state, thermal noise dictates the shape and level of
ambient noise spectra above 50 kHz (Figures 4-1, 2-2; NRC 2003).

5.2.6 Biological sources

Before focusing on cetaceans, it is worth noting the sound levels and frequency ranges of some of the noises
produced by other marine biota. These noises are dominated by sizzling and crackling sound of snapping
shrimps, the croaks, grinding and grunting sounds of croaker fishes and fish choruses, which generate major
peaks in the frequency ranges shown in Figures 4-1 and 4-2. The teeth-grinding action of sea urchins resonates
through their body shell and forms another significant biological sound in reef areas. Snapping shrimp are a
dominant evening source in many sub-tropical and tropical shelfal waters, while loud fish choruses are common
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around Australia’s coasts, particularly after sunset and near dawn (Figure 4-2; see Cato 2000 for more details).
Turtles do not vocalise (Richardson et al. 1995).

Whales, dolphins and porpoises produce a wide range of sound covering the frequencies between 10 and
20,000 Hz, and there are many web sites containing spectrograms and sound files of recorded vocalisations 12
covering a range of species. Some of these sites also provide audio file examples of various unidentified
‘bloops’ ‘slow-downs’ and other presumed biological sounds (some possibly cetacean) whose source is
unknown.

The dolphins and other toothed species (Odontocetes) typically produce all of the higher frequency (>5000 Hz)
calls, whistles and echolocation pulses (with the exception of the songs of male humpback whales), while the
baleen whales (Mysticetes) vocalise in the low to mid range, with the larger rorquals producing low to very low
(infrasonic) frequencies (Figure 5-11).

It is not exactly understood how the various types of call and echolocation pulses are generated, although the
melon is known to be critical for focusing the typically intense echolocation pulses and clicks in the
Odontocetes. Estimates of the source level of the 38 microsecond broadband clicks produced by orcas when
searching and feeding on Norwegian herring are in the 187-213 dB (re 1y Pa [peak-peak] 1 m) range, with
centre frequencies of 26-57 kHz; (Simon et al. 2003). These frequencies lie in the highest sensitivity zone of the
orca audiogram. By contrast, an underwater tail slap used by orcas to stun herring produces a broadband multi
pulsed sound with an estimated source level of 187 dB (re 1uPa [peak-peak] at 1 m) (Simon et al. 2003).

'2 The term ‘vocalisation’ refers to any sound intentionally produced by a marine mammal that may be used for
communication, orientation, prey detection, feeding or breeding. It does not imply that marine mammals use
vocal folds, i.e. by exhaling lung air to vibrate vocal cords in base of the throat.
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Figure 5-11 Frequency range for some baleen whales and dolphins
(Keyboard shows fundamental musical scale; adapted from McCauley [2003])

The following subsections describe the vocalisations of key species potentially occurring in the waters northern
waters of Australia and Darwin Harbour. The acoustic sensitivities of theses species are described in Section 6.

Sirenians

The underwater sounds of manatees and dugongs have been described as squeals, whistles, chirps, barks,
trills, squeaks and frog like calls. The calls of a West Indian Manatee have been measured within a typical range
of 0.6 to 5 kHz. Dugong calls are believed to be within the range of 0.5 to 18 kHz with the peak spectra between
1 and 8 kHz (Ketten 1998).

Marine turtles

There is minimal information available regarding marine turtle generated noise, although Richardson et al.
(1995) report that they have relatively weak vocalisation ability, mostly in the 100-700 Hz range.

Cetaceans

Humpback whales

Humpback whales are probably the best known member of the rorqual group owing to the complex
vocalizations of the mature males that cover many octaves. Sounds produced by the males are arranged in
complex, repeating sequences that contain both tonal and pulsed components to form long ‘songs’, probably to
help attract females. Some males will vocalise hundreds of times a day, sometimes for up to 20 hours without
significant breaks. Large older males produce the longest and most complex songs, presumably to demonstrate
fithess by maintaining a long song without interruption for surface breathing.
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The loud songs directed in the breeding season by males towards females, other males or both, are now known
to have estimated source intensities up to at least 189 dB (re 1 yPa at 1 m) and frequencies in the 25 to

25000 Hz range (Payne 1970; Winn et al. 1970a; Thompson et al. 1986, in NMFS 2002; Mercado & Frazer
1999; NRC 2003). The songs differ among the regional populations and can change from year to year. Earlier
estimates of their source levels (155-174 dB (re 1 yPa at 1 m)) were considered to provide an effective

10-20 km range that could extend to 160 km depending on local conditions (Thompson et al. 1979, in NMFS
2002).

Animals in mating groups produce a variety of sounds, and the sounds associated with apparent aggressive
behaviour by males are different from the long songs. The shorter vocalisations extend from 50 Hz to at least
10 kHz, with most energy in the components below 3 kHz. The vocalisations appear to have audibly effective
ranges of up to 9 km (Tyack 1981, 1983; Silbert 1986; Tyack & Whitehead 1983; all in NMFS 2002).

Songs from eight male humpback whales in a mating group were recorded by Mercado, Herman and Pack
(2003) at very close ranges (20-40 m) by both single and vertical array hydrophones that had a uniform
frequency response to 24 kHz. The equipment found many songs to comprise discrete bursts of sound. These
bursts were organised into phrases, and phrases into themes. Most bursts had a mean duration between

1-2 seconds separated by similar intervals. Many of the recorded songs contained units that had high frequency
harmonics extending to at least 22 kHz, implying that the broadband quality of the male songs is much wider
than previously detected, providing further insight as to the possible high frequency limit in humpback hearing.
The source levels of the different songs were estimated by considering the root mean square (rms) pressure
level of the most intense units in each phrase of a song. Source levels varied between 171 and

189 dB (re 1 yPa at 1 m). The eight males were regularly observed within two whale lengths of females,
indicating that male humpback whales exposed female whales to high sound intensity levels (Mercado, Herman
& Pack 2003).

There is increasing evidence that similarly long, complex and intense humpback male calls are occurring in
feeding areas, such as those sung daily in the summer feeding grounds in the North West Atlantic

(Clark & Clapham 2004). Shorter sounds have also been recorded in the 75 m deep Soquel Canyon in
Monterey Bay (California). These feeding-associated calls include low frequency grunts and higher frequency
‘eeeeees’ that may be used to coordinate group feeding, rally animals to feeding hotspots and/or concentrate
the sardine schools that they target in this area. These distinctive sounds range from 20 Hz to 2 kHz, with
median durations of 0.2-0.8 seconds and estimated source levels of 175-192 dB (re 1 yPa at 1 m) (Vincent et al.
1985, Thompson et al. 1986, Sharpe & Dill 1997, all in NMFS 2004).

In summary, humpback whales produce at least three types of sounds:

1) Long complex songs with components ranging from 20 Hz to at least 4000 Hz (with some harmonics to
22 kHz) with estimated source levels in the 180-189 dB (re 1 yPa 1 m) range, as delivered by mature males
in breeding areas.

2) Male aggression sounds in the breeding areas, some extending from 50 Hz to over 10 kHz with most
energy below 3 kHz.

3) Less frequent but apparently increasing vocalisations in feeding areas, which are in the 20 2000 Hz range
with estimated sources levels in the 175-192dB (re 1 yPa 1 m) range. Long complex songs from males form
part of the apparently increasing repertoire in these areas.
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The evidence of increasing vocalisations in humpback feeding grounds, as well as increasing call rates in winter
breeding areas as humpback populations recover, lends further weight to the observation of McCauley and Cato
(2003) that the ~40 year rise in low frequency background noise reported for some areas is not solely
attributable to increased shipping.

Fin whales

The most common fin whale sound is usually one second long at 20 Hz, and it has been noted that this 20 Hz
sound is primarily emitted during their reproductive season. For the majority of the year fin whale’s sounds occur
in a series of one to five pulses, expect in winter, when they occur in repeated stereotype patterns in most ice
free oceanic waters. The usual bandwidth of a fin whales sound is 3-4 Hz, with the typical 20 Hz sound
sweeping downward fro ~23 Hz to ~18 Hz (Richardson et al. 1995).

Blue whales

Blue whales are known to produce low frequency moans which are lengthy, strong and often infrasonic by
human standards. Recordings of Blue Whales off Chile noted the production of low frequency moans at
12.5-200 Hz, lasting up to 36 seconds. Overall source levels were up to 188 dB (re 1 yPa at 1 m). It was noted
that a short pulse of 390 Hz was also produced during the moan (Richardson et al. 1995).

Bryde’s whales

Data from recordings of Bryde’s whales in the Gulf of California identified that this species produce short moans
at a range of 70-245 Hz with a mean frequency of 124 Hz. Richardson et al. (1995) believe source levels could
be ~152-174 dB (re 1 yPa m), and have noted that Bryde’s whales also produce short pulsed moans
predominantly at 165-500 Hz. Calves may produce discrete pulses at 700-900 Hz (Richardson et al. 1995).

Dolphins

The Indo-Pacific humpback dolphin produces whistle sounds with a frequency range of 1.2 to 16+ kHz.
Bottlenose dolphins also produce whistle sounds within a frequency range of 0.8-2.4 kHz, and between
3.5-14.5 kHz at maximum energy. Source levels for bottlenose dolphins are in the range of

125-173 dB (re 1 yPa at 1 m). The finless porpoise is known to produce click sounds within a frequency range
of 1.6-2.2 kHz and at 2 kHz at maximum energy (Ketten, 1998). Irrawaddy dolphins (now known to be the
Australian snubfin) were observed by Van Parijs et.al (2000) to generate whistles and clicks in the range of

1 kHz to 8 kHz, and creaks and clicks at frequencies in excess of 22 kHz.

Crocodiles

Vocalization is well developed in crocodilians, with over 20 different call types from both juveniles and adults
recognized. Even though they have no vocal chords, crocodiles hiss, grunt, cough, growl, and bellow. Bellowing
choruses occur most often in spring when breeding groups congregate, but can occur at any time of year. Just
before bellowing, males project an infrasonic signal at about 10 Hz through water that vibrates ground and
nearby objects; the low-frequency vibrations travel great distances through both air and water.

Sharks

Scientists report that sharks have no internal organ for making sounds. Sharks have no vocal cords and cannot
communicate with other sharks in an audible way.
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Fish

Fish produce a range of noises including croaks, grinding and grunting. Evening fish choruses described as a
'popping chorus' have been described in McCauley (1995, 1997) and in McCauley and Cato (1998). Depending
on several factors, such choruses can cause up to 35 dB increases in night time sea-noise levels at the chorus
spectral peak. McCauley (1997) found that although the choruses seem to be mostly associated with reef
systems, they could often be active as far as 15 km from their believed parent reef. Nocturnally active

planktivorous fishes working the night time plankton layer in shallow water depths were believed responsible for
choruses.
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6.1 Components of Anthropogenic Noise

The main anthropogenic sources of noise in the marine environment include trading, working and recreational
vessels, dredging activities, drilling and pile-driving programmes, use of explosives, commercial sonar (depth
sounders, fish finders and acoustic deterrents), geophysical sonar, and noise from low flying aircraft and
helicopters. This section reviews what is known about these noise sources.

Table 6-1 Typical frequency ranges of anthropogenic noise sources

Frequency Band Principal Contributors

Ship propeller blade and shaft rates, seismic survey sources, explosives,
aircraft sonic booms.

Distant ships, explosives, seismic survey sources, construction and
industrial activities.

All sources of the 10-100 Hz band plus nearby ships’ cavitation,

100 - 1,000 Hz launches and other small craft and seismic air-gun arrays, low frequency
active sonar.

Shipping sources (close range), plus outboard powered boats, military
tactical sonars, seafloor profilers and depth sounders.

10,000 - 100,000 Hz | Mine-hunting sonar, fish finders and some hydrographic survey systems.
Mine-hunting sonar, fish finders, high-resolution seafloor mapping
devices (side-scan sonar), some depth sounders, some oceanographic and
research sonar for small-scale oceanic features and some hydrographic
survey systems (e.g. Acoustic Doppler Current Profilers).

<10 Hz

10 -100 Hz

1000 - 10,000 Hz

>100,000 Hz

(from data in NRC 2003)

6.2 General Shipping

Surface shipping remains the most widespread source of low frequency (<1000 Hz) anthropogenic noise
(e.g. Richardson et al. 1995, Simmonds & Hutchinson 1996, Popper et al. 1998). The US Navy (2001) has
estimated that the +60,000 vessels of the world’s merchant fleet annually emit low frequency sound into the
world’s oceans for the equivalent of 21.9 million days, on the basis that 80% of this fleet is at sea at any given
time.

Ships generate substantial broadband noise from their propellers, motors, auxiliary machinery, gear boxes and
shafts, plus their hull wake and turbulence. Diesel motors produce more noise than steam or gas turbines, but
most long distance (low frequency) noise is generated by the ‘hissing’ cavitation of the spinning propeller. The
characteristics of the principal sources of ship noise are as follows:

Propeller noise: Originates from the propeller blade cavitation that forms gas-filled cavities whenever the
pressure of the water accelerating over the face and any rough edges on each blade falls below critical values
(propeller blades ‘suck’ ships forward by the very low pressures generated on their forward faces, and these
rapid pressure falls cause the ‘boiling’ effect). Intense broadband sound is created when the bubbles
subsequently collapse in either a turbulent stream or against the surface of the propeller. Cavitation noise is
directly related to vessel speed (the faster the propeller rotates, the more cavitation plus the larger the wake; in
which further air bubble generation and collapse occur).
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For ships with constant pitch propellers, the intense ‘hissing’ noise begins above the cavitation inception speed
(typically 7-14 knots for most merchant ships). For tugs, rig supply tenders and dynamically-positioned drilling
ships equipped with variable pitch propellers, and/or thrusters, cavitation noise occurs at both low and high
speeds, with cavitation-free speeds often restricted to the 7-10 knot range. Propeller blades also generate the
distinct ‘blade rate’ tones that are proportional to the rotation rate of the propeller, while ‘singing’ propellers are
not uncommon but usually restricted to a narrow band of the vessel’s overall speed range 3

Flow noise: While most collapsing bubble noise is generated by propeller blade cavitation, other bubble noises
emanate from obstructions on the hull and in the wave wake produced by the ship. Flow noise is sourced mainly
from the external flow of water around the hull but also includes the noise of any fluids flowing through internal
pipework that becomes transmitted through the hull. External flow noise includes vibrations and rattles in the
hull plating and other external structures, plus the noise of the continuously breaking bow and stern waves and
turbulence produced by protruding structures such as bilge keels, rudders and corrosion protection sacrificial
anodes.

Machinery noise: A range of mechanical vibrations that are generated by the main motors and auxiliary units
and transmitted through the hull to the water, contributing to both broadband and narrowband noises.

Compared to merchant ships, fighting ships and submarines are designed, built, maintained and operated to be
much quieter for two operationally critical reasons. Firstly to limit their potential to become acoustically detected
by an adversary’s sensors and underwater weaponry, and secondly to reduce acoustic ‘self-masking’ and thus

maximise their detection and range-finding capabilities.

The noise spectrum radiated from merchant ships is typically 20-500 Hz with tonal peaks at approximately
50-60 Hz, often referred to as ‘far field noise’. Their low frequency noise components significantly contribute to
the amount of low frequency ambient noise, particularly in regions with heavy ship traffic. Thus ship noise needs
to be treated in two categories; noise from nearby ships and that from distant traffic. Noise from nearby shipping
is usually readily discernible as coming from individual vessels, with each ship producing a specific noise
signature; often referred to as ‘near field noise’. The sound level and frequency characteristics (‘signature’) of
discernible ships depend on their size, number of propellers, number and type of propeller blades, blade
biofouling condition and machinery/transmission maintenance condition. In general, the larger the ship the
louder the source level and the lower its tonals. Ships also produce cavitation noise typically in the region of
500-3000 Hz, depending on the size of the vessel.

3 Ship builders report that approximately four of every 100 of new or refurbished propellers which meet all
industry design standards are discovered to be a ‘singing’ propeller when fitted

(e.g. http://www.henleyspropellers.com/faq.htm). Singing occurs when the frequency of the vortices shed in the
vicinity of the blade trailing edge match the blade’s structural natural frequency, exciting the blade in a twisting
mode in the same way a wine glass can be made to sing when its rim is gently rubbed. A singing propeller will
usually excite the hull via the shaft and brackets, causing an annoyingly loud audible tone at particular

RPM bands. This can occur on all vessel types, from small recreational cruisers to large ships, and involve one
or both of a matched pair on twin installations. The loud airborne tone inside the hull is produced via the blade
resonation through the drive train, shaft bracket or other hull components. In most cases the resonance-
producing RPM band is narrow (A50 rpm) but in severe cases the audible tone occupies the normal operating
range and/or may extend for over 400 RPM.
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Figure 6-1 illustrates the energy spectra measured from large bulk carriers sailing into and out of the Port of
Dampier in Western Australia. Peak average noise was in excess of 180 dB at a frequency of 10 Hz, with

1000 Hz tones at levels of 140-150 dB. The sound source levels of trading ships are compared with non-trading
vessel types in Table 6-2.
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Figure 6-1 Merchant ship acoustic signatures measured in Dampier (WA) by DSTO
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Table 6-2 Comparison of sound source levels from a range of anthropogenic sound
sources
Peak source level/s
Peak frequency
Source
or band
(re1 pPa 1 m)

Icebreaking ship (full power in ice) 10-1000 Hz 193 dB
Large tankers and bulk carrier blade and shaft rates* 10-30 Hz 180-186 dB
Container ship blade and shaft rates ** 7-33 Hz 181 dB
Large tanker and bulk carrier cavitation 1000-4000 Hz Not sure

64 m Rig supply tender* (broadband) 177 dB

Tug towing barge cavitation noise* 1000-5000 Hz 145-171 dB

20 m Fishing vessel* (broadband) 168 dB

25 m SWATH ferry with 2 x inboard diesels 315 Hz 166 dB

13 m catamaran with 2 x inboard diesels* 315/1600 Hz 159/160 dB
Bertram cabin cruiser with 2 inboard diesels* 400 Hz 156 dB

fatréls EHIB with 2 x 250 hp outboards blade and shaft 50-300 Hz 177-180 dB

8 m RHIB with 2 x outboards cavitation noise 1000 — 10 000 Hz

4.5 m inflatable with 1 x 25 hp outboard* 2000-20 000 Hz 157-159 dB
Cutter-suction dredge (working) 100 Hz tonal ~180 dB
Clamshell dredge (working) 250 Hz pulses 150-162 dB
Pile driving operations Low tonal pulses 170-180 dB
Seismic survey 0-1000 Hz 200-232 dB
Drilling 10-4000 Hz 154-170 dB
Supply vessel 1-500 Hz 182 dB

* recorded at 10-11 knots; ** recorded at ~15 knots.

Data sourced from Richardson et al. 1995; Dames & Moore 1996; Au and Green 2000, McCauley et al. 2002; University of
Rhode Island, undated; and DSTO data for the Port of Dampier.

Distant shipping elevates local ambient levels across the 5-100 Hz band and no single ship is discernible. For a
typical deep ocean case where propagation conditions are good, a large tanker with a source spectrum of

~180 Db (re 1 yPa2/Hz at 1m) at 50 Hz may contribute 85 dB at 20 km, 75 dB at 200 km and 65 dB at 2000 km.
Thus for a typical North Atlantic ambient noise spectrum level of 85 dB at 50 Hz, this may be dominated by the
contribution from a single nearby ship (20 km) or ten large ships within 200 km, or 100 large ships within

2000 km (e.g. Popper et al. 1998). Thus the actual level of traffic-induced background noise depends on the
number, size and distribution of trading ships underway within the particular sea or ocean basin, plus their
source levels and propagation conditions. Shipping activity around Australia is shown in Figure 6-2.

NRC (1994) estimated that the background ocean noise level at 100 Hz may have increased by about 1.5 dB
per decade since the advent of propeller-driven ships, while Ross (1976) estimated that the increased number,
size and speed of the global shipping fleet between 1950 and 1975 caused overall average ambient ocean
noise levels to rise by as much as 10 dB in this period. From a review of historical acoustic recording data,
Andrew et al. (2002) concluded that the increased size of the world fleet was responsible for the 10-15 dB
increase they detected in low frequency ambient noise records since the 1960s.
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These trend estimations, however, are by nature speculative since their scientific basis is compromised by
inadequate data in the historical records and confounded by the rise in other contributing sources, particular the
intense low frequency calls of the recovering rorqual populations (McCauley & Cato 2003). In addition,
McCarthy et al. (2002) examined a range of anthropogenic sources (including petroleum exploration, shipping,
academic research and military activities) and concluded that although general levels of shipping activity have
increased, regional noise levels do not necessarily rise in direct proportion, and in some cases might have
fallen, owing to introduction of larger ships, new technologies and other improved efficiencies.

The Port of Darwin contains well established trading and recreational facilities that receive a wide variety of
vessels from small pleasure boats to commercial tankers. The port boundaries encompass all parts of Darwin
Harbour (including East Arm, Middle Arm and West Arm) and extend into Beagle Gulf.

Vessel traffic within the port has been increasing since 2003, as shown in Figure 6-2. The majority of traffic is
comprised of non-trading vessels, which includes naval vessels, research and recreational craft, fishing and
fishing supply vessels and pearling industry support vessels. Trading vessels are commercial ships carrying
cargo or passengers, and include rig tenders, tankers, livestock carriers, bulk cargo vessels, barges and cruise
vessels (Darwin Port Corporation 2008).

In 2007-08, the main types of non-trading vessels utilising the port were fishing and prawning boats (81%)
followed by pleasure crafts such as yachts (6%). Trading vessels mainly comprised barges and stone dumping
vessels (38%) and rig tenders (24%), while bulk liquid tanker vessels (such as petroleum tankers) represented
6% of the total vessels (Darwin Port Corporation 2008a).

Figure 6-2  Vessel traffic density around Australia indicated via daily vessel movement
reports (VMRs) to the Australian Maritime Safety Authority (AMSA)
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Figure 6-3  Annual number of vessels visiting the port of Darwin

6.3 Tugs

The propellers of most tugs are often heavily recessed and/or cowled to improve protection and thrust. These
types of configurations reduce the forward and lateral transmission of the sound rays from propeller cavitation
and blade rate tonals, but can also increase the directionality of sounds. Tugs towing barges produce less
sound than larger or faster trading ships (Table 6-2).

6.4 Dredges

Received sound levels from some large trailer suction hopper dredges operating in rocky areas have been
recorded in excess of 150 dB (re 1uPa at 1 km), while large cutter suction dredges can emit strong tones from
the water pumps that are audible to 20-30 km ranges (Richardson et al. 1995, Dames & Moore 1996b).
Underwater noise levels from the self-propelled hopper barges engaged in transferring dredge spoil are often
higher than the noises from the dredge itself, particularly during the loading and dumping operation of rocky
material.

Clamshell dredges emit varying sounds depending on the phase of the grab-retrieve-release operation, with
strongest source levels (150-162 dB (re 1uPa at 1 m) reported for the 750B centred at 250 Hz. The highest level
was from the bucket winch which generated a broadband source level of 167 dB (re 1uPa 1 m) (Miles et al.
1989 in Richardson et al. 1995).
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6.5 Launches, Fishing Vessels and Powerboats

Underwater noise measurements of 21.5-22 m vessels of various designs which carried whale-watchers in
Hervey Bay (Queensland) showed that vessel speed was the primary factor which influences the amount of
sound radiating from members of this 1-70 tonne fleet (McCauley et al. 1996). Small vessels produce significant
directional noise patterns, with more noise radiating fore and aft than abeam. This has been attributed to the
relative lack of hull noise shielding in the forward direction and only limited aft attenuation of propeller cavitation
noise by the wake-induced bubble cloud. A number of vessels had ‘singing’ propellers (producing strong audible
tones that significantly add to the noise signature at particular RPM ranges). The other key factor influencing
vessel noise is size of vessel. In another example, McCauley (1998) noted the difference in broadband noise
from a 20 m fishing vessel (168 dB (re 1uPa at 1m)) and a 64 m oil-rig tender (177 dB (re 1uPa at 1m)), as
recorded when both were underway at 11-12 knots on different occasions in the Timor Sea. The difference of

9 dB represents a tripling of sound energy.

In the case of small power craft and patrol boats fitted with large outboard motors, these can produce relatively
intense sound levels, particularly when travelling at planing speed. Single or twin outboard installations are the
most common type of propulsion for <7 m long power boats in Australian coastal waters, i.e. inflatables,
runabouts, small cabin cruisers, recreational fishing boats and rigid-hulled inflatable boats (RHIBs), and their
fast rotating external machinery and small propellers produce intense and more complex sound spectra than
those of launches fitted with inboard diesels (e.g. Gordon et al. 1992, Richardson et al. 1995, Au & Green
2000). Outboard motors produce broadband noise with many strong tonals and higher harmonics to 6000 Hz or
more, with peak source levels in the 150-180 dB (re 1 yPa at 1m) range (Table 6-2). They also produce
cavitation noise with a peak frequency from 1000-6000 Hz, and producing noise up to 20 kHz or possibly even
higher.

6.6 Petroleum Industry Operations

Noise is generated during all phases of oil and gas production. Noise sources may be continuous or impulsive
and can be described as being transient or permanent, as shown in Table 6-3. Activities generating noise are
many and varied, ranging from seismic surveys (exploration), through pile driving and pipelaying (installation) to
drilling and platform operations (production) and explosive wellhead decommissioning (decommissioning). Most
noise sources associated with oil and gas production can broadly classified as noise originating from

(1) machinery, (2) propellers (cavitation), (3) hydrodynamic excitation of structures (turbulent flow) or

(4) impulsive sound sources (airguns / pile drivers) (Table 6-3).
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Table 6-3 Summary of noise sources and activities associated with oil and gas exploration
and production
Activity Source Source Type Temporal Function
(duty cycle)
Exploration Seismic surveys Air guns + seismic Impulsive Transient (weeks)
vessel +
continuous
Exploratory drilling Machinery noise Continuous Transient (weeks)
Transport (equipment + | Helicopters Intermittent Transient (days,
personnel) weeks)
Transport (equipment + | Support vessels Continuous Transient (weeks)
personnel)
Installation Pile driving Pile driver +support | Impulsive Transient (weeks)
vessel +
continuous
Pipe-laying Pipe laying vessel + | Continuous Transient (weeks)
support
Trenching Trenching vessel + Continuous Transient (weeks)
support
Transport (equipment + | Helicopters Intermittent Transient (days,
personnel) weeks)
Transport (equipment + | Support vessels Continuous Transient (weeks)
personnel)
Production Drilling Machinery noise Continuous Permanent (years)
Power generation Gas turbines, Continuous Permanent (years)
generators
Pumping Pumps, separators Continuous Permanent (years)
Transport (equipment + | Helicopters Intermittent Periodic
personnel)
Transport (equipment + | Support vessels Continuous Periodic
personnel)

Underwater machinery noise is the result of mechanical vibration that is coupled to the sea via, for example, a
ship hull, oil platform legs or through the ground. Within the machinery noise class, a distinction between
propulsion machinery (diesel engines, thrusters, main motors and reduction gears) and auxiliary machinery
(generators, pumps and air-conditioning equipment) can be made.

Causes of machine vibration are:

e unbalanced rotating shafts

e repetitive discontinuities, e.g. gear teeth, armature slots or turbine blades

e  reciprocating parts e.g. combustion in engine cylinders

e cavitation and turbulence in fluids flowing through pipes, pumps, valves and condensers

° mechanical friction.

URS
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Figure 6-4  Sources and causes of underwater noise associated with the oil and gas
industries

Propeller noise is distinguished from machinery noise in that it is the result of propeller action
and originates on the surface of the propeller. This is discussed in Section 6-2.

Hydrodynamic noise is distinguished from propeller noise in that it does not originate at the propeller but is
caused by the flow of water past a physical structure such as the hull of a vessel or the legs or risers of
platforms.

Causes of hydrodynamic noise are:

e  Vortex-induced vibration.

e Resonant excitation of cavities, plates, and appendages.
e  Turbulent flow within pipes.

Impulsive sounds are those created by the rapid expansion and collapse of an air bubble (seismic air gun) or
from the instantaneous application of pressure to a solid structure (pile driver). They are typically short-lived and
characterised by rapid rise times.
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Causes of impulsive noise are:
e  Explosions, for example during explosive wellhead decommissioning (decommissioning).
e  Airguns used during seismic surveys (exploration).

e  Pile drivers (installation).

6.7 Pile Driving

Noise from coastal construction and port activities include hammering sounds from pile driving operations (e.g.
131 dB to 135 dB (re 1uPa) at a range of 1 km, with audible ranges extending to 10-15 km from the source;
Moore et al. in Dames & Moore 1996). A 2002 study of wharf pile-driving operations to construct new Australian
Defence Force (ADF) berths in Twofold Bay (Eden, NSW) by McCauley et al. (2002) provided sound level data
that can be summarised as follows. Each pile driving event comprised one or two intense impulses associated
with the weight being driven down, followed by 2-6 lower level bounces of the weight. Power spectra showed
peaks mostly between 100 Hz and 1 kHz. Individual signals typically fell by 20-30 dB between the initial drops
and last bounces. Signal duration averaged 47 0.5 milliseconds (range 10-200 ms). The overall incidence of
pile driving activities was low (only 2.5% of the samples recorded over a five day sequence contained pile
driving signals). Average mean squared-pressure of the signals was 167 dB (re 1 yPa) at 300 m from the
operation, falling to 145 dB and 136 dB (re 1 yPa) at 1.8 and 4.6 km respectively. Curve-fitting of nine sets of
measurements indicated average signal strengths fell from 150 dB to 140 dB (re 1 yPa) between 1 km and

3.1 km from the operation. The loudest recorded operation produced signals of which 6.5% at 4.8 km exceeded
140 dB (re 1 yPa) (McCauley et al. 2002).

Because pile-driving operations in British Columbian estuaries and waterways can cause salmon mortalities, the
impacts of pile driving projects, plus the mitigating value of using simple noise reducing bubble curtain rings for
each pile, have been examined by the Canadian Department of Fisheries and Oceans (Vagle 2003). Their
preliminary studies of four pile driving projects in the Vancouver region have shown that:

e the intensity and frequency spectra generated from each project site, pile and hammer strike vary markedly
according to the pile driving equipment used (e.g. diesel hammering versus 1 tonne or 3.5 tonne drop
weight hammers), the hammer drop height (1-7 m), the use of a wood block shock absorber, the material,
diameter and design of the pile (e.g. cedar versus 36” and 8” diameter steel piles, with closed end steel
piles causing more salmonid deaths), the driven depth, and the type and density of the seabed strata;

e impulses need to exceed 30 kPa to induce observable changes to fish movements and density; with fatal
swim bladder injuries to chum, chinook salmon and herring associated with 120-150 kPa impulses;

e small bubble/low supply volume curtains can attenuate source levels by between 8-20 dB (re 1 yPa2/Hz) in
the 50-1000 Hz range, and by 18-30 dB in the 10-20 kHz range, while large bubble/high supply volume
designs produce little effect;

e bubble curtain attenuation efficiency decreases with increased bubble ring depth and larger bubble size
(becoming agglomerated ‘blobs’ of air separated by large gaps);

e bubble curtain rings and apertures require careful maintenance to prevent gaps and ‘holes’ in the bubble
screen from uneven bubble distribution, while tidal currents readily cause asymmetric distortions to the
curtain.
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6.8 Rock and dredge spoil dumping

Minimal information is available regarding noise generated from rock dumping activities, however, it is
reasonable to expect that any noise will be dominated by the splash, tumble and grinding of rocks, possibly
associated with mechanical transients generated by the operating gear. Given the normal pattern of rock
dumping activities, it may be anticipated that any noise will be intermittent.

It is reasonable to assume that noises associated with the dumping, movement and settling of the rocks
themselves would be low frequency broadband. Intensity and period of the noise event would be influenced by
factors such as the amount, size and mass of rocks dumped, the depth of water in which they were dumped and
the type of surface upon which they landed and settled. Rocks that are released underwater by a hopper would
be expected to produce less noise as no splash would be generated. The use of fall pipes would also produce
minimal splash but increased noise from the banging of rocks inside the pipe. In any event, it is unlikely that the
noise levels attained would be of any great significance.

The dumping of dredge spoil itself and its movement through the water column and settlement or dispersion
upon the bottom is unlikely to generate any tangible noise. This is due to the usually viscous, semi-fluid nature
of the spoil.

Depending upon the method of rock or dredge spoil dumping employed, the operation may also be the source
of mechanical transients. These would be due to the operation of bottom hopper doors, if employed. Although
no data are available, it is illustrative to consider the noise associated with the operation of a clamshell dredge
as a useful surrogate. Richardson et al. (1995) described noise from a clamshell dredge as variable depending
on the operating status. It was noted that the strongest sounds are usually from the winch motor pulling a
loaded clamshell back to the surface. This noise had a broadband source level of ~167 dB (re 1 yPa at 1 m)
and included a fundamental tone of 125 Hz with many harmonics. Richardson et al. (1995) also noted that noise
from the tug and barge used to transfer dredged material was greater than that produced by the dredge itself.

6.9 Drilling

As has been observed during drilling exploration programs, the main source of noise is from the rig tenders,
rather than the drilling rig or drilling operation. Drilling noise is generally low level, low frequency and continuous
with most energy concentrated below 1 kHz.

6.10 Blasting

The most damaging component of an underwater shock wave is the initial fast rise in pressure. The area over
which this has a significant effect is limited however due to the rapid loss of the component frequencies which
form the sharp leading edge of the pulse. After propagating through the water column these higher frequency
components diminish such that the initial shockwave rapidly attenuates into a broad spectrum of frequencies
with most energy in the sub 1 kHz range.

Various explosive devices are occasionally used for research, removal of navigational hazards, removal of rocky
outcrops during capital dredging programs, deconstruction of abandoned structures, scuttling hulks for artificial
reefs, military exercises and (rarely) for hull shock trials. They are also sometimes used for geophysical seismic
surveys in shallow nearshore and transitional (littoral) areas. For example, 0.2-0.3 kg charges of Geoflex
primacord and similar charge types have provided seismic sources in intertidal and shallow sublittoral sites
where vibrators or airguns cannot be deployed due to rapid depth changes, navigational hazards and
environmental constraints (e.g. LeProvost, Dames & Moore 1997). Charges used for ship scuttling or minor
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underwater rock blasting are typically small (0.1-5 kg TNT). Use of explosive discharges by the research
community has declined in recent decades, partly because of environmental and safety concerns but also
because of the lack of control and the non reproducible nature of the source waveform and the precise
detonation depth.

There are two main techniques used in underwater blasting for the purpose of removing or fracturing rock or
other hard substrate. Surface blasting involves charges being placed directly on to the seabed/rock. The “drill
and blast” method, sometimes known as confined blasting, involves small holes being drilled within the rock with
charges placed and connected in the holes for subsequent firing. Potential effects from the drill and blast
method are likely to be less significant then those from surface blasting operations due to the fact that confined
blasting requires a smaller charge to break up the rock and the explosive energy is largely confined to the rock
strata. (ECOS 1992).

The range of explosive ordnance and special purpose items containing high explosives (HE) which may be
detonated at or beneath the surface during Australian Defence Force (ADF) live-fire practices and other
maritime activities were reviewed by URS (2003). The HE content of these items ranged from 0.02 kg up to
428 kg, with the general finding that marine fauna was at minimal risk of blast induced trauma for even the
largest of these charges at distances beyond a few hundred metres.

6.11 Pipelines
6.11.1 Pipelaying

Noise of varying intensity and character is generated during all phases of marine pipelays. Noise sources may
be continuous or impulsive and can be described as being transient or permanent, as shown in Table 6-4.

Table 6-4 Summary of noise sources and activities which may be associated with
pipelaying
A Temporal Aspect
Activity Source Source Type T

Pile driving Pile driver Impulsive Sustained but
+support + transient/days-weeks
vessel Continuous

Pipelaying Pipe laying Continuous Sustained but
vessel + transient/days-weeks
support

Trenching Trenching vessel | Continuous Sustained but
+ transient/days-weeks
support

Transport Helicopters Intermitent Periodic/minutes

(equipment +

personnel)

Transport Ships Continuous Periodic/days-weeks

(equipment +

personnel)
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There is likely to be some noise generated by movement and placement of the pipe, but this is of a transitory
nature and of short duration, and is related to the size and type of pipe and method of placement. Most of the
noise generated during pipelays is associated with the movement and operation of the dedicated pipelay and
support vessels, particularly if dynamic positioning vessels are employed, as well as allied construction tasks
such as trenching and rock armour dumping. This is the conclusion reached in the environmental impact
assessment of a proposed underwater gas pipeline (Shapiro and Associates 2004).

6.11.2 Pipe operations

It may be speculated that movement of a fluid through an undersea pipe would generate noise that would be
radiated into the water column beyond the pipe. Any such noise would be a function of several factors, such as:
the fluid and its physical characteristics; its velocity through the pipe; the internal diameter of the pipe; the pipe
length; the material from which the pipe was made, as this would influence both the transmission of vibration
through the pipe and its acoustic coupling with the water; and any covering over the pipe, such as rock armour
or bottom sediment.

This specific question was considered in the environmental assessment for an undersea gas pipeline across the
Georgia Strait, in the north east Pacific. Data were obtained for an existing 250 mm epoxy coated; high-
pressure marine natural gas pipeline which identified radiated sound in the range of 60-72 dB (Birch et al.2000).
Further modelling and analysis concluded that the larger diameter gas pipeline proposed for the Georgia Strait
would have a lower frequency for any given operating pressure than a smaller diameter line, with an estimated
radiated noise equal to or lower than 30 dB at frequencies of 16 kHz and above (Shapiro and Associates 2004).

Marko (2003) considered sound propagation through bare and concrete coated steel plates and longitudinal
pipe sections. It was demonstrated that a concrete coating on a pipe acts as an acoustic insulator, and hence
reduces radiated noise.

It is possible that the location of a pump near the marine portions of a pipeline, particularly if it exhibits a good
acoustic couple with the pipeline, would cause an increase in the level of any radiated noise. The size, speed,
power and other operational parameters of the pump be the principal determinants of any subsequent radiated
noise, such as frequency and level.
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The purpose of this section is to summarise what is known about the behavioural and physiological effects of
various levels of noise on marine mammals and fishes. However, prior to describing the range of sound impact
categories and zones of sound influence in Section 7.2, a summary description of the auditory system of marine
mammals is presented below that explains how these animals actually hear sound. Section 7.3 discusses the
hearing abilities of fishes and observed turtle behaviour in response to noise is briefly described in Section 7.4.

7.1 Auditory System of Marine Fauna

711 Cetaceans

With some key modifications to meet the demands of underwater hearing, cetaceans have an auditory anatomy
that follows the basic mammalian pattern, i.e. outer, middle and inner ear components are present. The

outer ear is separated from the middle and inner ear by the tympanic membrane (eardrum), and the inner ear is
where sound energy is converted into neural signals which are transmitted to the brain via the auditory nerve.

However, while the air filled external canal and middle ear of terrestrial mammals transmit airborne sound to the
fluid borne hair cells lining the inner ear (cochlea), this matching is not required underwater and cetaceans have
no air filled ear cavities. Thus the ear canal of cetaceans is filled with debris and wax, and external sounds are
channelled to the middle ear through the lower jaw. The core of the lower jaw is filled with fats that conduct
sound to the tympanic membrane of the middle ear via a thin bony area called the pan bone or ‘acoustic
window’. While toothed whales and dolphins receive sound through their lower jaw, they produce sounds by
passing air through sacs in their head (Figure 7-1).

e ——
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Acoushic Window
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Figure 7-1 Hearing and sound production structures in the dolphin
[adapted from Scheifele (1991)]

Another difference between cetaceans and terrestrial mammals is that the middle and inner ear complex of all
whales and dolphins is located outside their skull. While the complex is suspended by ligaments in a cavity
outside the skull, it is encased by other bones, and the precise functioning of the cetacean middle ear continues
to be investigated. Much more is understood about the inner ear as the cochlea is very similar to that of land
mammals.

Thus acoustic energy transmitted to the inner ear causes the basilar membrane in the cochlea to vibrate.
Sensory hair cells are excited by different sound frequencies according to their position along this membrane.
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Determining Cetacean Hearing Ranges

When assessing the potential effects of a particular sound source, it is important to compare its frequency
spectrum with the known or estimated auditory range of the marine mammal of interest. For example, Swift et
al. (2003) used a speculative baleen whale audiogram from Clark and Ellison to help assess the potential of
vessels engaged in petroleum field development operations west of the Shetland Islands to be detected by fin
whales in the region. Vessel noise levels recorded for two of the fin whale vocalising bands

(18-22 Hz and 22-28 Hz) varied between 120 and 49 dB (re 1 yPa*Hz) at recording sites between 8.5-40 km
from the source. Without a model for fin whale hearing it would not be possible to estimate that the levels in
Yard octave bands had exceeded the predicted lower limit of the threshold of fin whale hearing in 50% of cases
(ambient +16 dB; Urick 1983), and exceeded the predicted upper limit of the hearing threshold in 25% of cases
(ambient +24 dB; Urick 1983).

The anatomical components of the ears of any mammal, particularly that of its cochlea, dictates the frequency
range it can perceive. Hearing sensitivity in particular low or high frequency ranges is dependent on the stiffness
and mass along the inner-ear membrane and how the membrane is organised mechanically.

For dolphins, porpoises and seals that can fit inside CT scanners (Figure 7-2), suction electrodes are placed on
the surface of an animal’s head, tones are played and the brainwaves are recorded using a fixed or portable
acoustic brainwave recorder (ABR). The scans allow precise anatomical measurements of the cochlea plus a
‘gold standard’ audiogram with respect to obtaining reliable narrowband frequency sensitivity. However

CT scanners cannot accommodate larger heads and ABRs are unable to detect baleen whale brainwaves
because of the interference caused by the huge mass of intervening bone, muscle and fat versus the relative
small size of the brain ™.
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Figure 7-2  Measuring inner anatomy and determining and audiogram using a CT scanner

(Source: Ketten 2003)

" When compared to body weight, the brain of baleen whales is more than an order of magnitude smaller than
that of humans and dolphins.
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The middle/inner ear complex in baleen whales is two to three times bigger than that of toothed whales, and all
mysticetes studied to date have inner ears that appear well specialised for low frequency hearing. For example,
Ketten (1997) deduced from comparative morphological studies of the blue whale auditory apparatus that these
rorquals have good infrasonic hearing (10-20 Hz). Because there are no other humane methods for obtaining
direct measurement audiograms for baleen whales, comparative anatomical modelling studies using
mathematical functions have been devised (Ketten 2000).

The mathematical functions used to estimate frequency sensitivity of the humpback whale were obtained by
relating the relative length of the basilar membrane with known data for cats and humans. The predicted
audiogram was the typical mammalian U shape that suggested 200-10,000 Hz auditory range with maximum
sensitivity between 2000-6000 Hz (e.g. Houser et al. 2001). A model of humpback hearing was subsequently
created as a series of pseudo Gaussian bandpass filters. Model sensitivity optimised to the predicted audiogram
by using programs to evolve the number, frequency distribution and shape of the model filters, and the
sensitivity of the model was evaluated through a simulated hearing test. Maximum deviations between model
sensitivity and predicted humpback whale sensitivity remained below 10%. This integrated approach provided
the first predicted audiogram for humpback whales and was used to develop the first bandpass model of the
humpback ear (Houser et al. 2001).

Similar comparative auditory analysis work has been undertaken to examine the capacity of right whales to hear
oncoming ships (Ketten 2003), as appears to be the case by recent field studies using ship-source surrogate
devices (Tyack 2003). This study included checking for the presence of pathogens in ears from stranded right
whales, particularly animals showing evidence of a ship-strike. Since noise from shipping, seismic surveys and
long distance sonar have all or most energies in 5-500 Hz range, these sources overlap the current estimates
for the sensitive parts of the auditory range of baleen whales.

7.1.2 Sirenians

Little information is available on the auditory systems of Sirenians, particularly dugongs. Manatee’s have been
studied more than dugongs, with their auditory system described as a ‘low frequency’ ear with a narrow range,
poor sensitivity and poor localisation ability (Richardson et al. 1995). Like cetaceans, sirenians have no pinnae
and the tympano periotics are constructed of exceptionally dense bone. Manatee ear complexes are also partly
fused to the inner wall of the cranium (Ketten 1998). It has been speculated that dugongs may have more
sensitive hearing than manatees, however Richardson et al. (1995) notes that there isn’'t any specific data to
confirm this.

Studies on a West Indian manatee’s hearings sensitivity found that it heard sounds from 15 Hz to 46 kHz, with
best sensitivity in the range of 6-20 kHz. This study noted that below 3 kHz the manatee was more sensitive
than any other marine mammal studied at that time, with hearing extending down the infrasonic range (15 Hz). It
was further noted that sensitivity was good at the best frequency of 48-50 dB (re 1 pPa), and unexpectedly good
at 10-32 kHz (Richardson et al. 1995).

Some auditory evoked potential (AEP) data are also available from a West Indian manatee. This study found
sensitivity of the manatee was greatest at around 1-1.5 kHz, and noticeably less sensitive at 4 kHz, and even
less so at 8 kHz, However, it was noted there may have been some sensitivity up to 35 kHz. Similar sensitivities
were also demonstrated in an Amazonian manatee (Ketten 1998).

There are many anecdotal reports of dugongs avoiding areas with high boat traffic, though very little research
has been undertaken to investigate the sensitivity of dugongs to noise. There are also anecdotal observations
which suggest that dugongs may temporarily move from an area following explosive blasting. Initial research
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results into the auditory physiology and hearing sensitivity have highlighted some significant anatomical
differences between manatees and dugongs, as well as between sirenians and other marine mammals (URS
2003, cited in URS 2004). The sensitive parts of their auditory range appears to be restricted to the middle
frequencies (1-18 kHz) (URS 2004).

71.3 Marine turtles

Marine turtles do not have an external hearing organ. Very few studies have been conducted on the impact of
sound on turtles and their subsequent behavioural response. However, it is thought that turtle auditory
perception occurs through a combination of bone and water conduction rather than air conduction.

Sea turtles have been recorded as demonstrating a startle response to sudden noises (Lenhardt et al. 1983;
McCauley et al. 2000b). Their auditory sensitivity is reported to be centred in 400-1000 Hz range, with a rapid
drop off in noise perception on either side of this range. This is supported by electro physical studies which have
shown that the hearing range for marine turtles is approximately 100-700 Hz (McCauley 1994), with hearing
ranges from 250 to 1000 Hz for loggerhead turtles (Moein-Bartol et al. 1999) and maximum sensitivity between
300 and 500 Hz for green turtles (Ridgeway et al. 1969).

Little information, however, is available regarding any reliable threshold level for the onset of behavioural
effects. A trial was conducted on a caged green and loggerhead turtle with an approaching-departing single air
gun. This study found that above an air gun level of 166 dB (re 1 yPa [rms]) both turtles increased their
swimming activity noticeably compared to non air gun operations, and above 175 dB (re 1 pPa [rms]) their
behaviour become erratic, which was concluded to be approximately equal to the point at which unrestrained
turtles may show avoidance behaviour (McCauley et al. 2000b). Although turtles are often observed
approaching offshore oil and gas facilities, it is possible that anthropogenic noise may cause some turtles to
avoid certain areas.

In the case of pulsed low frequency sound effects on turtle nesting behaviour, nest numbers monitored on
beaches near the Port of Hay Point (Queensland) before, during and after a pile-driving program lasting several
months in 1996-97 were compared. Results showed no significant trend in nest numbers, indicating that the
female turtles had not been particularly sensitive to this pulsed source (Dames & Moore 2000), but nest
numbers were too few to provide a conclusive result.

71.4 Crocodiles

The estuarine crocodile’s ears are located immediately behind the eyes, the eardrum protected by an elongated
flap of skin. Hearing sensitivity can be altered by opening a slit in front of the flap, or lifting the flap upward.
When submerged, the ears normally close, as hearing becomes secondary to the ability to feel vibrations
through the water. Detectable frequencies range from below 10 Hz to over 10 kHz and sound pressure levels
below 60 dB can be detected within certain bandwidths (Richardson et al. 2002).

Crocodilians have excellent hearing in air, on a par with birds and mammals. Peak sensitivities range from
100 Hz to 3 kHz, depending on the species, which coincides with the bandwidth of calls produced by juveniles
(Richardson et al. 2002).

7.1.5 Sharks

The range of hearing sensitivities in the bony fishes is better known than in the sharks and rays (about 80 fish
species audiograms have been determined versus four for sharks and rays; the bull shark [Carcharhinus
leucas], the lemon shark [Negaprion brevirostris], the horn shark [Heterodontus francisi] and the little skate
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[Raja erinacea]; e.g. Casper et al. 2003, Mann et al. 2006). However all fishes tested to date appear capable of
performing the same basic hearing tasks as terrestrial and marine vertebrates, such as discriminating between

sounds, determining sound direction and filtering biologically relevant signals in the presence of ambient noise

(Popper et al. 2003).

The best hearing sensitivity of the sharks is within the 20 Hz to 800 Hz low frequency range. In addition, sharks
also have at least some ability to perceive infrasounds (0.1 Hz to 10 Hz) at particle acceleration levels from
<10~6 to >10~4 ms™ (sufficient to detect 120-180 dB [re. 1 yPa] at 0.1 Hz). Sharks appear to use infrasound to
detect potential prey such as struggling fish (Popper and Fay 1999).

7.1.6  Fish

The variation among fishes in respect to sensitivity to sound is immense, and is in part due to the diversity of
anatomical structures involved in detection (Popper & Fay 1999). Fish that have morphological adaptations to
link the otolithic hearing organs to their swim bladders or have gas filled bullae are considered ‘hearing
specialists’. Audiograms of ‘hearing specialists’ show high sensitivity to sounds with sound levels as low as

60 dB (re 1 yPa) (msp to tones) across a broad frequency range. Fish of the family Clupeoidea, which includes
herring (i.e. Clupea harengus) and anchovy (Engraulis australis), are examples of hearing specialists having
highly specialised auditory systems (Blaxter 1980; Nedwell et al. 2004).

Many fish have a swim bladder (rather than the bulla of Clupeoidea) that is physically linked to the inner ear.
The swim bladder is a gas-filled cavity that from a hearing point of view, can act to transfer an impinging

sound wave’s pressure information, as driven by the swim bladder, to the fish ear end organs or otolith systems
(Popper and Fay 1993).

Fish with the prootic bulla generally have higher sensitivity than those with a swim bladder, and those with a
swim bladder usually have greater sensitivity than non-specialists with no swim bladder (Nedwell et al. 2004).

Syngnathid species, including members of the pipefish and seahorse families, are listed under the EPBC Act,
and are ‘hearing generalists’ meaning that they do not have any auditory specialisations that confer sensitive
hearing abilities. They possess a swim bladder that is used for both communication and buoyancy. It is the swim
bladder of the fish, which is a gas containing organ that will expand and contract with a rapidly changing
acoustic field and as a result may cause physical injury which can result in death. For the Syngnathidae the
important metric when determining the susceptibility to physical injury is its body mass. It is therefore the
hatchlings that will be the most susceptible to physical injury from a pressure wave.

The capacity for hearing in Syngnathid is not well understood. There are no known audiograms of Syngnathids.
Many Syngnathids have been documented to produce sound (loud clicks), suggesting that sound is important
for communication in the aquatic environment (Bergert & Wainwright 1997; Colson et al. 1998; Ripley & Foran
2006). The function of clicks may be associated with mating, to coordinate spawning (to signal readiness and
orientation of mates), or to advertise prey availability. Among these contexts, feeding clicks are the most widely
noted. For two species of seahorse studied, peak frequency measurements were highest between

2650 to 3430 Hz for dwarf seahorse (Hippocampus zosterae), and 1960 to 2370 Hz for lined seahorse
(Hippocampus erectus) (Colson et al. 1998). The frequency of noise making suggest that hearing sensitivity is
the greatest in the higher frequency ranges and, by extension that the least sensitivity is in the lower frequency
range. Therefore is considered that any Syngnathids exposed to noise below 180 dB (re 1 pPa) are unlikely to
be significantly effected.
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There have been very few studies of the effects of anthropogenic sounds on the behaviour of fishes. Data are
lacking not only on the immediate behavioural effects on fishes close to a source, but also effects on fishes
further from the source Several studies have demonstrated that human-generated sounds may affect the
behaviour of at least a few species of fish (Table 7-1).

Table 7-1 Citations of selected studies examining the effects of exposure to sound on
fishes that have most relevance to pile driving.
Issue Hearing Generalists Hearing Specialists
Mortality Yelverton et al. 1975 (guppy, bluegill, trout, bass, carp; Yelverton et al. 1975 (goldfish,

explosive blasts).

catfish, minnow; explosive blasts).

Hastings 1995 (goldfish and
gouramis; pure tones).

Physical Injury

Yelverton et al. 1975 (guppy, bluedill, trout, bass, carp;
explosive blasts).

Govoni et al. (2003) (larval fish; explosive blasts, no
pathology seen).

Yelverton et al. 1975 (goldfish,
catfish, minnow; explosive blasts).

Hastings 1995 (goldfish and
gouramis; pure tones).

Auditory Tissue Enger 1981 (cod; pure tones, 1 — 5 hr) Hastings 1995 (goldfish; pure
Damage tones, 2 hr).

Hastings et al. 1996 (oscar; pure tones, 1 hr).

McCauley et al. 2003 (pink snapper, air gun).
Permanent No data available. No data available.

Threshold Shift
(PTS)

Temporary
Threshold Shift
(TTS)

No relevant data available.

Smith et al. 2004 a, b (goldfish;
band-limited noise).

Scholik and Yan 2001 (fathead
minnow; band-limited white noise).

Popper and Clarke 1976 (goldfish;
pure tones).

Popper et al. 2005 (northern pike,
lake chub).

Behavioural
Changes

Wardle et al. 2001 (Exposed fish and invertebrates on reef
to continuous air gun with no significant behavioural
changes).

McCauley et al. 2000b (Experimental air gun trials with fish
initially showing behavioural changes).

No data available.
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Issue Hearing Generalists Hearing Specialists
Eggs and Larvae Banner and Hyatt 1973 (Cyprinidon and Fundulus showed | No data available.

somewhat decreased egg viability and larval growth in
tanks with increased noise).

Kostyuchenko 1973 (Increased egg mortality up to 20 m
from seismic source).

Booman et al. 1996 (Variable results with some stages
showing decreased growth in a few species when exposed

to air guns).
Miscellaneous Skalski et al. 1992 (Sebastes catch decreased after one Smith et al. 2004a (no change in
air gun blast). corticosteroid levels after
continuous exposure to band
Engas et al. 1996 (Haddock and cod catch reduction after limited noise)

seismic survey blasts).

Engas and Lekkeborg 2002 (Haddock and cod catch
reduction area after seismic survey blast.

Slotte et al. 2004 (herring & blue whiting do not enter the
area of air gun during use).

While not totally germane to fishes, there is some evidence that an increased background noise (for up to three
months) may affect at least some invertebrate species. Legardére (1982) demonstrated that sand shrimp
(Crangon crangon) exposed in a sound proof room to noise that was about 30 dB above ambient for three
months demonstrated decreases in both growth rate and reproductive rate. In addition, Legardére and Régnault
(1980) showed changes in the physiology of the same species with increased noise, and that these changes
continued for up to a month following the termination of the signal.

Indeed, we are now aware that fishes, as mammals and probably all other vertebrates, glean a great deal of
information about their environment from the general sound field. In other words, whereas visual signals are
very important and useful for things near the animal and in the line of sight, substantial information about the
unseen part of an animal’s world comes from acoustic signals.

One may therefore think of fishes as using two “classes” of sound. The first is the well-known group of
communication signals used to keep in touch with other members of a species and detect the presence of
predator or nearby prey. The second are the sounds of the environment that, for a fish, might include the
sounds produced by water moving over a coral head, waves breaking on shore, rain, and many more physical
and biological sources. Bregman (1991) coined the term “Auditory Scene” to describe the acoustic environment.

The acoustic environment has become of increasing importance in the overall understanding of hearing for all
animals during the past 15 years. Moreover, it is becoming increasingly clear that one of the major roles of the
auditory system is to discriminate between, and determine the position, of sounds in the auditory scene, using a
mechanism called “stream segregation” (Bregman 1991; Fay and Popper 2000; Popper et al. 2003) whereby an
organism is able to distinguish between two sounds (“streams”) that differ in some way such as direction of the
source, frequency spectrum, etc.
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Interim criteria for injury of fish exposed to pile driving operations

Popper et al.(2006) undertook an extensive review of literature with the aim of determining noise exposure
criteria for the onset of direct physical injury in fish exposed to the impact sound associated with pile driving.

When proposing these criteria, Popper et al. (2006) recognised that fish may respond to noise from pile driving
without actually experiencing injury. However, they do not propose criteria for behavioural responses or other
sub-injurious auditory effects, and believe this not possible at present, due to the absence of relevant data.
Furthermore, it is recognised that conservative decisions were made where data are lacking, and therefore the
interim criteria proposed are set at precautionary levels, and exposure thresholds are somewhat lower than
present literature may suggest as the levels that would result in the onset of injury.

Based on the best available science at the time of development, Popper et al. (2006) believe it reasonable and
appropriate to use a dual criteria approach, and propose that the interim criteria for the onset of direct physical
injury to fish exposed to pile driving be set at a sound exposure level of 187 dB (re 1 pPaZ.sec) and a peak
sound pressure level of 208 dB (re 1 yPapeax). In adopting the dual criteria approach, it is intended that the
sound exposure level criterion limits the total acoustic energy fish may experience within a single impulsive
sound, while the peak sound pressure level protects fish from an especially strong excursion in pressure within
the sound impulse. For these reasons Popper et al. (2006) recommend both criteria be implemented during pile
driving activities and neither should be exceeded.

In selecting the interim criteria, Popper et al. (2006) relied upon four studies (Yelverton et al. 1975,

Caltrans 2004, Popper et al.2005 & Popper et al., in prep), only one of which (Popper et al. in prep
[unpublished]) was related directly to pile driving, the others concerning effects from explosions, seismic airguns
and sonar. However, in respect of biological consequences, Popper et al. (2006) believe that the source of the
energy which may affect exposed fish is not important, rather it is the received exposure conditions (attributable
to the particular characteristics of a signal of interest), the specific environment in which the sound is produced
and the physical orientation of the source and receiver which is important. Popper et al. (2006) also believe
there are other salient factors determining acoustic effects, including the rise time of the signal, the number of
exposures of an animal to a particular signal, the time between each exposure, and the physiological
accumulation of effects.

When considering potential physical effects from pile driving, Popper et al. (2006) also recognise that specific
effects depend on a broad range of factors, including the type of pile, type of hammer, substrate, actual species
of fish and environmental setting.

7.2 Categories of Sound Impacts

Reviews such as Richardson et al. (1995), Gisiner (1998), McCauley and Cato (2003) and URS (2003) note
how sound waves from nearby, discernible sound sources affect marine mammals differently to those from
distant, undiscernible ships and other low frequency sources which add to background ambient noise.

Development of Harbour facilities serviced by heavy vessel traffic will also elevate local background levels, and
may cause some species to avoid former nearby breeding or feeding areas owing to the amount of vessel
movement disturbances as well as the noise. For example, gray whales temporarily abandoned a breeding
lagoon in Baja, California, during a period of extensive coastal industrial activity involving heavy vessel traffic.
The whales did not return to the lagoon until the vessel activity had decreased (Gard 1974).While some marine
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mammals can appear more capable of habituating to such activities than others (such as dolphins in noisy
urbanised estuaries and embayments, and sperm whales feeding in busy shipping lanes), their calving or
pupping areas are almost invariably restricted to far less disturbed locations.

The above effects are due to essentially permanent vessel traffic and other noise generating activities. These
are not addressed in the following sub-sections, which focus on the effects of noise from discernible sources
generated by relatively short-term human activities (as summarised in Table 7-2).

Different types of noise can be broadly categorised as follows:

Continuous or near-continuous sources that may prevent marine mammals or turtles from hearing social
communications or other acoustic cues (= temporary masking effects).

Noise that induces behavioural changes and responses in marine mammals and turtles.
Noise that induces behavioural responses by the prey of toothed whales (fish, cephalopods).

Very intense noise that may cause temporary or possibly permanent loss of hearing sensitivity to marine
mammals via damage to the auditory hair cells (or other tissue trauma via possible excitatory and organ
resonance mechanisms).

To assess the potential scale and likelihood of these effects, ‘safety ranges’ or zones of influence have been
developed for predicting, measuring and managing noise-generating activities, in the same way that zones of
lethality '® have been used for assessing the spatial extent of possible marine animal injuries from the non-
acoustic blast impulses of underwater explosions.

'® The maximum amplitudes of acoustic waves that do not contain sufficient energy to kill, maim or stun marine
mammals or turtles outright (e.g. Lewis 1996b, Richardson et al. 1995, URS 2003).
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Table 7-2 Summary characteristics of some common human sound sources

Perceived Perceived speed and Sound periodicit Frequency | Source
Source location/s direction of source P y range (Hz) Level'
Seismic aireun arra Movin Slow (4-6 knts) Very regular LF (8-1000) | 215-240°
g Y & and steady direction short pulses Most <500 | (ramped)
Well drilling Fixed Fixed Steady continuous Tonals 130-150
Field development Almost fixed .Slow Wlth . Irr.egular periods .of LF + tonals | 170-190
support vessels variable direction continuous or transients
. . . Fast (12-22 knots) . LF (10-500) +
Trading ships Moving and steady Steady continuous tonals (1 kHz) 160-186
Whale watching Multiple, Variable speeds Variable (continuous and LF-MF 140-190
vessels® moving and directions transients) + HF tonals
Pile driving Fixed Stationary Irregular periods of LF-MF tonals| 170-180
regular pulses
Detonations” Unpredicted N/A Unpredictable sudden Wideband | 240-260
short pulse
. . . Variable continuous LF-MF +
Dredging Fixed Stationary sounds tonals 150-195
. . Stationary, or slow with [ Unpredictable sudden
Sea dumping Unpredicted variable direction transients (2-10 mins) LE-MF 140-190
. Multiple and . Unpredictable sudden MF

MF tactical sonar moving Erratic short pulses (2-10 kHz) 200-225

. . 230-235
LF surveillance sonar Moving Slow and steady Regular long pulses LF (100-400) (ramped)

. . . 195

NPAL research sonar Fixed Stationary Regular 20 minute pulses | LF (40-300) (ramped)

1) dB(re1uyPa@ 1m) / dB (re 1 yPa 2 @ 1m) msp.

2) small ferries, launches, outboard RHIBS, various recreational.

3) for 2,000-2,800 cubic inch arrays in Aus. waters.

4) e.g.rock blasting, hulk scuttling, removals, bay cable survey.
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7.21 Zones of influence

Depending on the type of source, the species of interest, its known or assumed habits and acoustic behaviours,
one or several of the following zones can help determine an appropriate safety range. For a given source, these
zones can be roughly ordered from likely largest to smallest as follows:

e  Zone of audibility (pertinent for sudden sounds with designed or inadvertent capacity to scare off
individuals, such as acoustic deterrent devices or the pulsed tone of a research sonar).

e  Zone that induces behavioural avoidance or other undue stress (e.g. for calving and resting areas, turtle
nesting areas, commercial fish grounds).

e  Zone that masks distant (LF) or nearby (HF) communication calls, echolocation pulses and possible
navigation cues (e.g. for social calls, prey detection and/or local orientation by groups of toothed whales or
dolphins).

e  Zone eliciting discomfort, flight and possible temporary hearing shift (for marine mammails or turtles).

e  Zone of pain, possible permanent hearing shift or other tissue injury (for marine mammals, turtles, fish or
cephalopods).

An example of the zones of influence is shown in Figure 7-3. Further detail on each of these zones also follows.

Zone of Audibility

Zone of Behavioral Response

Zons of InjurpDiscomfort
[Possibls TTE)

“Zons of Pain
[Possible PTS)

Source

Figure 7-3  Zones of influence
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7.2.2 Zone of audibility

The zone of discernible audibility represents the maximum possible radius of influence by a particular source.
This range can vary markedly according to the species and individuals of interest, plus their specific location,
source-receiver-seabed geometry, season and time of day. Factors which can cause the boundary of these
zones to expand and contract on an almost moment by moment basis include:

e the frequency, temporal characteristics, directionality, depth and orientation of the source

e the host of physical factors dictating the transmission loss rate and propagation of the peak frequency
band/s towards the receiver

e the particular depth of the receiving individuals of interest and their hearing thresholds with respect to the
peak frequency components of the source’s bandwidth

e the levels of the various physical, biological and other human sources that form the ambient noise intensity
spectrum at the receiver’s location

e the level of attention and habituation (previous signal experience) of the receivers, which will influence their
ability and motivation to perceive and interpret the signal.

Many of the above factors can vary minute by minute as well as differ substantially between regions and
locations, and thus limit the significance and value of determining this zone for most sources and species.
Nevertheless estimates of maximum audibility of specific noise sources are occasionally reported for marine
mammals with known or estimated spectral audiograms and hearing thresholds. For example, the absolute
auditory threshold to a 1000 Hz tone for a captive beluga whale has been measured as 104 dB (re 1 yPa). The
critical signal to noise ratio (SNR) at this frequency (i.e. the amount by which the signal must exceed
background noise to become audible) was determined to be 17 dB.

Such measurements imply that beluga whales experiencing typical arctic ocean ambient noise conditions
cannot detect icebreaker noise at ranges beyond 20 km, even at full power (Table 7-2). This example contrasts
with earlier findings by Finley et al. (1990), who had previously attributed a substantial movement of beluga
whales to avoid icebreaker noise. In this case, the beluga whales were reported to stop feeding and swim away
from approaching icebreakers, travelling up to 80 km from feeding areas before returning after 1-2 days (Finley
et al. 1990). The apparent contradictory evidence highlights the problem of attributing cause/effects in field
conditions where the auditory sensitivity is unclear and where control examples are unavailable or involve
different conditions.

For cases involving the maximum audibility of continuous or regular periods of low broadband noise (such as
the sound of distant shipping traffic, a slow-moving icebreaker or a stationary drilling operation), there is little in
the weakly discernible signals to invoke a particular behavioural effect, learned or otherwise, and the issue turns
toward masking effects. In the case of repetitive short pulses of low frequency sound from distant airgun or pile
driving sources, their pulsed nature would make them more readily perceivable at long distance, but the
separation of the weak and distant pulses by intervals of many seconds (typically >10) lessens their ability to
mask out any long distance calling sequences of the larger rorquals (which last >20 seconds or, in the case of
humpbacks, many minutes; Section 5.2.6). Sources that propagate near continuous and essentially non
discernible broadband sound contribute to ambient noise, and it is more useful to assess their capacity to mask
incoming sounds and cues of import to local receivers.
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The audible zone has more relevance for acoustic deterrent or harassment devices which emit aperiodic pulsed
signals as these have the capacity to startle marine Fauna, as could the sudden appearance of a research or
military sonar tone. Thus the value of assessing a source’s audible range increases (a) the more its signal is
readily distinguishable from ambient background and (b) the more likely the characteristics of this signal will
invoke interpretation and potentially adverse responses by individuals of the species of interest. This switches
our attention to zones which induce behavioural reactions to noise such as the startle response and avoidance.
These ranges are also more amenable to monitoring and mitigation.

7.2.3 Zone of behavioural responses

The zone of behavioural response is logically smaller than the zone of audibility, and is based on the received
sound level which evokes changes in behaviour that may result in adverse effects on the well-being of
individuals and populations of protected species.

The capacity of an unmanaged sound source to cause startle responses, or other types of undue interference
and stress that may lead to biologically significant consequences to a protected marine species, varies markedly
according to the source characteristics. Not all human sounds cause undue behaviour responses, and some are
more amenable to habituation than others. Sound source features which increase a source’s capacity to receive
attention from and interfere with marine mammals or turtles engaged in feeding, breeding or resting activity are
summarised in Table 7-2.

The types of observable reaction have depended on the nature and affordability of the particular physiological or
behavioural responses that can be measured in research aquaria (i.e. for captive dolphins or the occasional
small toothed whale) or observed visually and/or acoustically in natural open waters for the larger whales. Field
methods are constrained by the availability, amenability and ‘repertoire’ of measurable behaviours of the
species of interest, while both field and laboratory studies are constrained by ethical considerations regarding
the effect of deliberate sound exposures to the welfare of tested subjectsm.

'® There has been development of increasingly sophisticated and affordable digital telemetry acoustic tags
(DTAGs) which can be temporarily attached to large whales in open waters by suction cap (some with depth
and inertial motion detectors for diving studies or positioning systems for satellite monitoring). This is widening
the number of observable responses that previously were constrained to captive dolphins or small odontocete
whales within the confines of research aquaria.
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Table 7-3 Features of an audible source likely to increase level of attention and invoke
behavioural responses in marine fauna

Source characteristic Increased biological significance Response
Frequency range Within sensitive part of receiver’s auditory range 2
g
= 5
Narrowband signal Easier to detect (>SNR*); imparts potential meaning 2 %
. . . . . . = 5
Pulsed signal Easier to perceive, potentially disruptive 2 (&
Moving Invokes more attention (e.g. vectoring to discern direction)
Sudden / aperiodic Increases likelihood of causing a startle response
Moving fast (>10 knots) Increases chance of alarm and flight unless the source is| | &
common with steady direction (habituation effect) g g
= 2
5 &
Position or heading Between receiver and its intuitive pathway to safety = =
Erratic direction and speed | Unpredictable movements invoke continual vectoring, sense of
alarm, disengagement of previous activities,
avoidance/defensive reactions.

* = Signal to (ambient) Noise Ratio

Behavioural reactions to sound vary with the species and individuals of interest, including their state of attention
and activity, maturity, experience and parental duty, all of which will alter with season, location and times of day,
etc. Reactions involving relatively small avoidance responses by individuals are clearly not biologically
significant, whereas those produced in scenarios involving a near permanent sound source which may displace
animals from key feeding or breeding grounds over monthly or seasonal time scales would have obvious import
to growth, stress levels, breeding success, survivorship and population recovery rates.

A range of surface-visible and acoustic behaviour features of cetaceans have been monitored as direct or
surrogate measures of potentially adverse responses to the onset or approach of a sound source (or its
surrogate device). The level of success of these studies has been shown to be highly dependent on weather
conditions, animal abundance and activity, and/or the appearance of unanticipated confounding factors. In
addition, these factors, versus the amount of available study time, observation platform/s, reliable hydrophone
systems and field personnel, also affect the overall level of success.
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Behavioural changes monitored during open water studies of specific sound sources typically include one or
more of the following (depending on the particular source, species and the level of activity of the individuals 7 at
the location of interest):

e  course alterations to directions away from or towards the source and speed changes

e cessation or change to previous activity

e altered local/regional distribution patterns of individuals/groups (typically by aerial survey)
e close up (bunching) of group members or pairs

e alterations to cow-calf interactions

e alterations to surfacing interval and/or number of breaths between dives

e absence of ‘fluke ups’ (marking feeding dives in some species)

e alterations to dive patterns and durations

e alteration of call type, rate, duration, depth and timing

e alteration of echolocation rate, type, duration, depth and timing

e changes to spy-hopping, breaching or fin slap rates (interpreted as evidence of curiosity, defensive or
annoyance behaviours respectively).

For any given location and propagation conditions, the range at which the received sound of a source invokes a
behavioural response will depend on the auditory sensitivity of the species of interest, while the biological
significance of this response will vary according to the type of activity being undertaken. Not all behaviour
responses increase risk of harm to individuals, breeding success or population recovery rates. Some responses
may be momentary inconsequential reactions such as the turn of a head, or have limited duration and lie within
the bounds of natural behaviour variations. Table 7-3 summaries the potential significance of possible diverted
attention, avoidance and alarm responses by large whales as a result of a human noise source, in the context of
feeding, migrating, resting, calving or mating activities.

Early studies had pointed to the baleen whales and possibly sperm whales as the most seismic survey sensitive
of marine mammails in terms of behavioural responses and the eared seals and sea lions (Otarids) as the least
sensitive (Richardson et al. 1995). Work during and since the 1990s has shown this generalisation is not
uniform and is untrue for sperm whales (e.g. Madsen et al. 2003, Richardson et al. 1999, Stone 2003).

7.2.4 Zone of potential masking

Zones of masking depend on the amount of overlap between received source peak frequencies and the
communication band/s of the species in question, plus the proximity of habitat deemed critical to the
conservation and well-being of its local population or regional stock. As noted in Section 7.2.2, examining the
potential of a near continuous low frequency broadband source to mask long distance communications is more

" Whales engaged in an intensive activity such as feeding are generally more preoccupied and less responsive
to external stimuli and cues than when inactive, resting or migrating (Richardson et al. 1995).
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useful than estimating its maximum discernible audible range, particularly for a whale frequented locality already
experiencing elevated background noise levels from other human sources.

Table 7-4 Type and possible consequences of behaviour changes from exposure to
human noise source*
Activity Possible Effect / Response | Potential Consequence Significance*

Intense feeding on
important but
possibly
ephemeral or
seasonally
restricted prey

Influences normal diving and
recovery sequences, group
working, use of
echolocation, or causes other
behaviour change that
reduces feeding

Reduced feeding efficiency
causes reduced net energy
intake (size of reduction
depends on number and
duration of encounters)

Low if encounters are
brief and few. If prey is
limiting, increases with
percent of feeding time
affected. May stabilise if
habituation occurs.

Long distance
migration to/from

Alter course to avoid source

Course deviations
involving +10 km add a
fraction of time and energy

Low (equivalent to
detouring around the
approaches to a busy

feeding ground loss to the overall journey ort)
budget of >2000 km P
Increased sensitivity to novel
or unexpected noise reduces . Increases with number of
. Unplanned exertion and .
Resting sound level tolerance. use of ener disturbances before or
Forced to move away from &y after calving
source.
. Dlsmp teq birthing or Risk of mortality
Increased stress, avoidance | suckling increases risk of increases with number of
. or defensive behaviour cow/calf injury, calf . . .
Calving interactions (risk of

increases risk of injury to
calf and cow

oxygen debt, reduced milk
intake, exposure to
predators.

reduced population
recovery rate).

Social interactions
and mating in
winter breeding
grounds

Diverted attention, disrupted
vocalisations, and/or
avoidance behaviour disrupts
mate selection, courtship and
mating.

Reduction in factors
facilitating adequate
insemination, conception
and embryo implantation.

As above, with respect to
reduced pregnancy rate.

* Assumes exposure to a novel noise source. May stabilise/reverse if the characteristics and commonality of the particular
source facilitate habituation.

Both toothed and baleen whales have been observed to respond to increased background noise by producing
more calls, louder calls, longer calls and/or shifting call frequencies. In the case of dolphins and toothed whales,
these tend to remain in large family groups, specialise in high frequency (short-distance) vocalisations and do
not generate low frequency sounds capable of long distance communication. In noisy localities and
embayments bottlenose dolphins have been shown to echolocate louder (Au & Penner, 1981) and change the
frequency characteristics of their whistles and echolocation clicks (Au et al. 1974, plus recent Hervey/
Moreton/Port Philip Bay comparative studies).
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7.2.5 Zone-inducing possible temporary threshold shifts in hearing

When exposed to a sufficiently intense sound source, the inner ear hair cells of marine mammals can receive
excessive excitation and subsequently cause a temporary decline in hearing sensitivity, in the same way as land
mammals and humans. This is called a ‘temporary threshold shift’ (TTS), and its appearance due to the

‘tiring out’ of the hair cells is a function of the strength of the sound and duration of exposure. In the case of
human health and safety regulations, the typical workplace regulations to prevent TTS via 8 hour shift
exposures are 80 or 90 dB (re 20 yPa), which are equivalent to underwater levels of roughly

142 to 152 dB (re 1 pyPa).

While the potential for TTS to occur in marine mammal ears has been recognised for several decades, reliable
data regarding the sound levels inducing TTS did not begin to emerge until the late 1990s. Before these results,
expert opinion sought by the US NMFS (e.g. HESS 1999, US Marine Mammal Commission 2004) had indicated
that, for precautionary reasons including possible TTS, cetaceans should not be exposed to pulsed underwater
noise at received levels exceeding 180 dB and 190 dB (re 1 pPa) (rms) respectively. The more recent studies
have since identified that pulsed sounds which cause mild TTS in dolphins and small toothed whales need to
exceed >200 dB (re 1 yPa) (rms) (e.g. Schlundt et al. 2000, Finneran et al. 2002; refer Figure 7-3). More recent
work by Southall et al. (2007) indicates higher received levels for TTS onset (see section 7-3).

The TTS threshold is a time versus energy exposure function of the received sound, with the measured loss in
hearing sensitivity (3-6 dB at or just above the frequency of the received sound) related to the total received
energy (e.g. Finneran et al. 2002). When a TTS is present, the hearing threshold rises and a sound must be
stronger in order to be heard. A TTS typically lasts for minutes, but may extend to hours or even days in cases
of a strong TTS. The affected region remains at and just above the frequency range of the offending TTS
causing sound.

Repeated TTS events without sufficient intervening recovery periods can lead to irreparable damage to the hair
cells, thereby leading to a Permanent Threshold Shift (PTS; Section 6.2.6). The potential significance of TTS to
long lived mammals such as the larger whales is therefore twofold: a temporary period when the ability to
perceive a social signal, echolocation image or orientation cue may be impaired, plus an increase in the long
term risk of accelerated hearing loss in old age. However, as with humans and terrestrial mammals, the auditory
system is resilient and can experience the occasional TTS without undue risk of PTS developing. Thus some
workers maintain that mild TTS is not injury per se, as it is a natural phenomenon experienced by humans and
terrestrial mammals and has also been shown in marine fauna. In this context, there are a range of natural
sources that can emit intense LF, MF and/or HF sounds that, during the lifespan of a larger whale, could be
capable of producing a mild TTS (Table 7-1).

Since the capacity of neonates and young juveniles to receive several TTS with the same likelihood of avoiding
an early onset of PTS is unclear, the biological significance of TTS-inducing levels is arguably higher in calving
areas and for cow-calf pairs on their first migration to feeding grounds.

Recent laboratory results of TTS testing in delphinid species indicate the received level of a single seismic pulse
needs to be ~210 dB (re 1 yPa) rms (approx. 221-226 dB (re 1 yPa) peak-peak) to induce brief TTS

(i.e. minutes of reduced hearing sensitivity). Exposure to several seismic pulses over a 30-60 minute period may
require received levels of 200-205 dB rms) to cause the same level of TTS in a dolphin or small toothed whale.
Exposure levels inducing a mild TTS by typical seismic survey sounds (i.e. a series of very short pulsed sounds
each separated by 8-15 second intervals) have not been determined, but can be assumed to be the roughly the
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same as the values inducing TTS reported for short (1 second) pulses (e.g. Finneran et al 2002) versus the long
exposure periods (>20 minutes) (e.g. Nachtigall et al. 2003).

The ability of the 5-15 second inter-pulse intervals to provide an ameliorative ‘mini’ recovery phase may be low.
Nevertheless, the zone of potential temporary hearing loss and discomfort near an airgun array is relatively

small, with geometrical spherical spreading causing a decline in sound levels to <200 dB (re 1 yPa) within
500 m of the largest commercial arrays.
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Figure 7-4  Plot indicating sound exposure regimes (s) and energy flux densities (b) that can
induce measurable TTS in odontocetes

(from Finneran et al. 2002)

Most experiments on TTS have been undertaken on bottlenose dolphins and beluga whales. The test tones
were in the range of 40 to 7500 Hz with levels up to 202 dB (re 1 yPa) (Schlundt et al. 2000). Evidence of TTS
was obtained, disappearing within a few days. The following account summarises the methods and findings of
TTS experiments reported by Finneran et al. (2002). A behavioural response paradigm was used to measure
masked underwater hearing thresholds in a bottlenose dolphin (Tursiops truncatus) and a beluga whale
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(Delphinapterus leucas) before and after exposure to single underwater impulsive sounds produced by a
seismic watergun '8,

Pre- and post exposure thresholds were compared to determine if a temporary shift in masked hearing
thresholds (MTTS), defined as a 6 dB or larger increase in the post exposure threshold, had occurred. Hearing
thresholds were measured at 400 Hz, 4000 Hz and 30 kHz. MTTSs of 7 and 6 dB were observed in the beluga
at 400 Hz and 30 kHz respectively, for approximately 2 minutes after exposure to single impulses with peak
pressures of 160 kPa, peak-to-peak pressures of 226 dB (re 1 yPa) and total energy fluxes of

186 dB (re 1 yPa2 s). Thresholds returned to within 2 dB of the pre exposure value approximately 4 minutes
after exposure. No MTTS was observed in the dolphin at the highest exposure conditions:

207 kPa peak pressure, 228 dB (re 1 yPa) peak to-peak pressure, and 188 dB (re 1 yPa2 s) total energy flux.

Finneran et al. (2002) also compared their findings with results from other TTS studies using different sound
exposure regimes (Figure 7-3). The plots show that inducing TTS in cetaceans involves a sound dosage
function in which the critical energy flux density for species tested to date is above 185 dB (re 1 uPa2 sec™).
There are no measured data on sound levels that induce TTS in baleen species.

7.2.6 Zone-inducing possible permanent threshold shift or other tissue
damage

PTS results from irreparable injury to the hair cell receptors that line the basement membrane of the inner ear
(unlike birds and reptiles, these are not replaced during adult mammal life). If relationships between TTS and
PTS thresholds in marine mammals are similar to those studied in humans and other terrestrial mammals, PTS
requires an exposure to ~20 dB higher peak to peak sound pressure levels than TTS.

Extreme PTS cases involve partial or total deafness that occurs by exposure to non-acoustic blast pressures,
i.e. via proximity to detonations of high explosives. Exposure to explosive energies causes PTS owing to the
more rapid rise time of the blast pressure wave (i.e. microseconds versus the milliseconds of airgun pulses).
Humans and mammals with a PTS have continually impaired ability to hear sounds over various frequency
ranges, which widen and worsen in older life, particularly for the higher frequencies.

If marine mammals have an inherently high behavioural tolerance to intense levels of pulsed noise

(~200 dB (re 1 yPa rms), this does not necessarily mean their hearing sensitivity may not become impaired over
the long-term. For example, McCauley and Duncan (2001) have noted that while humans can tolerate short,
repetitive explosive signals such as gunfire (because <200 millisecond sounds are not interpreted by the
auditory brain stem or consciously perceived as excessively loud), such energies can still over-drive the inner
ear and resultin TTS and PTS.

Other effects as a result of sudden, very intense underwater sounds include stress, startle and ‘panic-flight’
responses, plus possible neurological effects. In the case of a severe startle reaction, this would be more likely
to occur if there is no previous experience of the sound type (no learning or habituation), and the sound is both
sudden and unanticipated by the receiving animal (no accommodation). Anticipation of a loud sound causes
automatic tensing of ocular structures and head musculature, in part as an adaptation to increase head

18 Watergun impulses probably contain proportionally more energy at higher frequencies because there is no
significant gas filled bubble (Hutchinson & Detrick 1984).

Prepared for INPEX Browse, Ltd., 27 July 2009 ms

97



ICHTHYS GAS FIELD DEVELOPMENT PROJECT : REVIEW OF
LITERATURE ON SOUND IN THE OCEAN AND EFFECTS OF NOISE
ON MARINE FAUNA

Behavioural and Physiological Effects of Noise

shadowing and reduce middle-ear gain to prevent ‘self-deafening’ when mammals vocalise loudly
(e.g. Gisiner 1998).

Incidents involving beaked whale strandings have led some workers to suggest the possibility that intense tonal
sounds might have the capacity to injure non-auditory tissue via resonance, such as to gas-filled sacs/sinuses
(but only if the latter have an inherent fundamental frequency capable of excitement by the action of continuous
sound waves at that frequency, with the ensuing vibrations sufficiently strong to be capable of damaging
delicate membranes and capillary walls). In the case of the very short pulse lengths and long inter-pulse
intervals of airgun seismic, this source would not provide sufficient energy to induce or maintain a tissue
resonance.

While there is no known mechanism for the low frequency broadband pulses of airgun arrays to induce
resonance in marine mammals, some workers have raised the possibility that relatively intense mid-frequency
sonar tones could induce resonance, or cause gas bubble formation in the blood of deep diving mammals.
These conjectures arose following the March 2000 beaked whale stranding event in the Bahamas which had
coincided with a US Navy exercise involving tactical mid frequency sonar. It was speculated that if newly formed
or coalesced micro-bubbles enter the blood system of marine mammals, these in turn might induce a pulmonary
or cerebral artery gas embolism, as can occur in severe forms of decompression sickness (DCS; ‘bends’)
experienced by human divers (e.g. Gisiner 1998, Houser et al. 2001).

Subsequent workshops convened to examine the Bahamas and more recent Canary Island beaked whale
stranding incidents have concluded that resonance in air filled structures was unlikely to be the cause as the air
spaces in marine mammals are too large to resonate with both the frequencies and short pulse lengths emitted
by mid and low frequency sonar (Gentry et al. 2002, cf. Finneran, 2003). Following the September 2002
beaked whale stranding incident, Jepson et al. (2003) undertook biopsies and suggested that mid frequency
sonar might have caused in vivo formation of gas bubbles in some of the 14 stranded beaked whales which
showed possible evidence of such tissue damage, but their results and conclusions were recently refuted by
Piantadosi and Thalmann (2004).

It also appears that the received levels of sonar (estimated at ~160 dB [re 1 yPa] rms) are too weak to cause
the possibility of sonar induced nitrogen gas bubble formation/coalescence, and that a ‘panic flight’ response
which caused the beaked whales to surface too rapidly may have been the cause of the possible DCS. Little is
known about acoustic tissue damage and DCS signs in the poorly studied beaked whales because this can be
reliably measured and assessed only very soon after death. All workers have agreed that more work is needed
to resolve both the potential mechanisms and clinical signs of possible sonar-induced DCS in beaked whales.

In summary, the biological assessment of underwater acoustic impacts is an emerging science that aspires to fill
knowledge gaps which may allow previous ‘rule of thumb’ sound level criteria and safety range regulations to be
adjusted or customised. When reliable estimates for TTS and PTS become available for the baleen whales, use
of the precautionary 182 dB US NMFS criterion as an acceptable exposure level to pulsed sounds ' for all
marine mammals is being refined.

Yus regulatory standards for endangered species ‘take’ permits refer to received levels of greater than
180 dB (re 1 yPa) for sounds of all frequencies and durations.
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7.3 Synthesis of Anthropogenic Noise Impacts and Physiological and
Behavioural effects upon Marine Mammals

This section presents a summary of information presented by Southall et al. (2007), who presented on research
and findings from a seven year period from a group of acoustic research experts from behavioural, physiological
and physical disciplines. The key aim of the group was to:

1) Review the expanding literature on marine mammal hearing and on physiological and behavioural
responses to anthropogenic noise

2) Propose criteria for certain effects.

All available data were reviewed and employed in the aim of predicting noise exposure levels, above which
expected adverse impacts on various marine mammals would occur. Predications were considered for two
categories:

1) Injury
2) Behavioural disturbance.

The proposed criteria for the onset of the above effects were separated according to the functional hearing
capabilities of different marine mammal groups and the different categories and metrics of typical anthropogenic
sounds in the ocean. While Southall et al. (2007) reports that many of the group’s objectives were achieved
during the study, it is noted that there is certain limitations in the proposed criteria because of the lack of or
complete absence of information for some key topics.

7.31 State of Current Knowledge

It is acknowledged that available data on the effects of noise on marine mammals are variable in quantity and
quality, and in many cases data gaps have severely restricted the derivation of scientifically based noise
exposure criteria.

Controlled experiments in laboratory settings have greatly expanded current understanding of marine mammal
hearing and effects of underwater and aerial sound. It is noted that current understanding of marine mammal
hearing capacities remains rudimentary, but there is a reasonable understanding of underwater hearing for
representative species of odontocetes and sirenians.

Furthermore, there are many more published accounts of behavioural responses of marine mammals to noise
then those published by Southall et al. (2007). However, the absence of this other information from their findings
is based on the fact that available data from these reports are not linked to specific exposure conditions
resulting in particular actions or behaviour, which is an important factor.

It is important to understand that behavioural responses are strongly affected by the context of the exposure as
well as the animal’s experience, degree of habituation, motivation and condition and the ambient noise
characteristics and habitat setting. This fact has greatly influenced the formulation of broadly applicable
behavioural response criteria for marine mammals based on exposure level alone.

7.3.2 Noise Exposure Criteria

Southall et al. (2007) presents sound exposures which are believed to cause direct auditory injury to marine
mammals. The minimum exposure criterion for injury is defined as the level at which a single exposure is
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estimated to cause onset of permanent hearing impairment, defined as PTS, and has been calculated based on
data on TTS® in marine mammals, and on patterns of TTS growth and its relation to PTS in other mammals. It
should be understood that due to limited availability of relevant data on TTS and PTS, the extrapolation
procedures in order to make such estimations were deemed by Southall et al. (2007) to be necessarily
precautionary.

Dual criterion for injury were established for each hearing group (marine mammals were categorised according
to functional hearing groups, see Table 7-5) in order to account for all of the possible effects associated with
exposure. These criteria are based on instantaneous peak pressure (unweighted) and total energy
(M-weighted”). Furthermore, criteria are given for pulse and nonpulse sounds, as well as for single and multiple
exposures (see Table 7-6). Pulse sounds are considered as brief, broadband, often atonal and transient, which
are largely characterised by rapid rise time to maximum pressure (e.g. pile driving, seismic airgun pulses and
sonar pings). Nonpulse sounds can be either intermittent or continues as well as either tonal, broadband, or
both (e.g. general vessel noise and drilling). However, regardless of the anthropogenic sounds, it is to be
assumed likely that auditory injury will occur if a marine mammal’s received exposure exceeds the relevant
(pulse or nonpulse) criterion.

Table 7-5 Functional marine mammal hearing groups, auditory bandwidth (estimated lower
to upper frequency hearing cut-off), genera represented in each group, and group-specific (M)
frequency weightings

Functional Estimated Genera represented (Number Frequency-weighting
hearing group auditory species/subspecies) network
bandwidth
Low-frequency 7 Hz to 22 kHz Balaena, Caperea, Eschrichtius, Megaptera, M
cetaceans Balaenoptera (If: low-frequency cetacean)
(13 species/subspecies)
Mid-frequency 150 Hz to 160 kHz | Steno, Sousa, Sotalia, Tursiops, Stenella, Delphinus, Mt
cetaceans Lagenodelphis, Lagenorhynchus, Lissodelphis, (mf: mid-frequency cetacean)

Grampus, Peponocephala, Feresa, Pseudorca,
Orcinus, Globicephala, Orcaella, Physeter,
Delphinapterus, Monodon, Ziphius, Berardius,
Tasmacetus, Hyperoodon, Mesoplodon

(57 species/subspecies)

High-frequency 200 Hz to 180 kHz | Phocoena, Neophocaena, Phocoenoides, Platanista, M
cetaceans Inia, Kogia, Lipotes, Pontoporia, Cephalorhynchus (hf: high-frequency
(20 species/subspecies) cetaceans)

(From Southall et al. 2007)

2 For example, temporary loss of hearing.

21 A generalised frequency weighting function developed for each of the five groups of marine mammals based on
similarities in their hearing ranges.
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Table 7-6 Sound types, acoustic characteristics and selected examples of anthropogenic
sound sources
Sound type Acoustic characteristics (at Examples
source)
Single pulse Single acoustic event; > 3dB Single explosion; sonic boom; single airgun,

difference between received level
using impulse vs equivalent
continuous time constant

watergun, pile strike, or sparker pulse; single ping of
certain sonars, depth sounders, and pingers

Multiple pulses

Multiple discrete acoustic events
within 24 h; > 3dB difference between
received level using impulse vs
equivalent continuous time constant

Serial explosions; sequential airgun, watergun, pile
strikes, or sparker pulses; certain active sonar;
some depth sounder signals

Nonpulses

Single or multiple discrete acoustic
events within 24 h; < 3dB difference
between received level using impulse
vs equivalent continuous time
constant

Vessel/aircraft passes; drilling; many construction or
other industrial operations; certain sonar systems
(LFA, tactical mid-frequency); acoustic
harassment/deterrent devices; acoustic tomography
sources (ATOC); some depth sounder signals

(From Southall et al. 2007)

7.3.3 Exposure Criteria for Injury

The criteria proposed by Southall et al. (2007) relate to injury to certain marine mammal groups and are based
on received sound levels that meet the definition of PTS onset. However, due to the lack of data in regard to
PTS, criteria have been derived from measured or assumed TTS onset thresholds and growth rate estimates for
each marine mammal group.

In the case of deriving criteria for cetaceans, published TTS data are limited to two mid frequency species, the
bottlenose dolphin (Tursiops truncatus) and beluga whale (Delphinapterus leucas), with data available for
exposure to single pulse and nonpulsed sounds. There are no published TTS data for any other mid or high
frequency cetaceans, or any low frequency mysticetes.

The proposed injury criteria for individual marine mammals exposed to ‘discrete’ noise events as proposed by
Southall et al. (2007) are presented in Table 7-7.
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Table 7-7
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Proposed injury criteria for individual marine mammals exposed to 'discrete’

noise events, either single or multiple exposures within a 24-h period

Marine Mammal Group

Single pulses

Multiple pulses

Nonpulses

Low-frequency cetaceans

Sound pressure level

230 dB re: 1 yPa (peak) (flat)

230 dB re: 1 yPa (peak) (flat)

230 dB re: 1 yPa (peak) (flat)

Sound exposure level

198 dB re: 1 pPa’-s (My)

198 dB re: 1 uPa’s (My)

215 dB re: 1 yPa’s (My)

Mid-frequency cetaceans

Sound pressure level

230 dB re: 1 pyPa (peak) (flat)

230 dB re: 1 pyPa (peak) (flat)

230 dB re: 1 pyPa (peak) (flat)

Sound exposure level

198 dB re: 1 yPa’-s (Mps)

198 dB re: 1 uPa’s (Mpy)

215 dB re: 1 yPa’s (Mu)

High-frequency cetaceans

Sound pressure level

230 dB re: 1 pyPa (peak) (flat)

230 dB re: 1 pyPa (peak) (flat)

230 dB re: 1 pyPa (peak) (flat)

Sound exposure level

198 dB re: 1 pPas (M)

198 dB re: 1 uPas (M)

215 dB re: 1 uPa’s (M y)

Note: Criteria in the “Sound pressure level” lines are based on the peak pressure known or assumed to elicit TTS-onset, plus 6 dB. Criteria
in the “Sound exposure level” lines are based on the SEL eliciting TTS-onset plus (1) 15 dB for any type of marine mammal exposed to
single or multiple pulses, (2) 20 dB for cetaceans in water exposed to nonpulses.

(From Southall et al. 2007)

7.3.4

It is noted that a key challenge in the development of behavioural criteria is being able to distinguish a
significant behavioural response from an insignificant, momentary alteration in behaviour. To assess and
quantify significant behavioural effects to noise exposure it is necessary to understand the impact such changes
might have on critical biological changes, including growth, survival and reproduction.

Exposure Criteria for Behaviour

It is noted by Southall et al. (2007) that most behavioural response studies to date have focused on short term
and localised behavioural changes whose relevance to individual effects, let alone population factors, is
considered low. As an example, it is believed unlikely that a startle response to a brief, transient event would
persist long enough to create any response which could be deemed significant. In addition, even strong
behavioural responses to single pulses would be expected to dissipate rapidly enough as to have limited long
term effect on individuals, let alone populations.

In respect of behavioural responses to sound exposure, it is also evident that many more factors affect
behaviour then just simple acoustic metrics. These include animal activity at the time of exposure, habituation
and sensitisation to the sound, as well as the presence or absence of acoustic similarities between the
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anthropogenic sound and biologically relevant signals in the animal’s environment (e.g. calls of conspecifics,
predators or prey).

When considering information regarding behavioural responses, it is also worth considering information
presented by Wartzok and Tyack (2007), who have elaborated on the Population Consequences of Acoustic
Disturbance (PCAD) Model developed by the US National Research Council (comprised of 70 individuals).
Wartzok and Tyack (2007) supported the findings of Southall et al. (2007) and reported that behavioural dose-
response variability is greater than physiological dose response variability. In addition, they report that
behavioural variability can also be dependent on age, sex, reproductive status, time of year and behavioural
state.

Single Pulses

Noting the lack of available data for behavioural thresholds, Southall et al. (2007) propose that following
exposure to a single pulse, significant behavioural disturbance should be considered to occur at the lowest level
of noise exposure that has a measurable transient effect on hearing (i.e. TTS onset). It is recognised that TTS is
not technically a behavioural effect, but is used because it's believed that any compromise to hearing functions,
even if it is temporary, has the potential to affect vital rates and therefore behaviour.

The recommended behavioural disturbance criteria for all cetaceans exposed to single pulses have been
developed based on the results for TTS onset in a beluga whale exposed to a single pulse. Proposed
unweighted peak sound pressure criteria have been set at 224 dB (re 1 yPa). The weighted sound exposure
level? criteria for mid frequency cetaceans have been set at 183 dB (re 1 pPaz—s). Through extrapolation the
same criteria have also been set for low and high frequency cetaceans, the only difference being the influence
of the respective frequency weighting functions for sound exposure criteria (see Southall et al. (2007) Chapter 3,
pg 439).

Multiple Pulses and Nonpulses

In the case of multiple pulses and nonpulses, Southall et al. (2007) report that it is not currently possible to
derive explicit criteria for behavioural disturbance. This conclusion is based on the large degree of variability in
responses between groups, species and individuals. However, it is highlighted that most research in respect of
low frequency cetaceans and nonpulses indicates no or very limited responses at a received level range of

90 to 120 dB (re 1 yPa) and an increasing probability of avoidance and other behavioural effects, albeit
generally minor, at a range of 120 to 160 dB (re 1 yPa).

In the absence of data necessary to develop behavioural based criteria, Southall et al. (2007) undertook a
severity scaling analysis of available observational data. This analysis was undertaken for the three cetacean
groups, and includes a list of response scores from 0 to 9 with a corresponding behavioural reaction for each
score (see Table 7-8). These scores are based on either individual and/or independent group behaviour.

22 Sound exposure level is a measure of energy. Specifically, it is the dB level of the time integral of the
squared-instantaneous sound pressure normalised to a one second (1-s) period. It is useful in assessing
cumulative exposure because it enables sounds of differing duration to be compared in terms of total energy
(Southall et al. 2007).
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Table 7-8

Behavioural and Physiological Effects of Noise

Functional marine mammal hearing groups, auditory bandwidth (estimated lower
to upper frequency hearing cut-off); genera represented in each group, and group specific (M)

frequency-weightings

Response Corresponding behaviours Corresponding behaviours
score .
(Free-ranging subjects) (Laboratory subjects)"
0 - No observable response - No observable response
- Brief orientation response (investigation/visual | - No observable response
1 orientation)
- Moderate or multiple orientation behaviours - No observable negative
2 - Brief or minor cessation/modification of vocal response; may approach
behaviour sounds as a novel object
- Brief or minor change in respiration rates
- Prolonged orientation behaviour - Minor changes in response to
3 - Individual alert behaviour trained behaviours (e.g., delay
- Minor changes in locomotion speed, direction, in stationing, extended inter-trial
and/or dive profile but no avoidance of sound intervals)
source
- Moderate change in respiration rate
- Minor cessation or modification of vocal behaviour
(duration< duration of source operation), including
the Lombard Effect
- Moderate changes in locomotion speed, direction, | - Moderate changes in response
4 and/or dive profile but no avoidance of sound to trained behaviours (e.g.,
source reluctance to return to station,
- Brief, minor shift in group distribution long inter-trial intervals)
- Moderate cessation or modification of vocal
behaviour (duration = duration of source
operation)
- Extensive or prolonged changes in locomotion | - Severe and sustained changes
o speed, direction, and/or dive profile but no in trained behaviours (e.g.,
avoidance of sound source breaking away from station
- Moderate shift in group distribution during experimental sessions)
- Change in inter-animal distance and/or group size
(aggregation or separation)
- Prolonged cessation or modification of vocal
behaviour (duration > duration of source
operation)
- Minor or moderate individual and/or group | - Refusal to initiate trained tasks
6 avoidance of sound source
- Brief or minor separation of females and
dependent offspring
- Aggressive behaviour related to noise exposure
(e.g., tailflipper slapping, fluke display, jaw
clapping/gnashing teeth, abrupt  directed
movement, bubble clouds)
- Extended cessation or modification of vocal
behaviour
- Visible startle response
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Response Corresponding behaviours Corresponding behaviours
score .
(Free-ranging subjects) (Laboratory subjects)"
- Brief cessation of reproductive behaviour
- Extensive or prolonged aggressive behaviour Avoidance  of  experimental
7 - Moderate separation of females and dependent situation or retreat to refuge
offspring area (> duration of experiment)
- Clear anti-predator response Threatening or attacking the
- Severe and/or sustained avoidance of sound sound source
source
- Moderate cessation of reproductive behaviour
- Obvious aversion and/or progressive sensitization Avoidance of or sensitization to
8 - Prolonged or significant separation of females and experimental situation or retreat
dependent offspring with disruption of acoustic to refuge area (> duration of
reunion mechanisms experiment)
- Long-term avoidance of area (> source operation)
- Prolonged cessation of reproductive behaviour
- Outright panic, flight, stampede, attack of Total avoidance of sound
9 conspecifics, or stranding events exposure area and refusal to
- Avoidance behaviour related to predator detection perform trained behaviours for
greater than a day

(From Southall et al. 2007)

It should be noted that in the context of behavioural responses in respect to the assessment of risk from noise, a
response score of 0 to 6 would in most occurrences be considered a minor or transitory impact, while a score of
8 to 9 would most likely be considered significant, as it is likely to affect vital rates. A score of 7 would represent
the threshold of onset of significant behavioural response.

The PCAD model (see Figure 7-4) was developed as framework to describe and assess acoustic stimuli in
relation to population level effects. It is a first attempt at tracing acoustic disturbance through the entire life
history of a marine mammal and determining the final consequences for a population (NRC, 2005).

The PCAD model requires an understanding of normal behaviour and use of sound and involves five different
variables (sound, behaviour change, life function, vital rate and population effect) that are linked by four transfer
steps. The first step relates the acoustic source to a behavioural response. The second defines the behavioural
disruption in terms of potential effects on critical life functions (e.g. feeding and breeding). The third step aims to
integrate these functional outcomes of responses over daily and seasonal cycles, and link them to vital rates in
life history. The final step then relates the changes in vital rates of individual animals to overall population
effects. However, it should be noted that the PCAD model is intended to serve as a conceptual model only
(NRC 2005).
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Population Consequences of Acoustic
Disturbance Model
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Figure 7-5 PCAD model
(from Wartzok and Tyack, 2007)

The PCAD model complements supports the information on behavioural disturbance presented by

Southall et al. (2007). It should be noted that response scores presented by Southall et al. (2007) up to a score
of 6 are most likely to fall within the first two consequence stages of the PCAD model. This supports the
conclusion that responses at these levels are unlikely to be significant unless sustained over an extended period
of time, as they are otherwise unlikely to affect vital rates or result in population effects.

The severity scale analysis undertaken by Southall et al. (2007) for low frequency cetaceans and multiple
pulses reports that only one out of 197 recorded responses resulted in a score above 6 (a score of 7), which
occurred at the 150 to <160 dB (re 1 yPa) range. Furthermore, approximately 15 out of 197 observations
recorded no significant response up to 180 dB (re 1 pPa).

In the case of mid frequency cetaceans, a limited number of behavioural responses have been made for
multiple pulses. However, out of 16 total observations, no reported responses were recorded which resulted in a
response score above 6, with the majority of observations recording a score of zero. Furthermore, eight out of
the 16 observations recorded no significant reaction to received levels up to 180 dB (re 1 yPa), with at least six
of these recorded observations resulting in no response at all. No data are presented in respect of high
frequency cetaceans and multiple responses as data are lacking.

For low frequency cetacean responses to nonpulses, there were a total of four observations out of a total of
1319 with a response score of 7, which all occurred within the range of 130 150 dB (re 1 yPa). However, by
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comparison, over 1300 other observations at these levels received a score of 6 or less. There were no
observational data available for any animal exposed to received levels greater then 150 dB (re 1 yPa).

In the case of mid frequency cetaceans exposed to nonpulses, some field studies showed high severity scores
to exposures from 90 to 100 dB (re 1 yPa), while others failed to exhibit responses to exposures up to

170 dB (re 1 yPa). In some controlled studies exposing bottlenose dolphins to received levels at up to 200 dB
some observations displayed no discernable response, while an equal number of observations recorded a
response level of 8. It is believed that contextual variables other than received levels, as well as species
differences, are the likely reasons for this variability. It is also noted that exposures within captive settings
generally exceeded 170 dB (re 1 yPa) before a response was recorded.

Out of the 214 observations of mid frequency cetaceans exposed to nonpulses, 20 recorded a response score
of 8. Of these 20 observations, 14 were at received levels of 90 to 150 dB (re 1 pyPa), with eight of these
observations made at received levels between 90 to 110 dB (re 1 yPa) (although these observations involved
relatively quiet Arctic waters). By way of contrast, 194 other observations were made at levels up to

200 dB (re 1 pyPa), with no significant response recorded.

For high frequency cetaceans exposed to nonpulses, 109 observations were made at received levels up to
170 dB, none of which recorded a response score above 6.

When considering the observational data described above, Southall et al. (2007) identified some behavioural
responses at their ascribed levels of 7 or above (considered and described as acute effects). However, when
placed in the context of the PCAD model, any anthropogenic noise impact, especially at the level of around
6 to 7, would need to exert a chronic (or sustained) ongoing influence at this level to begin manifesting as
population level effects.

7.3.5 Conclusion

It is recognised that the work by Southall et al. (2007) has resulted in some advance in the empirical
understanding of underwater anthropogenic noise and potential impacts on marine mammals, particularly in
respect of providing an up-to-date review of available literature and the derivation of quantitative criteria for
auditory injury to marine mammals. However, it is acknowledged that further information and research is
required. For example, it is widely accepted that it's not possible to propose any meaningful criteria in respect of
behavioural disturbance due to the lack of information and studies relating to noise and behavioural effects.
How these behavioural effects then may impact upon populations is also unknown. This is largely due to the
limited amount of data, limited species information and the dearth of contextual information regarding the
influences of factors such as duration, habituation and the ambient noise environment etc.

The need for extrapolation and precautionary assumption by Southall et al. (2007) to develop their criteria
highlights the need for research in a variety of areas. Noting this, it is important that the information presented
by Southall et al. (2007) is not considered definitive. In many cases the proposed criteria for an entire marine
mammal group are based on precautionary results for a species within that group, even though anecdotal and
some other empirical data exist which show higher exposures are required to induce the same event in other
circumstances. Similarly, care must be exercised when considering the information presented on behavioural
effects, as the recorded observations are limited to a small number of species and only certain received sound
levels.
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This section reviews the known effects on important marine fauna from likely noise sources associated with the
Project. It reports on recorded observations and analyses from around the globe and does not specifically focus
upon Darwin, the Browse Basin or Australia in general, but is rather intended to provide a general background
to the literature on the effects of anthropogenic noise upon sensitive or charismatic marine fauna.

It is difficult to predict which species will be most vulnerable to man made noise because of the wide range of
individual and population sensitivities as well as differences in wariness or motivation or degree of habituation.
Currently, it may only be possible to make generalisations about the vulnerability of species groups based on
behavioural observations of responses to man made sounds, habits and what is known about a species’
auditory sensitivity or vocal range.

When evaluating likely impacts, consideration should also be given to differences in local conditions that may
affect sound propagation, e.g. depth, bottom type, size and type of source. A majority of man-made sounds
have significant amounts of energy at low frequencies, thereby leading to potential disturbance, damage or
interference to the mysticete whales. There is evidence of low frequency hearing in sperm whales (Ketten 1992,
1997) and this species appears to be extremely sensitive to disturbance from a variety of sound sources. Deep
diving odontocetes may also be at risk of exposure as their behaviour puts them in the deep sound channel or
Sound Fixing and Ranging (SOFAR) channel, along which sound can travel efficiently for distances of hundreds
to thousands of kilometres, but this is only of any possible relevance for deeper, offshore locations.

The sources of noise which will be examined include dredging, pile driving, shipping noise and vessel presence,
rock dumping and dredge spoil disposal, seismic surveys, drilling, underwater blasting and pipelaying and
operation.

8.1 Dredging

Reported source levels for general marine dredging operations range from 160 to 180 dB (re 1 yPa @ 1 m) for
1/3 octave bands with peak intensity between 50 and 500 Hz (Greene and Moore 1995). One of the most
comprehensive studies of underwater noise emissions from dredging was carried out by the United States Army
Corps of Engineers in Cook Inlet, Alaska (Dickerson et. al. 2001). The research provides detailed records of the
underwater noise generated by a bucket (grab) dredging operation. Measurements of the dredging in Cook
Inlet, showed that the bucket striking coarse gravels on the seabed generated the most noise with a recorded
peak of 124 dB (re 1 yPa) at 150 m from the dredge site which attenuated by 30 dB (re 1 yPa) over a distance
of 5 km. The digging operation was characterised by a grinding noise with a recorded peak of 113.2 dB

(re 1 yPa) at 150 m from the dredging site to 95 dB (re 1 yPa) 5 km away.

Recorded noise levels for large cutter suction dredgers are higher than those associated with grab dredgers.
Recorded broadband noise data for the large cutter suction dredger JFJ de Nul are given as 183 dB (re 1 yPa at
1 m) at Sakhalin Island, 2004. Measurements of two suction dredgers, Aquarius and Beaver Mackenzie, are
reported in Nedwell and Howell (2004). Their octave band spectra peak between 80 and 200 Hz, with Aquarius
having the higher of the two spectra peaking at approximately 177 dB (re 1 yPa at 1 m). In the 20-1000 Hz
band, Beaver Mackenzie and the Aquarius were measured to have a 133 dB (re 1 pPa) level at 0.19 km and a
140 dB (re 1 yPa) level at 0.2 km, respectively.

Information from a number of conservative studies indicates that acute damage to fish caused by sound does
not occur below about 160 dB (re 1 pPa). During grab dredging activities, this noise level is unlikely to be
generated, even when dredging through partially consolidated rock. However, noise levels as high as, or higher
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than, 160 dB (re 1 yPa) could be generated in close proximity to the cutter suction dredger. This indicates that
any potential for acute damage to fish would only be likely to occur in very close proximity to the cutter head.

Thus, at distances greater than 10s of metres at most, acute damage would not be likely to occur. Fish may
avoid moving close to a working dredger head as the sound may cause an avoidance response, and therefore
acute damage would only occur if fish were present in the vicinity when dredging operations started. This in
itself may be unlikely given the physical disturbance that this activity will cause.

It has also been calculated that the majority of fish would not be able to detect the noise made by dredging
activity at a distance greater than 1 km from the activity. Henderson (2003), assuming spherical spreading of
sound, calculated that the predicted sound level from a cutter suction dredger would be 100 dB (re 1 yPa) at

1 km. On this basis it is considered that the noise generated during dredging would not lead to fish mortality and
at worse would lead to temporary avoidance of nearshore waters immediately adjacent to the dredging activity.

Dredging noise varies through time and periodically dredging ceases whilst the dredger spuds in or undertakes
maintenance and repair. This creates periods of calm and quiet, during which fish can move through the area
undisturbed.

8.2 Pile Driving

The intense pulses of pile driving have been observed to injure swim bladders and kill salmonid fishes in limited
circumstances, and they have the potential to elicit a startle response to cetaceans, particularly if the

hammering operation is commenced without any form of soft-start procedure. A ‘worst case’ scenario in terms of
invoking undue stress to whales would involve start up of a three month operation at a site located in a shallow
embayment that is being used for calving or resting, or as a temporary stop-over by humpback cow calf pairs.

An assessment of the effect of impact pile driving noise on fish species predominant near Rgdsand, Denmark
was made by Engell-Sgrensen (2000). This work assessed the potential behavioural and physical effects of the
noise levels of pile driving associated with construction of offshore wind turbines. Sound Exposure Levels for
four measurement positions between 30 to 720 m from the activity gave levels ranging from 166 dB to 188 dB
(re 1 yPa), with a calculated Source Level of 210 dB (re 1 yPa at 1 m). Engell-Sgrensen (2000) concluded that:
avoidance reactions would be likely to occur up to 30 m from the source, especially for species with swim
bladders; the measured noise levels could harm the hearing ability of clupeids such as herring (Clupea
harengus) and sprat (Sprattus sprattus), but this may regenerate over time; and, other than those already
mentioned, the noise from pile driving is unlikely to cause any other physical effect.

From their review of the available literature, Popper et al. (2006) propose interim criteria for injury to fish
exposed to pile driving activities. As described in Section 7.1.6, Popper et al. (2006) suggest dual criteria, and
propose that the onset of direct physical injury to fish exposed to pile driving would be at a sound exposure level
of 187 dB (re 1 uPaz.sec) and a peak sound pressure level of 208 dB (re 1 pPageak). These criteria are in line
with the findings of Caltrans (2004) (cited in Popper et al. 2006), which showed no damage to steelhead
(Oncorhynchus mykiss) and shiner surfperch® (Cymatogaster aggregata) when exposed to sound levels of
between 158-182 dB (re 1 uPaz.sec) at distances of 23 m to 316 m, and peak levels within the same range.

% Note both these fish are teleost species, as are Barramundi, and would be expected to exhibit similar hearing
acuity.
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8.3 Shipping Noise

It is widely considered that the baleen whales have evolved their low frequency vocalisations as a result of
selective advantages of achieving long distance communications, with the largest species most capable of
exploiting the ocean's natural sound ducts. The apparent ‘male only’ intense calling behaviour now known for
the three blue whales plus the fin and humpback whales implies a reproductive strategy. If only the males make
the loudest, longest and most complex calls among the range of vocalisations emitted by both sexes, these may
help females select fit males to help ensure successful calving and genetic quality of their progeny. In this
context, Croll et al. (2002) speculated that if breeding is “limited by the encounter rate of receptive females with
singing males, the recovery of fin and blue whale populations from past exploitation could be impeded by low
frequency sounds generated by human activity”. If it is accepted that the two sexes possess no other
mechanisms for (a) navigating to their usual breeding area during the same season, and (b) undertaking
relatively simple random-search strategies to yield audible range encounters (e.g. 50-100 km wide cross tracks),
this concept increases the impact significance of potential call-masking sound sources (i.e. a breeding area
where low frequency background noise is continuously elevated by heavy shipping traffic).

In the case of the potential for shipping or other low frequency sources to mask the long distance calls of baleen
whales in Australian waters, there are few locations where ambient noise is significantly elevated by heavy
shipping traffic (see Section 5 2) and there are no concentrated offshore petroleum developments where supply
vessels, rig tenders and oil tankers are sufficiently numerous to contribute markedly to regional ambient noise,
as can occasionally occur in parts of the North Sea, north east Atlantic and Gulf of Mexico 2

In this context, McCauley and Cato (2003) have criticised Andrew et al. (2002) who claimed, from a comparison
of records from an established deep sound channel acoustic monitoring system off Point Sur (north California),
that current ambient noise levels in the North Pacific had increased in selected low frequency bands (20-80 Hz
and 200-300 Hz) compared to levels measured from the same equipment in the 1960s, offering support to the
concept that rising vessel traffic noise is significantly limiting communications between baleen species which
produce sounds at the same frequencies (Payne & Webb 1971). McCauley and Cato (2003) considered that the
records comparison by Andrew et al. (2002) was marred by a recent calibration of the Point Sur equipment, by
the dismissal in their calculations of the contribution of distant great whale calling, and that traffic noise
reference levels were based on limited knowledge from 30-35 year old samples. Great whale numbers in the
Pacific during the 1960s were historically at their lowest levels due to commercial whaling and hence would
have contributed little to the low frequency components of ambient noise. Recoveries in their numbers over the
recent decades mean that great whales calling from thousands of kilometres away could well be adding to the
ambient noise in the deep sound channel where the Point Sur measurements are made.

Arguments that shipping traffic noise is significantly masking great whale communications in all regions also
assume that the northern hemisphere, with its high density of busy shipping lanes, is typical of all oceans and
seas including those in the southern hemisphere (McCauley & Cato 2003). Yet even in the high traffic areas of
the Tasman Sea, wind-induced sea surface noise drowns out shipping noise whenever wind speeds attain

! The north west Atlantic, west Shetland area and parts of the Mediterranean represent regions where limited
rorqual stocks and such activities overlap, and the potential for excessive background noise in these areas to
affect the recovery of northern fin and blue whale stocks has been raised by some workers such as Croll et al.
(2001).
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20 knots or more (see Figure 4-2). McCauley and Cato (2003) have also noted that whales have always had to
contend with noise levels that are as high as, or higher than, ship traffic noise, and that in some areas their own
calls are producing greater ambient noise levels than traffic noise when averaged over time.

In another study, shipping noise levels were examined with respect to resident sperm whales feeding in the
Canary Islands (André & Degollada, 2003). This study was undertaken following fears that the sperm whales,
which are exposed to heavy ferry and merchant ship traffic, were suffering increased collision rates due to
adverse effects from the local acoustic budget. However controlled exposure experiments to test the ability of
underwater sound system to repel sperm whales from ferry routes and thus reduce collision risks found that
none of the low frequency sounds tested altered their behaviour or location. This is perhaps unsurprising given
the apparent disdain displayed to merchant ships by sperm whale groups when feeding and surface resting in
the busy shipping lane off Sri Lanka. In a recent (May 2003) example of this behaviour, a family group of 40-50
sperm whales were monitored for some 12 hours while feeding and socialising in the busy shipping lane

50 miles south of Dondra Head (south Sri Lanka). “Numerous tankers” were passing during this period since the
whales were inside the very busy oil tanker and container ship lane between Asia and the Gulf and Suez Canal,
and it was speculated that the whales had been attracted to an area containing abundant prey (Madsen 2003).
During the observations, a subgroup of 10 were observed to show no apparent change in their surface resting
behaviour and slow swimming speed as a large, fast-moving container ship passed just behind their own
surface wake.

Erbe (2002) modelled the potential effects of underwater noise from whale-watching vessels on orcas off
southern Canada. Results indicated that faster boats made more noise, being audible to killer whales over

16 km away, to mask killer whale calls over 14 km, to elicit behavioural response over 200 m and to cause
changes in hearing of 5 dB after 30 minutes within 450 m. For slower vessel speeds the predicted ranges were
1 km for audibility and masking, 50 m for behavioural responses, and 20 m for hearing changes. The effects of
combined vessel noise around a group were close to a level considered likely to cause a permanent hearing
loss if there was prolonged exposure.

Concerns about long distance masking would require a major rise in shipping traffic, discovery of offshore oil
reservoirs on a par with the size of those off Scotland or Norway, or a major new industrial port complex
proposed near a recognised significant baleen whale locality. In this context, experience from the right,
humpback and sperm whale stocks in the North Atlantic and Mediterranean indicates that increased rates of
ship strikes rather than call masking would be a more plausible concern regarding the ability of vessel traffic to
influence population recovery rates.

A considerable body of fisheries literature exists on the behavioural response of fish to the noise of approaching
vessels (e.g. Olsen 1990). These studies have shown that fish avoid approaching vessels when the radiated
noise levels exceed their threshold of hearing by 30 dB or more, usually by swimming down or horizontally away
from the vessel path. Environmental and physiological factors play a part in determining the noise levels that will
trigger an avoidance reaction in fish. For many vessels fish avoidance reaction distances are 100-200 m but for
the noisiest 400 m is more likely. The degree of observed effect weakens with depth, with fish below about

200 m depth being only mildly affected and the effect is only temporary with normally schooling patterns
resuming shortly after the noise source has passed. Surface and mid water dwelling fish may theoretically be
adversely affected by noise generated during vessel movement, however the clear and abundant presence of
fish that accumulate adjacent to operating industrial infrastructure (oil/gas production platforms, wharves,
shiploaders, etc.) indicates that they are able to habituate to some noise with no apparent detriment.
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8.4 Vessel Presence

Humpback whales have been reported to show various responses to moving sources such as whale-watching
vessels, fishing boats and recreational craft (Beach & Weinrich 1989, Clapham et al. 1993, Atkins & Swartz
1989). The types of approach, avoidance and apparent non-responses in behaviour to vessels have been
related to the type, number and activity of the whales at the time of the observed interactions (Herman et al.
1980, Watkins. 1981, Krieger & Wing 1986). In early research, some investigators suggested that vessel traffic
would cause humpback whales to avoid or leave both winter feeding and summer calving areas (Jurasz &
Jurasz 1979b), while subsequent researchers have noted evidence suggesting that humpback whales can
habituate to vessel traffic but may become more vulnerable to ship strikes once habituated (Swingle et al. 1993;
Wiley et al. 1995).

Humpback whales are occasionally killed by ship strikes along both US coasts. On the Pacific side a humpback
whale is killed about every other year, while six out of 20 humpback whales stranded along the mid-Atlantic
coast had evidence of a major ship strike. In Alaska, the number of cruise ships entering Glacier Bay has been
limited to reduce their possible disturbance to feeding humpback whales. In Hawaii, regulations prohibit vessels
including whale-watching boats from approaching within 91 m of humpback whales and within 274 m in areas
designated additional protection to cow calf pairs.

In a long-term study over 25 years of whale responses to vessel approaches (Watkins 1986), the most vigorous
responses by whales came from vessel noise sources that changed suddenly, rapidly, increased or were
unexpected. Watkins was one of the first to recognise that preoccupied whales were typically less responsive
than inactive whales. Later workers have found similar results where rapidly changing vessel noise often evokes
a strong avoidance response, while a slow non-aggressive vessel approach results in little response from the
whales, noting that feeding whales may be less responsive to vessel traffic as they are involved in a biologically
important, directed activity (Richardson et al. 1995; McCauley et al. 1996).

Vessel activity has been implicated in long-term and short term changes in distribution of humpback whales in
Hawaiian waters (Norris & Reeves 1978, Jurasz & Palmer 1981, Baker & Herman 1989). Results from a long
term study (27+ years) of southern right whales in Argentina imply flexibility in several aspects of their habitat
use (Rowntree et al. 2001). This included the apparent abandonment of one calving/resting ground and
establishment of a new ‘nursery’ beside the centre of a growing whale-watching industry, plus some small-scale
shifts in distribution possibly in response to natural and human disturbances.

While family groups of sperm whales can exhibit apparent en masse indifference to the relatively intense
emissions of nearby large and fast-moving ships that maintain steady courses (e.g. Sri Lanka, Canary Islands),
individual sperm whales in New Zealand’s famous nearshore feeding area off Kaikoura displayed individualistic,
contrasting reactions to outboard-powered RHIBs used for commercial whale-watching, as studied in the early
1990s (Gordon et al. 1992). ‘Resident’ whales appeared more tolerant of these vessels but spent shorter
surface intervals and a more erratic and overall lower number of ventilations when RHIBs were present.
‘Non-resident’ sperm whales were much less tolerant of RHIB approaches and also reduced their surface
intervals and ventilations when one or more of these vessels were present in the area. Evidence for slightly
slower rates of initial descent was apparent in the rates of change of the bouts of clicks following the start of a
feeding dive (marked by a fluke-up). No change to vocalisation or fluke-up could be related to RHIB
presence/absence (Gordon et al. 1992).
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8.5 Rock Dumping and Dredge Spoil Disposal

Rock dumping and dredge spoil disposal are likely to be intermittent during construction activities. Noise from
rock dumping is likely to be broadband low frequency, although at relatively modest source levels. Potential
effects upon marine fauna are therefore most likely to be limited to startle responses or temporary avoidance
behaviour. The prevailing lack of any apparent literature presenting discussion or observations of the effects of
rock dumping / dredge spoil disposal upon marine fauna supports this conclusion.

Rock dumping / dredge spoil disposal is not expected to generate noise to any appreciable extent, except for
that generated by the vessels themselves.

8.6 Seismic Surveys

8.6.1  Vertical seismic profiling

VSP is used to correlate the subsurface geological layers identified through pre-drilling seismic surveys with the
subsurface geological layers identified through cuttings returns and other data (e.g. wireline logging data)
acquired during the drilling process.

VSP produces significantly less energy compared to large scale offshore seismic surveys, and therefore
potential effects upon marine fauna would be considered much lower then those for large surveys. As noted,
offshore seismic surveys generally consist of multiple (up to 20) air guns operating at around 2000 psi and
expelling a volume of air of 4000 cui. At the source, pulses are between 220-240 dB (re 1 yPa at 1m), with
sound levels reducing to 170-180 dB within 1 km and approximately 150 dB within 10 km. This compares to
VSP, which may use a two to three airgun cluster, with each airgun also operating at around 2000 psi, but only
expelling a volume of approximately 150 cui, creating a far smaller pressure pulse. The airgun cluster will
typically be fired at intervals of 6-10 seconds, generating a sound signal strength of approximately 190 dB

(re 1 yPa at 1 m), with a frequency typically centred around 200 Hz.

Using the practical spreading law?®, the received sound levels from an acoustic source generating 190 dB (re

1 yPa at 1 m) would attenuate at approximately the rate displayed in Table 8-1. Practical spreading is preferred
when water depth in which VSP will be taking place is not quite deep enough for the spherical spreading laws to
be used. Also, as seabed absorption has not been taken into consideration, the use of practical spreading
therefore provides a conservative estimate of received levels at various distances from the acoustic source.

% The practical spreading law is used as a convenient rule of thumb when acoustic propagation conditions are
unknown. This law presents a rate of loss which is a hybrid of spherical spreading and cylindrical spreading
according to the equation TL (dB re 1 m) = 151og10 r, where TL represents transmission loss and r (range) is
the horizontal distance between source and receiver (metres).
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Table 8-1 Attenuation of acoustic signal from vertical seismic profiling
Drop in sound intensity Received sound level Approximate distance from source
(dB re 1 pPa) (dB re 1 pPa) (m)
10 180 4.5
20 170 22
30 160 100
40 150 464
50 140 2000

Table 8-1 shows how the received sound levels from an acoustic source generating 190 dB (re 1 pPa at 1 m),
will attenuate rapidly with increasing distance from the acoustic source.

8.7 Drilling

As previously noted, drilling noise is generally low level, low frequency and continuous with most energy
concentrated below 1 kHz. Since this is a level in which most toothed whales have reduced hearing sensitivity,
only in rare circumstances would drilling affect these species (Bassett 2008). However, the susceptibility of
baleen whale and sirenians to disturbance from drilling may be higher, particularly for baleen whales, as it is
presumed their hearing sensitivity is higher at low frequencies. In rare circumstances, Evans and Nice (1996)
reported continuous sound produced by drilling activities may elicit behavioural avoidance in baleen whales at
received sound levels of 110 to 130 dB (re 1 yPa). McCauley et al. (2000) cited some evidence of avoidance
behaviour in some circumstances at received levels in excess of 160 dB, but this was considered more likely to
emanate from drill rig support vessels rather than the drill itself.

8.8 Explosives

Blasting will most likely be undertaken using the “drill and blast” method, sometimes known as confined blasting.
This method involves small holes being drilled within the rock with charges placed and connected in the holes
for subsequent firing. Potential effects from the drill and blast method are likely to be less significant then those
from surface blasting operations (e.g. charges placed directly on to the seabed/rock). This is primarily due to the
fact that surface blasting requires a greater charge to break up the rock (generally three times greater than the
drill and blast method), and the explosive energy is dispersed more evenly throughout the water column, rather
then directly at the rock (Ecos, 1996). When the drill and blast method is employed, not only are fewer, smaller
charges required, but the blast effect is significantly contained. This not only attenuates the blast effect
expressed in the water column but also serves to limit the sharp pressure fluctuation associated with a blast
impulse; it is this sharp raise and variation in pressure that is responsible for most physiological damage in the
near field of a detonation. As such, many of the effects presented below, unless specifically referenced to
confined blasting, could be considered to be less for confined blasting projects. This is supported by an
estimated comparison of unconfined and confined blasting presented by Ecos (1996), as shown in Table 8-2
and 8-3.
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Table 8-2 Peak pressure (kPa) at distance from underwater (surface) blast

Distance Explosive Mass (kg)
from 1 2 5 10 50 100 150 200
Target
(m)
5 8858 11471 16143 20905 38098 49335 57387 63886
10 4047 5241 7376 9552 17407 22542 26221 29190
50 656 850 1196 1549 2824 3654 4254 4736
100 300 388 546 708 1290 1671 1943 2164
250 107 138 194 251 458 593 690 768
500 48 63 89 114 209 271 315 351
1000 22 28 41 52 96 123 144 160
2000 10 13 18 24 44 57 66 73

(from Ecos 1996)

Table 8-3 Peak pressure (kPa) at distance from underwater (confined) blast
Distance Explosive Mass (kg)
from 1 2 5 10 50 100 150 200
Target
(m)
5 3543 4588 6457 8362 15239 19734 22955 25554
10 1619 2096 2951 3820 6963 9016 10489 11676
50 262 340 479 620 1130 1463 1702 1894
100 120 155 218 283 516 668 777 865
250 43 55 77 100 183 237 276 307
500 19 25 35 46 84 108 126 140
1000 9 11 16 21 38 50 58 64
2000 4 5 7 10 18 23 26 29

(from Ecos 1996)

Further amelioration of the potential adverse effects from explosive blasting is afforded when a detonation event
is composed of a number of smaller, individual charges. The connecting fuses of explosives generate small but
significant timing delays within a combined charge. Each detonation event therefore comprises a chain of
individual subordinate detonations, and these produce irregular and less pronounced peak pressure levels than
would occur if all the explosives could be detonated simultaneously, or if a single aggregate charge of the same
net explosive content was detonated.

8.8.1 Marine Mammals

Richardson et al. (1995) reported on observed effects of explosives upon the behaviour of marine mammals.
Humpback whales in the vicinity of explosives being detonated near Bermuda displayed no interruption to their
vocalisations. Similarly, humpbacks within 2 km of explosions in sub-bottom rocks off Newfoundland displayed
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no obvious reactions when 200 to 2,000 kg charges were detonated. Gray whales within a ‘few’ kilometres of
detonations of 9 to 36 kg charges used during seismic survey have been observed to alter swimming behaviour,
while other observers (Fitch and Young 1948, in Richardson et al. 1995) report the whales “were seemingly
unaffected and in fact were not even frightened from the area”.

Toothed whales show a tolerance for impulsive acoustic disturbances, although the initial reaction may be one
of avoidance. Captive false killer whales showed no obvious reaction to small charges, and other odontocetes
have been found to be attracted to the location of detonations (Richardson et al. 1995), presumably in search of
dead, injured or disoriented fish as prey.

Risk of physical injury or mortality does exist for large fauna, but these are only realistic probabilities in the
immediate zone around the point of detonation and only for charges substantially larger than those likely to be
used for the Project; these risks are ameliorated by standard marine fauna observation and clearance
procedures of no more than a few hundred metres (Lewis 1996a).

Although any use of explosives during construction of the Project will be detectable over a wide area by
potentially sensitive fauna, this risk is considered minimal when it is noted that use of explosives will be
confined, irregular, dispersed over time and intermittent. This conclusion is supported by Richardson et al.
(1995), who summarised that while some odontocetes, in particular, display short-term avoidance reactions to
explosive impulses, overall, marine mammals show considerable tolerance of noise pulses from explosions.
This conclusion is supported by observed reactions to explosives used singly or repetitively. The observed
tolerance of marine mammals may be linked to their experience of the intense, impulsive nature of many
acoustic events of natural origin, such as lightning and whale breaching and tail slapping.

8.8.2 Fish

Popper et al. (2006) report on the detailed review by Hastings and Popper (2005) for which they converted data
collected by Yelverton et al. (1975) to sound exposure levels. This resulted in no injuries occurring from blasts to
the smallest fish (0.01 g) at up to 193 dB (re 1uPa’.second).

Sharks may be less susceptible to blast and impulse effects than are many fish. This is due to the absence of a
swim bladder, their physical size and arguably also due to their general morphology. While fish without swim
bladders are much less sensitive to blast pressure damage than swim bladder fish, it is worthy of note that fish
with a cylindrical body shape (e.g. barracuda, queenfish, kingfish) have been found less vulnerable than laterally
compressed fish with thin-walled bladders (Lewis 1996a).

8.8.3 Marine Turtles

In the case of shockwave effects, there are very little hard data available on the types and extent of turtle tissue
damage due to underwater detonations, and most workers assume that turtle lungs, ear drums and other gas-
containing organs would be affected to the same degree as their counterparts in marine mammals (Lewis
1996a).

Due to the lack of specific injury response curves for turtles, Young (1991) followed US National Marine
Fisheries Service criteria for sea turtles in the Gulf of Mexico and provided safe distance ranges plots for sea
turtles based on cube root scaling, where:

Turtle Safe Range (feet) = 560 x NEQ TNT (Ibs)1/3
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Three specific predictions listed by Lewis (1996a) support Young’s (1991) prediction plot; namely that organ
tissue damage in sea turtles may occur at distances less than 750 m from a 100 kg high explosive charge, with
hearing damage at range distances less than 1500 m from charge weights exceeding 90 kg (net explosive
quantity kg TNT) (Lewis 1996a).

These predictions match limited aerial monitoring observations obtained during a training exercise in the
Shoalwater Bay Training Area (SWBTA), where an apparently healthy green turtle was spotted in shallow water
seagrass beds within 800 m from a site where, less than 40 minutes previously, a large detonation of ~100 kg
NEQ TNT ordnance had been conducted. No drifting or disoriented turtles were seen by the low-level aerial
survey crew or by the on-site observers (URS 2002).

Lewis (1996a) also describes an incident involving three sea turtles in the vicinity of an underwater shock trial
involving detonation of a 545 kg TNT charge at 37 m depth off Florida in 1981. A large adult turtle (182 kg) that
was between 153-214 metres from the detonation was killed, a ~120 kg turtle that was 366 m away was slightly
injured, while the third turtle (~120 kg) that was at a range of 908 m was uninjured. From these data it was
considered that a conservative safety range for turtles could be predicted by the formula of

80 m per kg 1/3 of HE (O’Keefe and Young, in Lewis 1996a).

The results of the Florida test are in agreement with the aerial observations in Shoalwater Bay in 2001 (i.e.
uninjured adult green turtle at 700-800 m from a shallow water (~3 m) detonation of 100 kg TNT; URS 2002).
While there are no observations or data on the range thresholds for either acoustic injury or behavioural
responses for the five other marine turtle species found in Australian waters, there is no anatomical evidence to
suggest these species should be any more sensitive than either green or loggerhead turtles.

8.9 Pipeline Laying and Operation

In their review of marine mammals and noise, Richardson et al. (1995) did not specifically note piplelaying as a
distinct source of marine anthropogenic noise, although they did address a range of other marine construction
activities. It is reasonable to conclude that the pipelay itself is unlikely to be a source of any noise of
environmental significance; more tangible sources of noise during pipelay will be as a result of vessel
movements and associated construction activities, such as trenching and rock dumping.

There is a general paucity of information in the literature about the noise effects of the operation of undersea
pipelines, possibly as a reflection of either a direct lack of research, or indirectly because this is not considered
to be a likely source of significant environmental disturbance. In recent reviews of offshore petroleum activities
(ENTRIX, Incorporated 2004; US Minerals Management Service 2001 & 2006; NMFS 2002b), marine noise in
general (Richardson et al. 1995) and the construction and operation of a seawater desalination plant in New
South Wales (The Ecology Lab 2005), no specific consideration or assessment was made of the noise of
operation of undersea pipelines.

As previously noted, Shapiro and Associates (2004) estimated that a high velocity gas pipeline proposed for the
Georgia Strait would exhibit radiated noise equal to or lower than 30 dB at frequencies of 16 kHz and above. A
slower moving fluid would reasonably be expected to radiate noise at a lower level and lower frequency than for
a smaller diameter, high pressure gas pipeline, where velocities are typically in the order of 15 ms™.

The conclusions of the regulatory authority, the US Minerals Management Service (2001 & 2006) are illustrative.
For the cited assessments, the whale species of greatest concern was the California gray whale (Eschrichtius
robustus), which has similar acoustic acuity and an analogous migration habit to the humpback. Thus, it may be
considered that the California gray whale and its apparent indifference to the operation of undersea pipelines
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represents a useful surrogate for the Project pipelines and their effect or otherwise upon migratory baleen
whales, particularly humpbacks. In the case of an Alaskan offshore oil development including pipelines, the
NMFS (2002b) came to a similar conclusion with regard to bowhead whales (Balaena mysticetus), which
typically exhibit perhaps the greatest sensitivity to anthropogenic noise of any of the baleen whales (Richardson

et al. 1995).

Any radiated noise from the operation of the Project outfall would be further ameliorated by the intended
trenching and rock armouring of some sections. Furthermore, any outer coating of concrete or similar would
further attenuate radiated noise.
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Limitations Section 10

URS Australia Pty Ltd (URS) has prepared this report in accordance with the usual care and thoroughness of
the consulting profession for the use of INPEX Browse Pty Ltd and only those third parties who have been
authorised in writing by URS to rely on the report. It is based on generally accepted practices and standards at
the time it was prepared. No other warranty, expressed or implied, is made as to the professional advice
included in this report. It is prepared in accordance with the scope of work and for the purpose during the
meeting between URS and INPEX on 20 January 2009.

The methodology adopted and sources of information used by URS are outlined in this report. URS has made
no independent verification of this information beyond the agreed scope of works and URS assumes no
responsibility for any inaccuracies or omissions. No indications were found during our investigations that
information contained in this report as provided to URS was false.

This report was prepared between January and July 2009 and is based on the conditions encountered and
information reviewed at the time of preparation. URS disclaims responsibility for any changes that may have
occurred after this time.

This report should be read in full. No responsibility is accepted for use of any part of this report in any other
context or for any other purpose or by third parties. This report does not purport to give legal advice. Legal
advice can only be given by qualified legal practitioners.
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