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Abstract 

This guide provides acousticians and tacticians with information on the 

environmental parameters which affect maritime operations performance and 

procedures in the shallow waters of the Arctic Archipelago. Particular attention 

is given to the access and potential underwater transit routes such as Nares Strait, 

Jones Sound Baffin Bay, the Northwest Passage and the Beaufort Sea. The 

parameters of interest include bottom features, physical oceanography, 

meteorology, ambient noise and the acoustics of the ice-water interface. Each 

parameter is presented in terms of quantity, quality, variability and impact on 

ASW. Most of the discussion uses an unclassified format and a classified portion 

is used for more sensitive data. 

The data presented in this guide also provide the foundation for the Arctic 

Archipelago segment of a PC based geographic information system (GIS) which 

is developed by Earth and Ocean Research Limited, in Dartmouth, Nova Scotia. 
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Glossary 

Absorption: 

Albedo: 

Ambient noise: 

Attenuation: 

Sound intensity reduction caused by the conversion of 

acoustic energy into heat in a medium of propagation. 

Number from 0 to 1 which describes the ability of a material 

to reflect solar radiation. An albedo of 1 denotes a perfectly 

reflecting body while an albedo of 0 describes a perfectly 

absorbing body. 

Sum of background acoustic intensity measured in the 

propagation medium which emanates from commercial, 

environmental and biological sources. 

Loss in sound energy generally caused by absorption and 

scattering. 

Baroc1inic current: Current which moves under the influence of a horizontal 

pressure gradient caused by a horizontal density gradient. 

Water flows along the isobars with the lower density water 

on the right (in the northern hemisphere). 

Barotropic current: Current which moves under the influence of a pressure 

gradient caused by surface elevation in the absence of a 

horizontal density gradient. In this case the isobars and 

isopycnals are parallel. Generally, currents combine a 

barotropic and baroc1inic component. 
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Biogenic: Sediment which is in large portion derived from organic 

material. 

Boundary condition: Mathematical description of conservation of properties 

(energy, volume, mass etc.) which must occur at an 

interface. 

Coriolis: 

Detritus: 

Fast ice: 

Geostrophy: 

Gradient: 

Half-channel: 

Apparent force caused by the rotation of the earth which 

deflects moving objects to the right in the northern 

hemisphere. 

Sediment composed largely from broken organic material. 

Ice which is attached to the shore and generally not moving 

until the thaw. Also called landfast ice. 

Method of calculating water motion using density 

measurements in the ocean (see baroc1inic current). 

Rate of change of a property over a standardized distance. 

Sound transmission mode caused by a positive sound speed 

gradient from the surface to the bottom which results in 

upward refraction throughout the water column. The half

channel mode is common in the Arctic Archipelago. 

In-situ measurement: Measurement taken in the place of natural occurrence as 

opposed to in laboratory conditions. 

Isobar: Line of equal pressure. 
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Isopycnal: Line of equal density. 

Isothermal layer: Layer of water in which the temperature gradient is zero. 

Isovelocity layer: Layer of water in which the sound speed gradient is zero. 

Marginal ice zone: Area of rapidly decreasing ice concentration (30 to 10 

percent) from the pack ice to the open water regions of the 

Arctic Archipelago. 

Near surface channel: Sound transmission mode caused by a negative sound speed 

gradient at or near the surface and a positive sound speed 

gradient in the 100 - 200 m depth range which results in a 

trapping of acoustic energy in the near surface layer. 

Quaternary deposit: Sedimentation which was deposited during the most recent 

geological ages which includes the Pleistocene (1.6 million 

to 10,000 years ago) and Holocene (10,000 years ago to the 

present) ages. 

Reflection loss: 

Refraction: 

Scattering: 

Reduction in intensity of sound energy which occurs at an 

interface. 

Change in direction of sound propagation due to a spatial 

variation in the speed of sound. 

Erratic retlection of sound due to random facetting of the 

interface material. The roughness of the reflecting surface 

scatters sound whose wavelength is commensurate with the 

material roughness height. 
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Signal: 

Spatial variability: 

Surficial geology: 

Terrigenous: 

Transmission loss: 

Turbidite: 

Upwelling: 

Narrowband or broadband sound emanating from a specific 

source which the acoustician tries to detect amid ambient 

noise. 

Change which occurs over distance (vertical or horizontal). 

Geological composition of the sea bed surface. 

Describes land based sediment (sand, silt, mud) which is 

generally carried by the ice and deposited when the ice 

melts. 

Reduction in intensity of sound energy over a distance 

usually due to a combination of spreading, reflection, 

scattering and absorption losses. 

Very low density sedimentation which is moved about by 

small currents (generally down slope). 

Mechanism by which subsurface water rises to the surface 

of the water column. This mechanism is a major cause 

polynya formation in the Arctic Archipelago. 
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Chapter 1 

Introduction 

The recognition that Canada is a maritime country bounded by three oceans 

rather than two has recently sparked renewed interest in Canada's Arctic frontier. 

Northern sovereignty was an important issue in Canada's White Paper on National 

Defence (1987). As a result, there has been increased Canadian participation in 

Anti-Submarine Warfare (ASW) exercises in the North as well as Canada's 

ongoing sovereignty Northern Patrols (NORPs). 

The first few ASW exercises conducted in the Arctic revealed a need for 

an improvement in the Canadian Forces' knowledge of the Arctic environment. 

As the Arctic Archipelago is characterized by vast temporal and spatial 

oceanographic variability, it is important that Canadian ASW personnel who 

operate in these areas are familiar with its changeable properties in order to extract 

maximum benefit from their equipment and tactics. 

A shallow water environmental guide was initially requested by the 

Canadian Forces Maritime Command as a means to improve the oceanographic 

knowledge of the ASW acousticians who operate in the shallow waters of 

Canada's east coast. Captain Daniel Normand undertook the first phase of this 

project as his Master of Science thesis and produced the "Environmental Guide 

for ASW in Eastern Canadian Shallow Waters" [Normand, 1991a,b]. The present 

environmental guide is the second phase of the project which will ultimately 
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encompass all three Canadian oceans of interest. This guide will focus its 

attention on the potential underwater transit routes of the Canadian Arctic 

Archipelago, namely Nares Strait, Jones Sound, Baffin Bay, the Northwest Passage, 

and the Beaufort Sea. 

The parameters contained in this environmental guide are presented and 

discussed in a manner similar to Captain Normand's thesis with allowances made 

for the nature of the data. The parameters were chosen with regards to their 

importance to ASW and general reconnaissance operations in the Arctic 

Archipelago. As the parameters contribute to acoustic propagation in various 

ways, each parameter's impact on ASW is described separately. The data and 

documentation found for each parameter have been assessed in terms of quantity, 

quality, spatial and temporal variability. 

The following environmental parameters are presented in this guide: 

Bottom features: 

Oceanography: 

Meteorology: 

Ambient noise: 

Acoustics: 

bathymetry, sedimentation, bottom-reflection loss 

and magnetic anomaly detection (MAD) data; 

water masses, ice conditions, polynyas, icebergs, 

tides, currents, water temperatures, salinity and 

velocity profiles; 

air temperatures, precipitation, weather patterns, 

visibility, icing, daylight, twilight and darkness; 

shipping, fishing and oil exploration; and 

scattering strength of the ice-water interface. 

Parameter discussion of a classified nature will be deferred to the classified 

annex of the environmental guide. 
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Whenever possible, the information depicted in this guide is available for 

display in a Geographic Information System (GIS). The GIS used for this project 

is called InFOcus. It is used to store, retrieve and display the unclassified data 

bases which pertain to Canada's eastern and arctic coastal waters. The InFOcus 

GIS was initially developed for the east coast of Canada by Earth and Ocean 

Research Ltd., Dartmouth, NS. It is based on the QUIKrnap and Foxpro software 

packages. It is capable of running on an IBM compatible microcomputer using 

an Intel 80386 processor and 80387 co-processor with 4 MB of RAM, a 100 MB 

hard disk and a VGA colour monitor. In its final form, the InFOcus application 

will conform to the Digital Geographic Information Exchange Standard (DIGEST) 

specified by the Canadian Forces. 

This thesis uses SI units with the exception of bottom sediment density and 

navigational distances. Sediment density is expressed as g/cm3 as is the norm in 

the acoustic research literature. Navigational distances are in nautical miles (nm). 

This is done because the vast majority of the readership of this thesis will be 

military personnel for whom the nautical mile remains the unit of navigation. A 

nautical mile is equal to one minute of latitude or approximately 1.82 km. 

Figures 1.1 and 1.2 display the eastern and western portions of the Arctic 

Archipelago. Extracted from the "Sea Ice Atlas of Arctic Canada, 1969 - 1974" 

[Lindsay, 1977], these maps provide users with a geographical reference which can 

be used to locate maritime areas and land masses. 
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Figure 1.2 Reference map of the western Arctic Archipelago [after Lindsay, 1977]. 
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Chapter 2 

Bottom Parameters 
Knowledge of the parameters which influence the sound field is a 

requirement for any ASW force that plans to operate in the Arctic Archipelago. 

In arctic deep waters, the generally positive gradient in sound speed refracts the 

sound away from the bottom, thereby lessening the contribution of the bottom to 

the propagation of the sound. In shallow waters, the effect of upward refraction 

is reduced by the close proximity of the bottom to the sound source. For this 

reason, acoustic propagation in a shallow water environment is characterized by the 

interaction of the sound field with the surface and bottom. 

A second effect of shallow water on ASW is that of increased geological 

noise. The operation of the Magnetic Anomaly Detection (MAD) sensor in close 

proximity to the ocean floor can degrade its effectiveness. A better understanding 

of the bottom features' influence on acoustic and non-acoustic detection of 

submarines can be achieved by examination of the parameters: bathymetry, 

sedimentation, and underlying geology. 

2.1 Bathymetry 

The bathymetry of a body of water is one of the most important parameters 

to be considered when planning ASW operations. The depth of the water column 

affects the physical and tactical employment of a diverse array of ASW platforms 

and sensors. It is also a limiting parameter in the propagation of sound within 

the body of water. 
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2.1.1 Impact on ASW 
The impact of bathymetry on the conduct of ASW is manyfold. It has a 

serious bearing on the safety of submarines and surface ships which operate within 

the confines of coastal waters. The bottom can damage or destroy towed array 

sonars which are set too deep for local conditions. It can also degrade or nullify 

the effectiveness of MAD, acoustical sensors and weapons. Further, bottom 

topography can be used to tactical advantage by a submarine on patrol or transiting 

in the archipelago. It therefore becomes important to know the depth of the 

water and how it affects acoustic propagation when conducting ASW operations 

in this area. 

The influence of a shallow water column on acoustic propagation has been 

under investigation since World War II, and continues to be an intriguing problem 

for scientists and sensor systems' designers. The difficulty in understanding the 

intricacies of shallow water propagation is caused by the theoretical complexity of 

the environment and of the mathematical models which represent it [Urick, 1983]. 

In terms of acoustics, a shallow water column can be defined as a channel where 

the distance of sound propagation is much greater than the water depth, which 

results in a sound field that is limited by its upper and lower boundaries. This 

section briefly describes the result of physical boundaries on sound propagation in 

shallow water using basic ray and normal mode theory, leaving the actual 

interaction at the boundaries for later sections. 

Ray Representation. Sound is emitted from a point source in the form of 

spherical pressure waves. As the sphere expands due to the propagation of the 

sound, a small area of constant phase at the surface of the sphere can be 

represented as a plane wave. The direction of travel of the plane wave can be 

easily visualized using a sound ray moving in a direction orthogonal to the surface 

of the plane wave. Rays are used as a graphic tool, pictorially showing the 
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Figure 2.1 

Propagating plane 
wave 

Propagating plane wave and its corresponding ray. 

direction of sound as the wave travels in water. An example of downward 

refraction is seen in Figure 2.1. 

A source emits sound rays in all directions, and each ray represents a 

portion of the total sound pressure. The multi path effect can be explained using 

the image representation of ray 

theory. A source lying in an 

isovelocity (constant sound speed 

with depth) environment emits a 

sound which reaches the receiver as 

shown in Figure 2.2. For the sake 

of simplicity, only four rays are 

pictured in the example. The direct 

path sound ray is captured directly 

by the receiver. Assuming a rigid 

bottom, the boundary condition at 

the bottom can be met by imaging 

the source through the bottom at 

position B1• Looking at the surface, 

Surface 

Receiver 

Source 

Bottom 

Figure 2.2 Ray representation of image 
sources in shallow water. 
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the boundary condition is met by 

imaging the source and its image Bl 

with respect to the surface and changing 

the phase by 1800 to account for the 

pressure release boundary condition at 

the surface. The problem which occurs 

at this point is that the bottom boundary 

condition is no longer satisfied as there 

are three images above the bottom and 

only one below it. It becomes 

apparent that the boundary conditions at 

Surface 

Receiver 

Bottom 

Figure 2.3 Ray path of sound 
corresponding to the sound image 
shown in Figure 2.2. 

the surface and the bottom cannot be met simultaneously which results in an 

infinite number of image paths reaching the receiver. This condition is analogous 

to looking at an object between two parallel mirrors and trying to count the total 

number of reflections. In the real world, the attenuation of the reflected sound by 

the boundaries through transmission, absorption and scattering mechanisms results 

in a finite number of rays which reach the receiver (four in our simplified case, 

Figure 2.3) with significant amounts of energy. Nevertheless, a significant portion 

of acoustic submarine detection problems in shallow waters stems from multipath 

effects, which sometimes result in a highly modified signal by the time the sound 

is received. 

Signal modification due to multi path effects can take many forms. A 

readily seen effect is that of signal fluctuation as rays interfere in a constructive 

or destructive manner when they reach the receiver. This effect can result in 

increased initial detection ranges followed by repeated loss and reacquisition of 

contact. It can still occur at short ranges. A second effect is that of signal 

distortion. In this case, the signal is stretched by the difference in time required 

for the sound to reach the receiver through the different ray paths. This makes 

recognition of a returning active signal more difficult as the source to receiver 

9 

.. 



geometry is changing. Decorrelation of low frequency signals at long range is 

another effect of multipath transmission. Decorrelation of signal occurs because of 

the multiple ray arrival angles from the boundaries. As the array is steered toward 

a specific signal, all other multi path rays act as noise thereby degrading array gain 

[Urick, 1982]. 

Ray theory can be used to represent the sound travel path in a shallow 

water column for higher frequencies. As frequencies decrease, the ray theory 

approximation begins to degrade until it is unable to represent the physical aspects 

of a wave travelling in a shallow medium. At low frequencies (",,50 Hz and below), 

normal mode theory better explains the physical restrictions on sound propagation 

in shallow water. 

Normal Mode Representation Normal mode theory describes propagation of 

sound in mathematical terms and is therefore not easily visualized. In normal 

mode theory, the sound calculated at a distance from the source is separated into 

its constituents (modes) which are then added up to give the actual sound pressure 

at that point. The advantage of normal mode theory is that it accounts for the size 

of the travelling sound wave along with the physical boundaries found in a shallow 

water environment. 

Remembering that for a given sound speed, the wavelength of sound 

increases linearly with a corresponding decrease in frequency, Le.: 

where A 

c 

f 

A=C/f 

is the wavelength, 

is the speed of sound, and 

is the frequency. 
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In shallow water, there is a lower frequency limit called the cut-off 

frequency with a corresponding wavelength that is too large to fit in the water 

depth. Frequencies at and below this limit cannot propagate in the water column 

without attenuation [Brekhovskikh and Lysanov, 1991]. Assuming a rigid bottom, 

the cut off frequency is 

where Ie 
C 

h 

is the cut off frequency, 

is the sound speed, and 

is the water depth. 

For a bottom covered with sediment, as it is usually the case in the Arctic 

Archipelago, the cut-off frequency is altered to compensate for the sound speed 

found in the bottom [Urick, 1983]. In this case the equation becomes: 

1 

where is the cut off frequency, 

h is the depth of the water, 

Cw is the speed of sound in the water, and 

C. is the speed of sound in the bottom. 

It is evident that the bottom composition becomes important to the 

modelling of very low frequency sound propagation. The interaction of the sound 

wave with the lower boundary will be covered in the sedimentation section of this 

guide. 

11 



2.1.2 Data set 

The Canadian Hydrographic Service (CHS), Department of Fisheries and 

Oceans has a vast inventory of contoured and uncontoured arctic bathymetric 

charts. These range from local port and inlet approaches to regional charts. As 

CHS is still developing better quality charts for this area, ASW forces are advised 

to ensure that they hold the latest bathymetric information prior to operating in 

these waters. 

The following is a list of contoured bathymetric charts used to develop this 

guide: 

a. General Bathymetry Chart of the Oceans (GEBCO), Map 5-17, 

1:6,000,000; 

b. Arctic Bathymetry, Canadian Hydrographic Services (CHS), 

Map 896, and 897, 1:2,000,000; 

c. Barter Island to Toker Point, CHS Map 7650, 1:500,000; 

d. Toker Point to Cape Lyon and Cape Kellett, CHS Map 7651, 

1:500,000; 

e. Viscount Melville Sound, CHS Map 7571, 1:300,000; 

f. Viscount Melville Sound and M'Clure Strait, CHS Map 7572, 

1:300,000; 

g. Peel Sound and Prince Regent Inlet, CHS Map 7575, 1:300,000; 

h. Cornwallis Island to Stefansson Island, CHS Map 7830, 1:500,000; 

J. Eglinton Island to Cape Kellett, CHS Map 7832, 1:500,000; 

k. Jones Sound, Norwegian Bay and Queens Channel, CHS Map 7950, 

1:500,000; 

m. Bathurst Island to Borden Island, CHS Map 7951, 1:500,000; 

n. Cape Manning to Borden Island, CHS Map 7952, 1:500,000; and 

o. Borden Island to Cape Stallworthy, CHS Map 7953, 1:500,000. 
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2.1.3 Data Assessment 

Most Arctic bathymetric surveys are conducted using echo sounders. With 

this type of equipment, the main source of error stems from improper calibration 

of the echo sounder or from platform positioning error. To minimize depth 

measurement error, the Canadian Hydrographic Service (CHS) specifies that survey 

echo sounders be calibrated for sound speed, a minimum of twice a day. To 

ensure proper calibration, a bar, plate or cone (depending on depth) is lowered into 

the water to determine the true water depth. Electronic positioning systems must 

be checked daily and their position error recorded and filed with the data to ensure 

uniform navigational accuracy. The bathymetric data accuracy required to meet 

CHS standards are outlined in the "Specification for Hydrographic 

Surveys"[Canadian Hydrographic Service, 1990]. The bathymetric standard for 

modem data bases is 0.3 m for depths less than 30 m, and 1 % of water depth for 

depths greater than 30 m. 

2.1.4 Data Description 

Nares Strait The Nares Strait is the shortest and narrowest of the primary 

underwater transit routes linking the Lincoln Sea in the Arctic Ocean to Baffin 

Bay. Separating Greenland from the Canadian Arctic Archipelago, this narrow 

passage constitutes the eastern boundary of the Canadian area of interest. The 

width of Nares Strait ranges from approximately 14 nm at Robeson Channel near 

its northern end to more than 70 nm at the widest portion of Kane Basin. In the 

narrower parts of the Strait, water depth increases rapidly from the western coast. 

The eastern gradients are usually smaller. Northern bathymetry is generally 

shallow ranging from 330 m to 420 m in Kennedy Channel, and reaching a 
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maximum depth of about 790 m in Hall Basin. Kennedy Channel is almost 

invariably deeper on the western side of the channel centre. Southern bathymetry 

is much shallower, being dominated by Kane Basin with depths ranging from 110 

m near the eastern shores to 220 m near Ellesmere Island. At Smith Sound where 

Nares Strait meets Baffin Bay the water depth increases to about 585 m. Once 

again the western portion of the channel is the deeper side. Of topographical 

interest are the coasts of Nares Strait which are strewn with bays containing 

glaciers which produce vast numbers of icebergs. These icebergs represent a 

definite underwater navigation hazard in these shallow waters. 

Beaufort Sea The Beaufort Sea bathymetry is typical of many coastal regions, 

being composed of a well defined shelf, slope, and rise before reaching its deepest 

point in the Canada Basin. Extending eastward from Point Barrow, Alaska to the 

approaches of the Mackenzie Delta, the Beaufort Shelf is shallow ( .... 50 m) and 

nearly flat to a distance offshore of about 30 nm where it reaches the Beaufort 

Slope. East of the Mackenzie Bay underwater canyon, the shelf increases in 

width to about 65 nm at a depth of about 100 m before reaching the shelf-break. 

The Banks Island coastal shelf shares similar dimensions but is separated from the 

mainland by Amundsen Gulf. 

Amundsen Gulf is the most important break in the Beaufort Sea Shelf. 

Located between Banks Island and Cape Bathurst, NWT, Amundsen Gulf connects 

the Beaufort Sea to the Northwest Passage via the Prince of Wales Strait. 

Amundsen Gulf is about 90 nm wide and 400 m deep at the mouth and reaches 

depths of more than 500 m in the centre. 

The western Beaufort continental slope begins at the shelf break (generally 

at the 100 m isobath) where the gradient goes from more than 1:1000 to about 

1:25, reaching 3000 m in 45 nm. The eastern slope is less steep with a gradient 

of 1:70. The many underwater canyons on the approaches to the Queen Elizabeth 
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Islands and M'Clure Strait should be of interest to submariners. The Canada Basin 

has a fairly flat bottom and at more than 3800 m is the deepest part of the northern 

Beaufort Sea. 

Northwest Passage The Northwest Passage (Parry Channel) is the widest and 

most navigable of the archipelago waterways which link the Arctic Ocean to Baffin 

Bay. From the west, it can be accessed via the M'Clure or Prince of Wales Strait. 

Located between the Queen Elizabeth Islands and Banks Island, M'Clure Strait 

is the most direct route eastward from the Arctic Ocean. Eighty nautical miles 

wide at the mouth, M'Clure channel slowly narrows to 55 nm at the Viscount 

Melville Sound. Bottom depth increases quickly from both shores to more than 

400 m with the exception of a 40 nm tongue located south of Kellett Strait where 

water depth varies between 300 and 400 m. The deepest portion of M'Clure Strait 

occurs near the western end with water depths greater than 500 m. Further south, 

Prince of Wales Strait gives ready access to the Northwest Passage from the 

Beaufort Sea. It is a slender and shallow passage of less than 8 nm at its 

narrowest with many areas of less than 100 m depth. 

Viscount Melville Sound extends approximately 250 nm eastward from the 

M'Clure Strait to Barrow Strait. Although its bottom depths are similar to the 

M'Clure Strait with a maximum depth of more than 500 m along the centre 

portions, the Viscount Melville Sound has significant shallow areas north of 

Victoria Island which can reach as little as 100 m. 

Barrow Strait is the shallowest and narrowest part of the Northwest Passage. 

Its central location and bathymetry make Barrow Strait the most prominent of the 

natural choke points in the Arctic Archipelago. Located south of Cornwallis 

Island, Barrow Strait is joined by no less than six channels; Wellington Channel 

and Crozier Strait which provide access from the Queen Elizabeth Islands, Peel 

Sound and M'Clintock Channel which are linked to the southern route around 
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Victoria Island, and Viscount Melville Sound and Lancaster Sound which lie 

directly west and east of the strait. The western section of Barrow Strait is 

interspersed with many small islands. This results in a bathymetry which rarely 

surpasses 100 m with some very shallow areas of less than 30 m. East of Griffith 

Island, bottom depth increases rapidly from the coasts settling to a flat bottom of 

more than 100 m depth. Depths slowly increase east of Cornwallis Island and reach 

more than 200 m at the east coast of Somerset Island where Barrow Strait meets 

Lancaster Sound. 

Lancaster Sound is the eastern boundary of the Northwest Passage and 

extends about 170 nm from Barrow Strait to Baffin Bay. Lancaster Sound is 

characterized by a rapid increase in water depth eastward from Barrow Strait to 

Prince Regent Inlet where water depths can reach 400 m. Bathymetry continues 

to increase eastward from this point and reaches more than 1000 m in places near 

the north shore of Bylot Island. Generally, bottom depth increases quickly from 

the coasts to a depth of 500 m less than 3 nm from shore, and averages about 700 

m along the centre of the Sound. 

Jones Sound Jones Sound is located between Ellesmere Island and Devon Island 

and forms another link between the Queen Elizabeth Islands and Baffin Bay. 

Western Jones Sound is connected to the Queen Elizabeth Island via the North 

Kent Island channels. Each channel is approximately 3-4 nm wide, 100 m deep 

and appears suitable for underwater transit. Jones Sound water depths remain very 

shallow (100-200 m) for about 20 nm from the north, south and western shores. 

The central portions of Jones Sound are much deeper with water depths of more 

than 500 m over the majority of the area. The eastern areas are the deepest and 

reach over 800 m at some points. The mouth of Jones Sound is marked by a 40 

nm wide plateau which extends into Baffin Bay. Plateau depths vary between 300 

and 400 m. 
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Baffin Bay Baffin Bay is the largest and deepest intra-coastal body of water in 

the Canadian Arctic. Approximately 300 nm wide by 500 nm long, it separates 

northern Baffin Island and Greenland. Baffin Bay has all the attributes of much 

larger bodies of water, including a coastal shelf, slope and a deep basin. The 

opening of Lancaster Sound into Baffin Bay results in a gradual increase in water 

depth from 800 m to 2300 m at the bay's centre. The Baffin Island coastal shelf 

is relatively small and extends only about 30 nm from shore, followed by a sharp 

shelf break. The shelf break occurs around the 200 m mark where the gradient 

increases significantly with depths reaching 2000 m in the next 30 nm. The 

Greenland shelf is much wider and reaches as far as 95 nm from the coast at the 

500 m mark. The eastern slope gradient of 1:30 is similar to the Baffin Island 

slope but tapers off at 1800 m. Baffin Bay's bathyal valley is relatively flat and 

varies between 2000 - 2300 mover 300 nm. The southern end of Baffin Bay has 

a gradual decrease in bottom depth which reaches 1000 m by the Davis Strait. 

2.1.5 GIS Bathymetry 

The bathymetry of the Arctic Archipelago has been digitized into the GIS 

from the list of contoured charts found in Section 2.1.2. The GIS is capable of 

displaying bathymetric information in metres for most of the underwater transit 

routes to a high degree of resolution. Bottom topography is produced in 

contoured form with a resolution equal to that found on paper or, where available, 

digital source charts. The following depth contours were entered into the GIS and 

labelled: 50, 100, 150, 200, 300, 400, 500, 1000, 1500 and 2000 m. GIS 

bathymetry is to be used as an information and teaching tool. Units planning to 

operate in the Arctic Archipelago should obtain the most up to date and detailed 

navigation charts available for their area of interest. 
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2.2 Sedimentation 
The interaction of a sound field with the bottom is greatly influenced by 

sedimentation and the underlying bottom composition. At higher frequencies, only 

the upper few metres of sedimentation are important to the interaction of sound 

with the bottom since the thickness of the sediment layer is large compared to the 

wavelength. At lower frequencies however, the longer wavelength necessitates 

a more thorough knowledge of the bottom sedimentation to be able to better model 

and predict the sound attenuation and transmission path [Hamilton, 1980]. 

This section outlines the effects of sea floor composition on the acoustics 

of the water column, describes the type of sediments found in the main underwater 

routes of the archipelago and gives a qualitative assessment of reflectivity, 

attenuation and bottom-reflection loss (BL) for the various areas of interest. 

2.2.1 Impact on ASW 
Shallow water ASW problems are exacerbated by the effects of bottom 

composition on the propagation of sound in the overlying water column. Although 

the problem of multi path propagation is considerable, the greatest part of the 

challenge of shallow water ASW is to develop operating procedures and sensors 

which can cope with the extreme variability of sea floor types. For example, the 

bottom of the ocean can quickly vary in composition from a hard basalt to soft 

mud over a relatively short distance which results in a drastically different 

acoustical condition. Although progress in sensor suite design is reducing some 

of the hurdles of shallow water search, it is unrealistic to expect a sensor to cope 

with all conditions. To operate in these areas, ASW units must understand the 

effects of different bottom types on their sensors in order to optimize their chances 

of success. 
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The sediments of the Arctic Archipelago are variable due to the different 

mechanisms of their origin. This precludes the use of general guidelines for ASW 

operations which would be applicable throughout each area. Parameters such as 

sediment type, thickness, porosity, bottom roughness and underlying geology all 

have an effect on the reflection, attenuation and refraction characteristics for 

various frequencies of sound. The characterization of geoacoustical parameters and 

their constituents is therefore of prime importance in ASW research and 

operations. 

Bottom Reflection Loss Brekhovskikh and Lysanov [1991], provide the basic 

theory for the reflection of sound from the bottom of the ocean. A sound wave 

which strikes a sedimentary bottom produces a variety of sound waves. A 

simplified model using ray theory shows this interaction in Figure 2.4. 

P., C. 

Figure 2.4 Interaction of a sound ray with the water-sediment interface. 

A ray of intensity Ii hits the bottom at incident angle Sj' This results in 

a portion of the acoustic intensity (ray Ir ) being reflected back into the water 

column at an angle equal to the incident angle. The remainder of the acoustic 

intensity (ray It) is transmitted into the bottom layer with an angle of refraction 

St. In this simple model, the transmitted wave is shown as a compressional wave 

travelling in the sediment layer. In a more complex model, the transmitted wave 

would be separated into its constituent shear, interface and compressional waves. 
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The intensity of the reflected ray with respect to the incident ray can be 

found using the following relations: 

where 

and v 

I 
r = V 2 

I. 
I 

V= 
mcosS j - In 2_ sin2Sj 

mcosS j + In 2 - sin2Sj 

is the reflection coefficient, 

S; is the incident angle, 

If is the intensity of the reflected ray, 

Ij is the intensity of the incident ray, 

Ps is the density of the sediment, 

rn = Pw is the density of the water, 

Cw is the sound speed in water, and 
n = 

C s Cs is the sound speed in the sediment layer. 

The angle of refraction 8 t at the sediment-water interface is controlled by 

the refractive index n and the incident angle S; and can be found using the 

refraction law 

SI = arcsin [sin
n

8;] 
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The logarithmic expression of the intensity ratio is important to ASW 

operations as it yields the sediment reflection bottom loss (BL) value in dB: 

IT 
BL = 10 LOG 

I. , 
(dB) 

The transmitted compressional wave bottom loss can be found in a similar 

manner. The relationship in intensity of the transmitted ray (compressional wave) 

to the incident ray can be described as : 

and 

I 
...: = (nlm) W 2 
I. , 

2mcos8. 
W = ___ -;=:='==== 

mcos8i + In 2 - sin2 8i 

where W is the transmission coefficient. 

The reflection and transmission coefficients are a function of the density 

ratio m, the refractive index n and the incident angle 8i• Note that the ratios of m 

and n are not constants in the sediment layer as density and sound velocity are 

generally found to increase with depth [Rajan, 1992]. 

The coefficient value is further modified when absorption in the sediment 

layer is taken into account. The refractive index n then becomes complex ( n = 

no(1 + i y), where y is the absorption coefficient (0 s y s 1), and the refractive 

index constant is no = Cw ICs) [Brekhovskikh and Lysanov, 1991]. The 

absorption coefficient is not a readily measured value. It is derived from 

attenuation measurements taken with velocimeters in laboratory conditions or in

situ. 
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The attenuation of sound in a medium is measured in units of dB/m and is 

a function of the bottom type. Hamilton [1980] found that the attenuation of 

compressional waves was related to the sediment porosity, grain size and frequency 

through the following relationship: 

a = kf 

where a is the attenuation in dB/m, 

k attenuation constant related to porosity and grain size, and 

f frequency in kHz. 

This equation illustrates the linear relationship of attenuation with 

frequency, and is valid from a few Hertz to 1 MHz. The attenuation constant k 

(dB/m/kHz) has been derived empirically through vast numbers of in-situ and 

laboratory measurements of attenuation in various bottom types. 

To use measured attenuation values in the calculation of the BL as a 

function of grazing angle, one must be able to convert the attenuation values into 

absorption values y. To convert from dB/m to y, use the following relationship 

[after Mackensie, 1960]: 

where y 

O.11513C, * " 
y = 

2 1C f 

is the absorption coefficient, 

Cs is the sound speed in the sediment layer in mis, 

a is the attenuation in dB/m, and 

f is the frequency in Hz. 
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To convert from k to y, use the following relationship: 

0.11513C * k s 
y = -~2~0~0-=-0 -n--

where k is the empirical constant in dB/m/kHz. 

BL curves were calculated for Baffin Bay, Navy Board Inlet and Barrow 

Strait using environmental parameters measured by Mayer and Bugden [1990] 

during NORPLOY 89 (Table 2.1). The calculations were done with MathCad 

Version 3.1 using equations found in this section. The effects of grazing angle 

(n/2 - 8J, attenuation and different environmental parameters of the area on the 

BL curves are demonstrated in Figure 2.5. 

Table 2.1 Environmental and acoustical parameters measured by Mayer and 

Bugden [1990] during NORPLOY 89 (averaged). 

Position Attenuation Constant Cs Ps 
dB/m/kHz m/s glcm3 

Baffin Bay Shelf 0.5326 1562 1.74 

Navy Board Inlet 0.7590 1538 1.74 

Barrow Strai t 0.8050 1581 1.94 
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A survey of Figure 2.5 reveals that BL is much greater at higher grazing 

angles. At those angles, BL variability is predominantly affected by the refractive 

index and the density ratio. The correlation of lower sediment compressional sound 
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Figure 2.5 Bottom loss curves for Barrow Strait, Navy Board Inlet and Baffin 
Bay Shelf calculated from environmental parameters measured in-situ during 
NORPLOY 89. 

speed (C..) with BL at higher grazing angles for areas of similar bottom density 

reflects this situation. The reference water mass sound speed at depth for all 

sites is 1460 m/s. Navy Board Inlet has the highest refractive index and the 

highest BL at all grazing angles. Baffin Bay and Barrow Strait areas show similar 

results but with less bottom loss. 

At lower grazing angles, bottom attenuation effects become much more 

significant. Around 30° grazing angle, the BL curves begin to show the effects 
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of attenuation in the sediment layer. This causes Barrow Strait and Baffin Bay BL 

values to cross at 18°. Below this grazing angle, the higher attenuation found in 

the Barrow Strait causes a higher BL value than in Baffin Bay. 

To emphasize the importance of attenuation, the Barrow Strait BL curve 

was also calculated with no attenuation. This condition results in total reflection 

(BL= 0) for all angles less than 23°. The angle below which total reflection 

occurs is called the critical angle. 

This example treats the water-sediment boundary as a fluid layer in which 

the environmental parameters define the attributes of the sediment layer. This 

approach is valid for most situations but cannot account for the different types of 

waves which are transmitted in the sediment layer and become important near the 

cut-off frequency. 

Seismic waves In advanced geoacoustical models, the sediment layer is 

treated as an elastic layer permitting the transmitted wave to be separated into its 

constituent parts: an interface (Scholte) wave, a compressional wave, and a shear 

wave, each contributing to the propagation of sound in the sediment and lower 

media (Figure 2.6). 

It follows that complex geological models must have accurate surficial and 

underlying geological information in order to provide useable propagation loss 

values. 

Efforts to account for propagation loss caused by shear waves are ongoing. 

Hughes et al. [1990] describe the propagation of shear waves transmitted in a two 

layer sea bed. The model used in this experiment simulates the bottom parameters 

found in Barrow Strait by Chamuel and Brooke [1988]. 
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Figure 2.6 Interface (Scholte), compressional and shear waves 
produced by the interaction of sound with the sediment 
layer [after Urick, 1982]. 

Shear waves suffer much higher attenuation in sediments ( 1.75 to as high 

as 17.5 dB/m/kHz) when compared to their compressional counterparts (0.05 to 

0.95 dB/m/kHz). Shear waves also travel at a much slower speed than 

compressional waves and their angle of refraction is much steeper than the 

compressional wave. This results in the shear wave reaching the substrate levels 

much nearer to the vertical and resonating within the sediment layer. The 

resonating frequency is related to a sediment thickness which corresponds to one

quarter wavelength of the sound. Hughes et al. [1990] find that measured 

propagation loss correlates fairly well with theoretical values below 10 Hz and 

above 100 Hz (Figure 2.7). Shear wave resonance in the upper sediment layer 

( ... 2.5 m thick) is the cause of the very strong attenuation at the 130 Hz frequency. 

The significant difference between the calculated and measured data in the region 

of 10-100 Hz is explained as being caused by an incomplete knowledge of the 

sediment layers and approximations in the modelling. 
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Theoretical versus measured propagation loss in Barrow 
Strait as a function of frequency [after Hughes et aI., 
1990]. 

Another bottom transmitted sound wave is the interface wave. In this case, 

the interface wave is a Scholte wave. A Scholte wave is characterized by a sound 

speed that is always less than the shear wave and travels along the interface of a 

liquid/solid boundary. As shown in Figure 2.8, this mode of sound transmission 

becomes predominant as frequencies decrease toward the propagation cut-off point 

in the water column [Rauch, 1980]. Unfortunately the sound energy transmitted 

by the wave decreases exponentially away from the interface which results in little 

energy being leaked back into the water column [Rauch and Schmal feldt, 1983]. 

As a result, sensors designed to take advantage of this transmission path must be 

bottom mounted. 

')'7 -, 



60 

eo 

100 

120 

,'" I \ , \ , \ , \ 
I \ , , 
I , , , 
: \ , , 
I \ , \ 
I \ 
, ' ... _,J 
I 
I 
I 

, , 
I , 
I 
I , 
I 
I 
I 
I 

I 

- Interface (Scholte) 
Waterborne 

R. 10 km 
~"-- .... 

I ..... ~----~----

140~---r~~~---r--~~--~--~--------~ 

10 20 50 500 

FREQUENCY (HI) 

Figure 2.8 Propagation loss at 10 km for waterborne and interface 
(SchoJte) waves in shallow water (100 m) overlying a 5 
m thick sand layer [after Rauch, 1980]. 

Scattering Bottom scattering characteristics are a function of bottom 

topography, roughness, and composition [Urick, 1983]. Backscattering intensity 

due to sedimentation does not significantly increase until the sediment size is of 

the same order as the sound wavelength as shown in Figure 2.9 [Stefanick, 1987]. 

As the Arctic Archipelago is generally covered with mud interspersed with sandy 

and gravelly areas, it is expected that ASW sonars operating in the 5 - 20 kHz 

spectrum would be degraded by bottom scatter. 
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Figure 2.9 Bottom scatter as a function of wavelength and roughness 
[after Stefanick, 1987]. 

2.2.2 Data Set 
The acoustic properties of the Arctic Archipelago sediment base are the 

least known of all ASW environmental parameters. The Arctic's unfriendly 

environment, the specialized equipment needed to conduct research, logistical and 

financial difficulties and the lack of an established defence policy on Canada's 

arctic areas of interest prior to the late 1980s are factors which contribute to this 

condition. 
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The geoacoustic model available to the Canadian Armed Forces is the 

Bottom Loss Upgrade Program (BLUG). This model relies on High Frequency 

Bottom Loss (HFBL) and Low Frequency Bottom Loss (LFBL) data bases. The 

BLUG model gives near world wide coverage of bottom type, sound speed, sound 

speed gradient, and various sedimentation parameters. Unfortunately, the HFBL 

and LFBL data bases do not extend to the internal regions of the Arctic 

Archipelago. This area is not completely devoid of information however; Energy, 

Mines and Resources Canada in cooperation with the petroleum industry and 

Canadian and the (then) U.S.S.R. technical communities have compiled a map of 

quaternary deposits [Zarkhidze et aI., 1991] which can be used in conjunction with 

other Defence Research documents to evaluate and extrapolate fundamental bottom 

loss values for most of the Arctic Archipelago. 

The surficial geology and bottom loss data presented in this section are 

provided by the following sources: 

Circumpolar Map of Quaternary Deposits of the Arctic; Geological 

Survey of Canada, Map 1818A, 1:6,000,000 [Zarkhidze et aI., 

1991 ]; 

Marine Geological and Geotechnical Investigations in Wellington, 

Byam Martin, Austin, and Adjacent Channels, Canadian Arctic 

Archipelago [MacLean et aI., 1989]; 

In-Situ and Laboratory Measurements of the Acoustic Properties of 

Arctic Marine Sediments [Mayer and Bugden, 1990]; 

Acoustic Analysis of Arctic Marine Sediments [Hughes Clark et aI., 

1987]; 
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2.2.3 

Geological and Geophysical Investigations in Jones Sound, District 

of Franklin [MacLean et aI., 1984]; 

Sedimentation in an Arctic Environment: Baffin Bay between 

Greenland and the Canadian Arctic Archipelago [Baker, 1972]; 

Bottom Loss in Areas with Ice-Rafted Sediments [Desharnais, 

1991]; 

Geoacoustic Modelling of the Sea Floor [Hamilton, 1980]; and 

Coast and Shelf of the Beaufort Sea [Reed and Sater, 1974]. 

Data Assessment 

The surficial sedimentation data used in the Arctic Archipelago portion of 

the Circumpolar Map of Quaternary Deposits were compiled from a variety of 

sources including the Geological Survey of Canada and various published and 

unpublished data from Arctic petroleum projects. Because of the logistical, 

physical and financial realities of operating in the Arctic, most of the bottom 

acoustical data are concentrated in the Parry Channel and Beaufort Sea areas. 

Marine surficial sedimentation data are generally derived from high 

resolution seismic profiles and core or grab sample analysis. Most of the 

acoustical in-situ data presented in this section were acquired using a seismic 

reflection system with a compressed air energy source. Sedimentation depth data 
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were usually obtained using a Huntec deep towed high resolution seismic system. 

Sediment analysis of core and grab samples was used to corroborate acoustical 

data. 

Bottom loss values are calculated for in-situ sediment data using the 

equations found earlier in this chapter. For areas not sampled acoustically, the 

bottom loss values are extrapolated using the physical description of the sediment 

based on acoustical values found to exist in sediment of similar type. Hamilton's 

[1990] sediment description and grain size measurements correlate well with 

standards established by the Canadian Hydrographic Service [1990] Specification 

for Hydrographic Surveys and are included for general knowledge. 

Although the extrapolated bottom loss values give a good idea of the 

bottom's contribution to sound attenuation, the uncertainties caused by the lack of 

area wide in-situ coverage may present approximation errors. More work is needed 

to attain an operational knowledge of the Arctic Archipelago's bottom loss 

contribution. 

2.2.4 Data Description 
Arctic Archipelago surficial sediments have been influenced by a large 

number of processes dating back to the Late Pleistocene (130,000 to 10,000 years 

ago) and the more recent Holocene (10,000 to today) ages. During the Late 

Pleistocene age, the glaciation of most of the Earth caused sea levels to decrease 

which exposed the shallow areas of the Arctic Archipelago to direct contact with 

the ice. The ice sheet movement caused a considerable amount of erosion and 

entrained huge amounts of sediments. As the ice melted during the latest portion 

of this age, the entrained sediments settled in the marine areas and created a 

significant portion oftoday's upper sediment layer. In the Holocene age, processes 

connected with the change of seasons became predominant. Today, the leading 
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factors which influence the deposition of sediment in the Arctic Archipelago are 

the freeze-thaw and run off cycle, river input, channel currents, wind, wave action, 

ice rafting, iceberg gouging and glacier transport. The following section describes 

the physical characteristics of the sediments found in the major underwater transit 

routes of the Arctic Archipelago. 

Nares Strait The Nares Strait sediments consist mainly of glaciomarine deposits 

of "gravelly sandy mud" which occurred during the Latest Pleistocene to Holocene 

period. Glaciomarine sediments originate as glacial ice and continental glacier 

deposits which precipitate as the sediment comes in contact with water. The 

texture and grain size of the sediment is similar to glaciomarine deposits found in 

the Byam Martin Channel [ MacLean et aI., 1989]. Predominant grain size is 

estimated at 0.017-0.020 mm with some larger interspersed gravelly sand. Average 

sediment density is estimated at around 1.60 g/cm3 [Hamilton, 1980]. 

The centre portion (=500 m isobath) of Nares Strait near Northumberland 

Island contains a surface layer of "clayey-silt" described by Hamilton [1980] as 

having a predominant grain size of 0.007-0.008 mm and slightly lower density of 

1.48 g/cm3• 

Jones Sound A comprehensive Jones Sound sedimentation survey consisting of 

acoustic profiles, grab samples and gravity cores was conducted in 1983 [MacLean 

et aI., 1984]. Sediments are mainly glaciomarine-marine in the shallower sections 

with marine deposits in the deeper sections. Shallow sections are covered with 

sediment and show characteristics similar to the Wellington Channel. The 

sediment found in the deeper sections of the Sound contain mostly soft clay 

corresponding to a grain size of about 0.0015-0.002 mm and ranging in thickness 

from 2 to 6 m over most of the area (Figure 2.10). Sediment thickness was found 

to increase toward the eastern sections of the Sound reaching 15 m in the vicinity 
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of Coburg Island. Some deeper clay sections have a thin covering of silty-sand 

which results in slight local increase in sediment density. 
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Figure 2.10 Type and thickness distribution of sediments in Jones Sound 
[after MacLean et aI., 1984]. 

Baffin Bay Baffin Bay sedimentation is highly variable in composition and 

origins. Eastern shelf sedimentation is composed primarily of a "gravely sandy 

mud" similar to that found in Nares Strait. Also glaciomarine in type, this 

sediment was deposited during the Late Pleistocene age. The southeastern shelf 

along the Greenland coast is deemed to have a slightly coarser surficial sediment 

layer composed mainly of "gravely sandy silt". Grain size is estimated at 

approximately 0.031-0.035 mm with an average density of 1.77 glcm3 [Hamilton, 

1980]. 

The western shelf of Baffin Bay consists of a more diverse sedimentation 

ranging from coarse sand to a sandy silt and sandy mud interspersed with small 
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patches of clay. The clay areas bear similar characteristics with Jones Sound clay 

sediment. The sandy mud is also comparable to the eastern shelf regions. Several 

in-situ measurements were made of the northwestern Baffin Bay shelf areas during 

Norploy 1986 [Hughes Clark et aI., 1987]. The sedimentation found in this area 

is described as a "thin drape of sand and gravel in a muddy matrix over a stiff silty 

mud" giving good correlation with the Circumpolar Map description of "gravelly 

sandy mud". Acoustic analysis of the Baffin Bay shelf bottom showed 

extensive iceberg scouring down to a depth of 300 m. Sediment physical 

characteristics of four cores were analyzed for porosity, density, velocity and 

attenuation (at 500 kHz) as shown in Table 2.2. These data are comparable to 

the conditions found on the Baffin Bay shelf by Mayer and Bugden [1990] (Table 

2.1) with the exception of attenuation which is slightly higher in the Hughes Clark 

et al. [1987] study. 

The central portions of Baffin Bay are typical of the deeper sections of the 

world's oceans with terrigenous and biogenic sedimentation. Although the ice 

rafting mechanisms which account for a large portion of the sediment deposition 

results in fairly unsorted sediment, it is estimated that the sediment is mostly clay 

and silty-clay based (grain size:::: 0.0025-0.010 mm) with larger overlying detritus 

[Desharnais, 1991]. 

Table 2.2 Averaged in-situ measurements of sediment characteristics in Baffin 

Bay [after Hughes Clark et a!., 1987]. 

Sample Type Water Depth Porosity Density Average Velocity Attenuation (k) 
core/grab m % glcm 3 mls dB/m/kHz 

core 248 66 1.92 1725 0.88 

core 372 64 1.59 1522 0.90 

core 606 57 l.66 1535 0.79 

core 713 58 1.68 1604 0.80 
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Lancaster Sound According to Zarkhidze et al. [1991], Lancaster Sound 

sedimentation has many of the attributes found in Jones Sound. A glaciomarine

marine sediment type originating from the Late Pleistocene age is located in the 

shallower sections and a more recent clay based mud of marine origin sits in the 

deeper regions. Clay grain size is estimated to vary from 0.0015 to 0.0025 mm 

with an approximate density of 1.42 g/cm3 [Hamilton, 1980]. 

The conditions found in eastern Barrow Strait/western Lancaster Sound are 

representative of most near shore and shallow areas of Lancaster Sound. This area 

was investigated by MacLean et al. [1989]. The bottom characteristics were 

sampled using acoustic and physical means and are shown in Figure 2.11. In 

the study, three piston cores were analyzed to provide data on the stratified 
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Figure 2.11 Type of sediments found in eastern Barrow Strait and western 
Lancaster Sound [after MacLean et ai., 1989]. 
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glaciomarine sediments and the acoustically transparent post glacial deposits. The 

glaciomarine sediments with a bulk density of 1.8-1.9 glcm3 were found lying over 

slightly denser (up to 2.1 glcm3) glacial drift. The transparent sediment layer 

showed a lower bulk density of 1.4-1.6 glcm3 with very high water content. Depth 

of the surficial sediment layer was found to increase in an eastward direction from 

eastern Barrow Strait as shown in Figure 2.12. 
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Figure 2.12 Thickness of Quaternary sediments in eastern Barrow Strait and western 
Lancaster Sound [after MacLean et aI., 1989]. 
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Barrow Strait Barrow Strait constitutes one of the natural choke points of 

the Arctic Archipelago. As such, it has been sampled during three different 

expeditions since 1987, two of which [Hughes Clark et aI., 1987 and Mayer and 

Bugden, 1990] analyzed its sediment acoustical properties as well as physical 

characteristics. During these expeditions, seven grab samples and ten cores were 

taken from the deeper regions of the strait. Of those, six core analyses were 

published. The major sediment types consist of a homogeneous silty mud in the 

southern regions and a homogeneous mud or gravelly clay in the northeastern parts 

of Barrow Strait. Sediment origins are mainly glaciomarine-glacial in nature and 

date to the Late Pleistocene period. Physical and acoustical characteristics are 

depicted in Table 2.3. 

Table 2.3 

Sample Type 
core/grab 

core 

core 

core 

core 

core 

core 

In-situ physical and averaged acoustical characteristics of sediments 

found in eastern and southern Barrow Strait [after Hughes Clark et 

aI., 1987 and Mayer and Bugden, 1990]. 

Water Depth Porosity Density Average Velocity Attenuation (k) 
m % g/cm3 m/s dB/m/kHz 

253 60 1.60 1510 0.55 

215 78 1.45 1455 0.58 

205 55 1.72 1600 0.65 

325 57 1.70 1480 0.50 

322 85 1.30 1445 0.46 

160 42 1.94 1581 0.80 
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Central channels Geological investigation of the channels which connect the 

Northwest Passage with the Queen Elizabeth Islands was conducted in 1986 by 

MacLean et al. [1989] for the Geological Survey of Canada as part of the Northern 

Oil and Gas Action Program. Working from CSS Hudson, this study investigated 

sediment distribution, composition, thickness and structure in Wellington, Byam 

Martin and Austin Channels, and eastern Barrow Strait. The method of 

investigation included acoustical sampling using a compressed air pulse seismic 

reflection system and a Huntec deep towed seismic system. Physical data were 

acquired using box corers and grab samples. Although the analysis of the sediment 

did not include acoustical characteristics such as sediment sound velocities and 

attenuations, the physical description and characteristics of these sediments give a 

good basis on which to apply known similar sediment acoustic values. 

Wellington Channel is located between Cornwallis and Devon Islands. It 

is the easternmost transit route from the Queen Elizabeth Islands to the Northwest 

Passage effectively bypassing the narrowest portion of Barrow Strait. Three 

identifiable surficial sediment types are found in this area as shown in Figure 2.13. 

The deepest of the sediments is the glacial drift, consisting of sandy mud 

interspersed with numerous pebbles. Glacial drift deposits range from 2-5 m thick 

with local areas of up to 10 m in the north of the channel. The southern areas 

show substantially thicker glacial drift accumulation which reach 25 m near the 

western shore of the channel. This sediment layer is estimated to have originated 

in the Late Pleistocene age. Physical characteristics obtained from cores reveal a 

dense material of up to 2.1 glcm3 bulk density with low water content ( less than 

15%) and a high shear strength of 9.5 kPa. This sediment layer shows deep ice 

scouring which is thought to have occurred during the end of the last glaciation 

period. 
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Figure 2.13 Distribution of surficial sediments in Wellington Channel 
[MacLean et aI., 1989] 
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Mantling and occasionally fingering the glacial drift is a shallower layer of 

sediment of glaciomarine origin dating to the Holocene age. This sediment layer 

closely resembles the deposits found in Barrow Strait and Lancaster Sound in 

physical appearance and acoustical characteristics. Glaciomarine sediment has a 

slightly finer grain, higher water content (about 20%) , lower bulk density (1.4-1.7 

glcm\ and lower shear strength (1.4-4.8 kPa). 

The top surficial sediment layer found in Wellington Channel is a thin 

acoustically transparent post glacial deposit. This layer is characterized by a finely 

textured silty clay which possesses a high water content of up to 180%, very low 

bulk density (1.1-1.3 glcm3) and shear strength. Grain size is estimated to be in 

the 0.0020-0.0030 mm diameter range with high porosity of greater than 76%. 
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The sedimentation found in Byam Martin and Austin Channels shares the 

same origin and characteristics as that found in Wellington Channel. Further, these 

conditions extend to the shallow regions of Viscount Melville Sound [Zarkhidze 

et aI., 1991]. Figure 2.14 shows the thickness of the unconsolidated sediments 

found in the vicinity of Byam Martin Island. Glacial drift is generally 5-10 m 

thick with large patches of up to 30-50 m near the tip of Bathurst and Alexander 

Islands. Glaciomarine sediment is much thinner (1-3 m) and found in the centre 

portions of the channels. Very thin and patchy sections of acoustically transparent 

mud were found to overlay the other sediment layers near Bathurst and Alexander 

Islands. 

106 lOS' 104' 103' 102' 101' 

Figure 2.14 Total thickness of sediments found in Byam Martin and Austin 
Channels [after MacLean et aI., 1989]. 
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Western channels Viscount Melville Sound shows many of the characteristics 

found in central Lancaster Sound. A glacial drift overlaid by a thick glaciomarine 

layer originating in the Late Pleistocene age is located in the shallower sections 

and a more recent clay based mud of marine origin sits in the deeper central 

regions. Clay grain size is estimated to vary from 0.0025 to 0.0035 mm with an 

approximate sediment density of 1.42 glcm3• 

M' Clure Strait, Amundsen Gulf and most of the Queen Elizabeth Islands 

areas are covered with glaciomarine sandy silt of slightly coarser texture than that 

found in the central channels. Mean grain size is estimated to be 0.03-0.04 mm 

in diameter, with an average sediment density of 1.75 glcm3• The eastern 

portions of Banks Island and the Beaufort Sea shelf show a much coarser sediment 

layer of gravelly sand. This layer is glaciofluvial in origin dating back to the Late 

Pleistocene age. Grain size is estimated to be about 0.5 mm with a maximum 

sediment density of about 2.0 glcm3• 

Beaufort Sea United States and Canadian Geological Surveys have, in recent 

years, shed light on the sedimentary processes and bottom physical characteristics 

of the Beaufort Sea shelf. The findings of these surveys are published in articles 

found in "The Coast and Shelf of the Beaufort Sea" [Reed and Sater, 1974]. The 

eastern Beaufort Sea shelf surficial geology IS dominated by the influence of the 

Yukon and Alaskan rivers. Notably, the Mackenzie River plays a significant role 

in the dispersal of very fine sediment of a clayey silt texture as far as 150 nm from 

the river delta. Sediment size is fairly well sorted and ranges from 0.002 to 0.01 

mm in diameter with high porosity and low sediment densities. The thickness of 

the surficial layer is 10 m as determined by acoustic analysis and multiple cores. 

The bottom shows evidence of much ice scouring to a water depth of 45 m. 

Sedimentary processes which influence the western Beaufort Sea bottom 

composition cause three types of textures to be prevalent according to their 
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deposition process. All surficial sedimentation of the western Beaufort Sea dates 

to the Holocene age. The inshore areas are mainly influenced by the fluvial output 

of the northern Alaskan rivers and the pushing of the winter shorefast ice. This 

process results in very fine clayey sediment of 0.002 to 0.015 mm. The central 

areas have a much coarser gravelly-sand structure with grain size ranging from 

0.031 to 0.7 mm. Barnes and Reimnitz [1974] estimate that this sediment was 

transported by ice as it is unlike any fluvial or beach type of deposit. The outer 

shelf areas are sedimented with a very fine deposit of silty clay texture. This fine 

sediment is precipitated by the interaction of the moving pack ice and the winter 

shore fast ice. Figure 2.15 displays the grain size of sediments found on the 

western Beaufort Sea shelf. 
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Figure 2.15 Mean sediment grain diameter for the western Beaufort Sea 
[after Barnes and Reimnitz, 1974]. 
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The deeper portions of the Beaufort Sea are covered mainly with 

terrigenous and biogenic sedimentation. Barnes and Reimnitz [1974] found a total 

absence of sand and gravel in one core at the bottom of the continental slope 

although some sand was found in another sample. The ice rafting mechanism 

which accounts for a large portion of the sediment deposition results in fairly well 

sorted sediment. It is estimated that the sediment is mostly clay and silty-clay with 

grain size ... 0.0025 - 0.010 mm [Hamilton, 1980]. 

2.2.5 Bottom-Reflection Loss 

Bottom loss values are calculated for in-situ sediment data using 

Brekhovskikh's equations listed in Section 2.2.1 of this chapter. The estimation 

of a bottom loss value for areas not sampled acoustically is based on the acoustical 

data of comparable sediment types. Table 2.4 gives an averaged summary of the 

in-situ acoustical data accumulated from the various sources listed in Section 2.2.2. 

Despite the sometimes sudden areal variability of sedimentation encountered 

in certain areas of the Arctic Archipelago, it was found that the acoustic properties 

of the sediments ranged within a fairly narrow margin based on sediment origins 

and continuing sedimentation mechanisms. Thus the surficial sand and gravelly 

sand found in Baffin Bay and western Banks Island (respectively) give the lowest 

bottom-reflection losses in the Arctic Archipelago. The "gravelly sandy mud" 

found in most of the eastern Arctic Archipelago and the glaciomarine clay of the 

central areas gave a higher bottom-reflection loss. This sediment type also gave 

the most variability, although it is suspected that further acoustical sampling of the 

Arctic Archipelago will reveal a similar variability window for other sediment 

types as well. Clearly, the bottom type which offers the greatest losses is the post

glacial muds found in the deepest sections of Lancaster, Jones and Viscount 
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Table 2.4 

Location 

Baffin Bay Shelf 

Baffin Bay Shelf 

Baffin Bay Shelf 

Baffin Bay Shelf 

Baffin Bay Shelf 

Navy Board Inlet 

Barrow Strait 

Barrow Strait 

Barrow Strait 

Barrow Strait 

Barrow Strait 

Barrow Strai t 

Summary of in-situ physical and acoustical data found in 

the Arctic Archipelago. 

Sediment Density Velocity Attenuation 
Description glcm3 mls dB/m/kHz 

Gravely sandy mud 1.74 1562 0.533 

Gravely sandy mud 1.59 1522 0.900 

Gravely sandy mud 1.66 1535 0.790 

Gravely sandy mud 1.68 1604 0.800 

Surficial sand 1.92 1725 0.880 

Gravely sandy silt 1.74 1538 0.759 

Glacial Drift mud 1.94 1581 0.800 

Glaciomarine clay 1.60 1510 0.550 

Glaciomarine clay 1.72 1600 0.650 

Glaciomarine clay 1.70 1480 0.500 

Post Glacial mud 1.45 1455 0.580 

Post Glacial mud 1.30 1445 0.460 

Me!vi!le Sounds. According to Zarkhidze et al. [1991], similar types of sediments 

are found in the central parts of Amundsen and Queen Maud Gulfs. 

The bottom-reflection loss CBL) graphs in Figures 2.16-2.23 show the in

situ and extrapolated BL values expected for the various sediment types found in 

their respective areas. The extrapolated bottom loss values give a good idea of the 

bottom's contribution to sound attenuation, although the uncertainties caused by the 

lack of area wide in-situ coverage may present approximation errors. More in-situ 
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acoustical analysis coverage would provide a better statistical basis to determine 

operational BL values. 
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Figure 2.16 Bottom-reflection loss values extrapolated for Nares 
Strait. The spread between the solid lines gives an 
indication of the sediment acoustic variability. 
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Figure 2.17 Calculated bottom-reflection loss values based on in-situ data 
for the sediments found in Barrow Strait and Lancaster Sound. 
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Figure 2.18 Bottom-reflection loss values extrapolated for Jones 
Sound. 
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Figure 2.19 Bottom-reflection loss values based on in-situ data 
taken at Navy Board Inlet. 
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Figure 2.20 Bottom-reflection loss values extrapolated for 
Wellington, Martin Byam and Austin Channels. 
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Fi:!ure 1,21 Bottom-reflection loss values extrapolated for the 
Viscount Melville Sound and M'Clure Strait. 
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Figure 2.22 Bottom-reflection loss values extrapolated for 
Beaufort Sea. 
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Figure 2.23 Bottom-reflection loss values based on in-situ data 
taken on the western Baffin Bay Shelf. 
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2.3 Magnetic Anomaly Detection 

The Earth generates a magnetic field which, unless disturbed, remains stable 

over wide areas. Anomalies in the Earth's magnetic field can be caused by 

geological variation, sun corona activity, or large magnetized masses. The CP-140 

Aurora and the CH-124 Sea King are equipped with a Magnetic Anomaly 

Detection (MAD) system capable of detecting ferromagnetic masses by measuring 

the perturbation in the Earth's magnetic field. 

The principle of submarine detection using MAD is a simple one. A flying 

aircraft continuously intersects the Earth's magnetic field. If this aircraft carries 

a magnetometer, a change in the field can be detected, converted to an analog 

signal, and after real time analysis, displayed as a trace on a screen inside the 

aircraft. Thus the MAD operator can visually examine fluctuations in the field at 

a rate proportional to aircraft speed. A distinctly anomalous magnetic fluctuation 

measured by the MAD operator could represent a possible submarine detection by 

the ASW aircraft. 

2.3.1 Impact on ASW 

The Aurora MAD system is a viable means of submarine detection in the 

Arctic Archipelago for a variety of reasons. Although designed as a corroborative 

sensor for deep ocean search, the airborne MAD system can easily be adapted to 

sweep the long, narrow and geologically quiet underwater transit routes which 

traverse the area of interest. Secondly, the relatively shallow nature of these routes 

promotes submarine detection by decreasing the distance between sensor and 

target. Thirdly, the MAD sensor's capability is not affected by ice cover. Lastly, 
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MAD sweep manoeuvres can still be implemented while the aircraft is monitoring 

sonobuoys. 

The MAD operator's ability to detect a submarine in shallow waters is 

influenced by a number of factors: 

2.3.2 

Geological noise caused by the closeness of the magnetic bottom 

layer; 

Proper aircraft magnetic compensation to ensure the sensing 

aircraft's magnetic field is properly modelled and removed from the 

operator's trace; 

Micropulsation noise caused by the sun's corona interaction with 

the Earth's ionosphere during sun spot activity. This noise occurs 

mainly in the 0 - 4 Hz band and therefore seriously affects MAD 

operation; 

Permanent or induced state of magnetization of the submarine; 

Distance of the sensor to the target; 

Size of the submarine; and 

Operator experience. 

Data Set 
Defence Research Establishment Pacific (DREP) has been actively 

involved in magnetic anomaly detection of submarines for the last two decades. 
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In the mid 1980s the focus of MAD detection of submarines was turned toward the 

Arctic Archipelago since the system's ability to operate in that environment was 

unknown. The initial phase to determine the viability of using MAD in the Arctic 

transit routes was the systematic measurement of the magnetic noise emanating 

from the sub-floor geology. 

The eastern areas surveyed to date include the Lincoln Sea, Nares Strait, 

Queen Maud Gulf, Jones Sound and Lancaster Sound. The western Arctic 

approaches are less comprehensively surveyed and are limited to the shelf and deep 

sections of the Beaufort Sea. Areas which require more work include the 

remainder of the Beaufort Sea, Amundsen Gulf, the northwestern approaches to the 

Queen Elizabeth Islands and Western Parry Strait. 

The results of the initial geological noise survey can be found in "Total

Field Magnetic Noise Measurements in Arctic Channels" [Nelson, 1989] and 

"Aeromagnetic Data Collection Using a CP-140 during Icex 1992" [Nelson, 1992]. 

2.3.3 Data Assessment 

The D REP magnetic noise survey of the Arctic Archipelago was carried out 

using a specially modified National Aeronautical Establishment Convair 580 

aircraft. The equipment used on board the aircraft closely replicates the AN/ASQ-

502 MAD system found on the CP-140, and thus gives a clear representation of 

the effect of geological noise on the Aurora MAD system. The Beaufort Sea data 

were gathered using a CP-140 Aurora during ICEX 1992. 
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2.3.4 Data Description 
The following are unclassified excerpts from DREP Technical Report 89-15 

[Nelson, 1989] (Confidential document), and from DREP Technical Report 92-20 

[Nelson, 1992] (Secret document). The majority of the data on this subject can be 

found in the Classified annex. 

Lancaster Sound Lancaster Sound is the quietest magnetic area of the Arctic 

Archipelago which has been surveyed to date. Geological noise is present below 

0.10 Hz but at an intensity and frequency which should not affect MAD operation. 

The western end of the Sound near Barrow Strait is found to be slightly more 

noisy than the deeper sections but not in a manner sufficient to deteriorate MAD 

significantly. 

Hall Basin Hall Basin is located near the northern end of Nares Strait. It is also 

a very quiet area with some geological noise below 0.10 Hz. The shallower 

eastern sections of Hall Basin are found to be noisier due to the influence of the 

Greenland magnetic basement. 

Lincoln Sea The Lincoln Sea is located at the extreme north end of Nares Strait. 

This area is geologically more noisy than Hall Basin with magnetic noise in the 0.1 

- 0.8 Hz region. The intensity of the geological noise was higher than the normal 

aircraft miscompensation and micropulsation noise. Further, the western Lincoln 

Sea is populated with geological formations known as volcanic dykes. These 

dykes are very magnetic and their width corresponds to the width of a normal 

MAD mark. This results in a high probability of a false MAD mark. Because of 

the vast variety of subfloor magnetic activity, the Lincoln Sea has been the subject 

of comprehensive surveying by DREP. 
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Jones Sound The intensity and variability of magnetic noise above 0.10 Hz found 

in western Jones Sound is significantly higher than the previous three surveyed 

areas. Only the shallow western portion of Jones Sound was surveyed to date. 

It is estimated that the deeper central Jones Sound is relatively quieter. 

Kane Basin Kane Basin constitutes the widest part of Nares Strait. Because 

of its shallowness and basement composition, Kale Basin shows a high geological 

noise content below 0.15 Hz. 

Southern Nares Strait The junction of Nares Strait and Baffin Bay is 

characterized by an active magnetic environment. Nelson [1989] attributes this 

condition to a magnetic basement that is shallow and has large variations in surface 

relief. 

Beaufort Sea Measurements of geological noise background taken over the 

deep portion of the Beaufort Sea are below the levels of micropulsation and aircraft 

miscompensation. The level of noise increases substantially over the shelf. As the 

shelf break is very abrupt in these waters, close monitoring of the aircraft position 

with respect to the shelf break will give the crew a good idea of the level of the 

geological noise present. 

Queen Maud Gulf Queen Maud Gulf has been well surveyed by DREP. This 

area was found to be extremely noisy geologically due to the extreme shallowness 

of the magnetic floor. The noise frequency bandwidth causes a large degradation 

of MAD operation in this area. 

Baffin Bay An informal conversation with Mr. Brad Nelson [1993] of DREP 

reveals that the deep sections of Baffin Bay emanate noise characteristics which 

are very similar to the deep sections of the Beaufort Sea. 
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Chapter 3 

Oceanography 

The physical oceanography of a water mass has a profound influence on the 

manner in which a submarine's radiated sound propagates, and must therefore be 

a major consideration in the conduct of maritime operations in the Arctic 

Archipelago. Because of their effect on the direction of sound energy propagation, 

fundamental water mass characteristics such as salinity and temperature 

distributions must be known by maritime patrol forces to predict acoustic ranges 

and to develop suitable tactics for the area of interest. 

The Arctic Archipelago is classified as a shallow water environment where 

the upper and lower boundaries have a direct impact on the attenuation and 

scattering of sound in the water column. The previous chapter described the 

effects of the bottom on the propagation of sound. In this chapter, the influence 

of the water masses and currents on acoustic propagation are examined. This 

chapter also discusses the physical characteristics and operational impact of the ice 

cover but leaves the acoustical influence of the ice for Chapter 6. 

3.1 Water Masses 

Knowledge of the water mass parameters is important to maritime patrol 

operators since these parameters control the speed of sound through the water 

column. This section describes the effects of a sound speed gradient on acoustic 

propagation. The contribution to acoustics by each water mass constituent 

parameter is also defined. 
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3.1.1 Impact on ASW 

Temperature, salinity and pressure control the speed of sound in water. In 

an isovelocity medium, only the sound's angle of departure determines its 

propagation path and interaction with the surface and bottom since the sound 

travels in a straight line until it meets a boundary or is dissipated. Natural 

occurrence of an isovelocity medium is rare however, as most oceans are vertically 

stratified which results in vertical sound speed gradients that bend the sound as it 

propagates through the water column. Even in the case of a well mixed water 

layer, refraction of sound would still occur due to the increase in sound speed with 

depth. It is important for ASW forces to have a basic understanding of how the 

refraction of sound occurs and what effects it has on local detection ranges. 

The refraction of sound can be explained using the ray representation of the 

propagating sound wave which was initially discussed in Section 2.1.1. In Figure 

3.1, a sound ray propagating away from a source at initial sound speed Co and 

* Source 

Figure 3.1 Refraction of a ray entering an area of higher sound speed. 
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grazing angle Xo encounters a number of very thin layers (M:) of progressively 

higher sound speed (where Co< Cl < Cn < Cn + 1). As the sound penetrates these 

layers, it is refracted, or bent slightly at each interface which results in a new angle 

of propagation. The angle of refraction which occurs at each layer can be found 

using Snell's Law of refraction: 

_ _ C_o_ = __ C_l_ = Cn Cn + l -----=----
cos Xo cos Xl cos Xn cos Xn+ 1 

where Co, Cl , Cn , Cn + 1 and Xo, Xl' Xn' Xn + 1 are the sound speeds and 

refraction angles in layers 0, 1, n, n+ 1 respectively. 

Therefore, the rate of refraction of sound is proportional to the sound speed 

gradient. Notice that the grazing angle of a ray that penetrates layers of increasing 

sound speed decreases at each successive layer (Xo > Xl > Xn > Xn + 1). As the 

wave proceeds, the ray will progressively flatten until the grazing angle is equal 

to zero. This is called the turning depth. From this point, the ray continues to 

refract away from the high sound speed region as an upward propagating ray 

Source *--- --_ .. 
Xo 

Turning depth 

Ray path 

D 

e 

P 
t 

h 

Figure 3.2 Example of an upward refracted ray caused by a positive sound 
speed gradient with depth as shown by the sound speed profile. 
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(Figure 3.2). If each layer is infinitely thin, a continuously curved ray propagates 

away from waters of higher sound speed toward areas of lower sound speeds. 

Areas of higher sound speed can occur at any depth although they generally 

take place near the surface and in the deeper layers. The three water mass 

parameters which control the speed of sound in the water column are temperature, 

salinity and hydrostatic pressure. As the hydrostatic pressure is proportional to 

depth, most formulae for sound speed use depth instead of pressure. If the three 

constituents are known, the speed of sound can be calculated using an empirical 

relationship; for example [ Brekhovskikh and Lysanov, 1991] 

where 

c = 1449. 2 + 4 • 6 T - 0 • 055 T2 + 0 • 00029 T3 

+(1.34-0.010T)(S-35)+O.016z 

C 

T 

S 

is the speed of sound in m s-t, 

is the temperature in DC, 

is the salinity in °/00, and 

z is the depth in m. 

This equation is chosen for its applicability and simplicity. It is accurate 

to about 0.1 m S-l and valid for a temperature range of -2 to 35 DC, salinity range 

of 0 to 45°/00, and for depths of up to 1000 m. Other equations capable of 

encompassing a larger range of variability can be used to find sound speed to a 

much greater accuracy. These equations are much more complicated however, and 

are generally limited to research applications. 

A look at the sound speed equation reveals a few guidelines which can be 

used as rules of thumb. Sound speed increases with an increase in temperature, 

salinity, and pressure. Temperature and salinity are the greatest factors in the 

calculation of near surface sound speed. Each change of 1 DC causes a change of 

58 



approximately 4 mls in sound speed while a change of 1%0 in salinity results in 

a change of about 1.3 m/s. As depth increases, the oceans tend to become 

homogeneous which leaves pressure as the main factor in the sound speed gradient. 

For this reason, the deep waters of the Arctic Archipelago generally are 

characterized by a positive (increasing with depth) sound speed gradient. 

The oceanographic conditions which prevail in the Arctic Archipelago are 

unlike those found in the Atlantic or Pacific Oceans. The more temperate oceans 

are formed of a large number of different water masses which are based on their 

geographic locations and origins. When two different water masses come together, 

the horizontal transition zone between them can sometimes degrade long range 

propagation. A point of commonality among the temperate water masses is that 

the large vertical temperature variation between the warm surface layer and the 

cold deep waters causes temperature to be the predominant factor in determining 

the sound speed for these oceans. 

In the Arctic Ocean and Arctic Archipelago, the vertical stratification of the 

water masses results in water characteristics which are consistent over very long 

horizontal distances while differing widely with depth. As a result, the transition 

zone between water masses occurs predominately in the vertical rather than 

horizontal direction. The contribution of each water mass to the propagation of 

sound remains fairly stable over long distances. The only water mass which 

undergoes large seasonal variations is called the Surface Layer. The variability of 

the Surface Layer is caused by the freezing and thawing of the winter ice which 

results in large vertical salinity gradients in the near surface water column. These 

changes have a considerable effect on the sound speed of the surface layer. 

ASW forces that operate in the Atlantic and Pacific Oceans are familiar 

with the use of expendable bathythermograph probes (XBTs) to calculate the sound 

speed gradient in the upper 330 m. As the temperate oceans are characterized by 
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a wide near surface temperature and narrow salinity range. The temperature data 

can be used by acoustic models to predict the propagation of sound in the area of 

interest. In the Arctic Archipelago however, the surface layer's smaller seasonal 

temperature range (=0.0 to -2.0°C except for the first few metres) and wider 

salinity range (=2 to 6 %0) causes salinity to be an important factor in the 

calculation of the near surface sound speed gradient. Therefore the use of XBTs 

in the Arctic Archipelago does not provide the necessary data on which to base 

acoustic predictions. 

Two tools which can provide the ASW forces with information on the water 

column's sound speed are the expendable conductivity, temperature and depth 

(XCTD) probe and the expendable sound velocity profiler (XSV). The XCTD 

measures temperature and salinity in the water as a function of depth and thus 

provides the data required to calculate a sound speed profile in the Arctic 

Archipelago. The XSV is also an excellent tool to measure sound speed in water 

since it automatically accounts for the salinity, temperature and pressure as it 

measures the sound speed. 

3.1.2 Data Set 
The Arctic Archipelago water mass has come under close scrutiny during 

the last three decades because of oil exploration activities and accompanying 

environmental projects. Initially the water column was sampled using bottle 

casts. In the early 1970s, the conductivity, temperature and depth (CTD) profiling 

instrument enabled researchers to gather and process information at a much more 

rapid rate which has resulted in a better knowledge of the water's characteristics. 

The following is a short summary of studies which yield CTD data useful to 

ASW. These data are in-situ measurements taken in the Arctic Archipelago which 

can be used as an historical record for ASW propagation models: 
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Temperature and Salinity Measurements in the Northwest Passage 

[Buckingham et aI., 1987]; 

Hydrography and Oceanography of the Southeast Beaufort Sea and 

Admundsen Gulf, Parts 1 and 2 [Cameron, 1952a,b]; 

No.4, 1963 Data Record Series, Five Arctic Surveys [CODC, 1963]; 

Observed and Interpolated Physical Oceanographic Data for the Arctic, 

Volumes 1,2,and 3 [CODC, 1965]; 

No. 12, 1966 Data Record Series, Arctic 1961. August 2 to October 12, 

1961 [CO DC, 1966]; 

NOGAP B.6; Physical Data Collected in the Beaufort Sea, September 1986 

[Cuypers et aI., 1988]; 

An Oceanographic Survey of the Canadian Arctic Archipelago, March 1983 

[Fissel et aI., 1984]; 

Salinity, Temperature, Turbidity and Meteorological Observations in the 

Beaufort Sea: Summer 1974, Spring and Summer 1975 [Herlinveaux et aI., 

1976]; 

Oceanographic Observations in Barrow Strait and Wellington Channel, 

N.W.T., April 1973 [Herlinveaux et aI., 1978]; 

Oceanographic Data: Current Measurements and Other Oceanographic 

Data, Byam and Austin Channels, N.W.T, April-May 1976 [lOS, 1976]; 
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CfD Data from Western Baffin Bay and Lancaster Sound, 1978 -1979, 

Volumes I and II [Lemon, 1981]; 

NOGAP B.6; Volume 2: Physical Data Collected in the Beaufort Sea, 

March-June 1987 [Macdonald et aI., 1988]; 

Oceanographic Data Collected from the Sir John Franklin in the Beaufort 

Sea, September 1989 [Macdonald et aI., 1990]; 

Arctic Oceanographic Data Report 1977, Western Viscount Melville Sound 

[Peck, 1978]; 

Arctic Oceanographic Data Report 1978, Volume 1 [Prinsenberg, 1978]; 

and 

Interannual Variability of Oceanographic Conditions in the Southeastern 

Beaufort Sea [Fissel and Melling, 1990]. 

3.1.3 Data Assessment 

Nearly all of the Arctic Archipelago oceanographic data taken prior to 1970 

used bottle casts and reversing thermometers. With the bottle method, the 

calculation of the water salinity is made by the measurement of the chlorine ion 

(chlorinity) and deemed to be accurate to better than 0.01%0. Temperature 

measurements are generally accurate to 0.01 DC. The interpolated data are thought 

to be of the same accuracy as the measured data except within a few metres of the 

surface where large temperature and salinity variability causes some values to 

appear unrealistic [Fissel and Melling, 1990]. After 1970, the oceanographic 
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measurements were predominantly made using an electronic CfD profiler. This 

instrument provides better accuracy and more detail than bottle measurements. The 

resolution of the CfO profiler is about ten times better than bottle measurements 

except for depth which is about one hundred times better. The CfO profiler can 

supply the user with about 25 measurements per metre obviating the need for 

interpolation. Like all electronic instruments, the profiler is subject to power 

fluctuations and occasional breakdowns. For this reason, researchers must compare 

CfD and bottle cast measurements on a daily basis. Further, care must be 

exercised using the statistical analysis of the data to remove spurious values. 

3.1.4 Data Description 

The origins of the Arctic Archipelago water masses can be traced to two 

main areas. In the western and central regions, the general southeastern outflow 

of the Arctic Ocean causes the archipelago waters to have similar oceanographic 

attributes. In the eastern regions, the influence of Baffin Bay causes the deep 

water mass to have slightly different characteristics than the rest of the archipelago. 

The Arctic Ocean water masses are generally categorized into three distinct 

layers: the Arctic Surface Layer, the Atlantic or Intermediate Layer, and the Arctic 

Deep Waters. Because of the constant ice cover and relatively slow ocean 

currents, these water masses are very stable, with little mixing between layers. In 

the Arctic Archipelago, the ice cover's influence from winter to summer caused 

Bailey [1957] to separate the Surface Layer into two parts: the Surface Layer and 

the Cold Water Layer. In subsequent work [Fissel et aI., 1984], the Arctic Surface 

Layer was divided into four parts to account for intermittent attribute changes. The 

description of a two level Arctic Surface Layer is deemed sufficient for ASW 

applications. 
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Surface Layer The Surface Layer which ranges from the surface to a depth 

of 50 m is the most changeable of the Arctic Archipelago water masses. During 

the summer season, the thawing process releases large quantities of nearly fresh 

water into the Surface Layer as first year sea ice usually contains only 6 to 9%0 

of salt. The concurrent thawing of the Arctic Archipelago's rivers further 

amplifies this phenomenon. During the thaw cycle, the near surface salinity can 

decrease to less than 28%0 for regions overlying deep waters and as little as 10 to 

15%0 for coastal waters such as the Beaufort Sea [Fissel and Melling, 1990]. This 

effect is generally noticeable to a depth of 50 m [AES, undated]. The surface 

temperature variation during this phase of the cycle is considerable (changing from 

-2.0 to about 2°C in regions overlying deep water and to 5°C in coastal areas) but 

is generally restricted to the first 20 m of the water column. The rest of the 

Surface Layer remains almost isothermal (0 to -1.5°C) below this depth. 

In the fall, the decreased insolation lowers the surface water temperature to 

the freezing point. In the freezing process, a large amount of salt brine is rejected 

from the sea ice. This results in an increase of more than 4%0 which brings the 

Surface Layer salinity to about 32%0. This saline layer mixes quickly with the 

underlying waters and forms a nearly isothermal Surface Layer of increasing 

salinity. During the winter season, the Surface Layer's lower temperatures (-2.0 

to -1.0°C) make it almost indistinguishable from the Cold Water Layer. The 

vertical temperature and salinity cross-sections shown in Figures 3.3 to 3.6 display 

the distribution of these parameters along Parry Strait from the Beaufort Sea 

to Lancaster Sound and through the Queen Elizabeth Islands during late winter 

conditions. 

Cold Water Underlying the Surface Layer to a depth of about 350 m is the Cold 

Water Layer. This water is stable and characterized by temperatures within O.5°C 

of the freezing point [Fissel et aI., 1984]. Temperatures range from about -1.8 to 
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Vertical section of temperature along the Parry Channel 
in late winter 1983 [after Fissel et aI., 1984]. 

O°C. Salinities range between 32.5 and 34%0. Cold Water temperatures and 

salinities increase with depth until the Atlantic Intermediate Layer is reached. 

Atlantic Water Layer The Atlantic Water Layer found in the western 

archipelago originates in the Atlantic Gulf Stream and reaches the Arctic 

Archipelago after a long journey via the Norwegian Current, the Fram Strait and 

the Arctic Ocean. This water mass is characterized by relatively warm 

temperatures ranging between 0 and 0.5°C and salinities of 34.55 to 34.85%0 

[Fissel et aI., 1984]. Because the upper limit of the Atlantic Layer is below 350 

m, the shallow depths of Barrow Strait form a barrier which keeps the Atlantic 

Water Layer of western origins from reaching Lancaster Sound [Bailey, 1957]. 

The Atlantic Water Layer can reach depths of 1000 m and as such constitutes the 

water mass found in the deepest regions of the internal archipelago. 
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Vertical section of salinity along the Parry Channel in 
late winter 1983 [after Fissel et aI., 1984]. 

The eastern Atlantic Water Layer also originates in the Atlantic Ocean but 

is advected into Baffin Bay by the West Greenland Current via the Labrador Sea. 

This much shorter route reduces mixing of the layer with its surroundings which 

results in much warmer but less saline water reaching Lancaster and Jones Sounds. 

Temperatures and salinities range between 0 to 3°C and 34.05 to 34.50%0 

respectively. The deepest extent of the Atlantic Water Layer reaches 1000 m in 

Baffin Bay where it comes in contact with the Arctic Deep Water Layer. 

Arctic Deep Water The deepest water layer found in the Beaufort Sea extends 

from about 1000 m to the bottom and consists of Arctic Deep Water. This water 

mass is a result of thermohaline circulation stemming from the brine rejection 

which occurs on the Asian shelves during the freezing process. This dense and 

very saline brine water sinks to the depths along the shelf break [Aagaard et aI., 

66 



Allele 
0-_ 

0 

110 

D 
e 

p 

t 

h 

em) .4 

Figure 3.5 

SALINITY SECTION L.a",UI., ---
I 
I 
r 
I 

I I 
I 2_1 
~'S . ........+--

" .• ........r--t,%F' , 
I /t3 .. ~ 

...t-;, •. 2 

I 
I 

100 200 :soo 400 aoo 500 1'00 eoo ~ 1000 
KILOMETRES 

Vertical salinity section from the Arctic Ocean, through the 
Queen Elizabeth Islands and Wellington Channel to Lancaster 
Sound [after Fissel et aI., 1984]. 

1985]. En route, it mixes with the Atlantic Layer which results in a water mass 

with temperatures below O°C and a nearly invariable salinity of about 34.9%0. 

In Baffin Bay, the deep layer takes on values found at a much shallower 

depth in the Arctic Ocean. Baffin Bay deep water temperatures remain below 

-0.5°C with salinities of about 34.35%0. These values are also found in the Arctic 

Ocean around 250 m depths, which prompts researchers to believe that 

replenishment of this water mass occurs through the Nares Strait [Collin, 1962]. 

CTD Casts The following Arctic Archipelago temperature and salinity profiles 

were obtained using CTD casts and are presented as examples of water mass 

variability in various areas and ice conditions. Readers are reminded that these 
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Figure 3.6 Vertical temperature section from the Arctic Ocean, through 
the Queen Elizabeth Islands and Wellington Channel to 
Lancaster Sound [after Fissel et ai., 1984]. 

CfD casts are but a single data profile and cannot be used to represent conditions 

at a time and location other than that at which they were taken. Nevertheless, they 

are deemed to represent conditions which generally prevail in the various areas of 

the archipelago during the same season. Note: As CfD cast data sometimes 

include density (sigma-t), it has been left in the following profiles. Depth can be 

expressed in metres or pressure in decibar ( db). A decibar is equivalent to about 

1.01 m. 
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CfD cast taken in the Beaufort Sea [Macdonald et aI., 
1990] 

Figure 3.7: This CfD cast was taken on 28 Aug 1989 in the continental slope 

portion of the Beaufort Sea in 5/10 ice cover. Note that the surface temperature 

of -l.O°C is nearly isothermal to 200 m while the salinity increases from 26.43 to 

33.42%0 in the same depth. Atlantic Water is easily recognised from 300 m to 

about 1000 m. These conditions are generally found during the thawing season 

and in marginal ice zones (MIZ). 
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Figure 3.8: This Cfn cast was taken 

on 31 Aug 1989 on the Beaufort Sea 

shelf break in ice free conditions. The 

surface temperature is 5.79°C and 

decreases to -0.97°C within the first 10 

m. Surface salinity is 22.16%0. 

increases quickly to 29.84%0 by a depth 

of 10 m and reaches 33.000;00 by 155 m. 

This Cfn profile is typical of the 

Beaufort Sea near the MIZ. As one 
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nears the coast, the increased mixing in 

the surface layer generally increases the 

depth of the Surface Layer. 
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Figure 3.8 CfD cast taken in 
the Beaufort Sea [Macdonald et 
aI., 1990] 

Figure 3.9: This Cfn cast was taken on 
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Figure 3.9 CfD cast taken in the 

. 
.:sa 

Beaufort Sea [Macdonald at aI., 1988]. 

break in 10/10 ice cover. This is 

representative of the Surface Layer late 

winter conditions in the Beaufort Sea. The 

ice thickness is 1.8 m. The water layer is 

basically isothermal at -1.65°C to 50 m 

with a slight increase in variability from 

this depth to the bottom. Salinities also lie 

within a very narrow band around 30.800;00 

until the 50 m mark and then increase to 

33.63%0 by 135 m. 
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Figure 3.10 CfO cast taken in Viscount Melville Sound 
[Buckingham et aI., 1987]. 

S 

Figure 3.10: This CfO cast was taken on 30 March 1983 in Viscount Melville 

Sound in 10/10 ice cover. Ice thickness was measured at 2.3 m. Near surface 

temperatures are nearly isothermal (-1.754°C ) with a change of only 1°C in the 

first 200 m while salinity (31.907%0 at the surface) increases little more than 2%0 

in the same depth. By 200 m, temperature and salinity values are -0.715°C and 

34.077%0 which indicate the proximity of the Atlantic Water mass below this 

depth. The Atlantic Water mass is reached at 280 m with a temperature of 

0.014°C and a salinity of 34.622%0. Maximum temperature and salinity is reached 

at the bottom with values of 0.311 °C and 34.816%0 respectively. 
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Figure 3.11 CfD cast taken in Barrow Strait [Prinsenberg, 1978]. 

Figure 3.11: This CfD cast was taken on 11 April 1978 in Barrow Strait under 

late winter conditions. Ice thickness is 1.8 m. The surface temperature 

of -1.747°C increases to -1.436°C over 165 m with slight variation (O.12°C over 

5 m). Salinity increases by about 1.5%0 in the same depth. The water column of 

this area is composed of Surface Layer and Cold Water. 
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Figure 3.12 CfO cast taken in Lancaster Sound [Lemon, 1981]. 

Figure 3.12: This CfO cast was taken on 25 August 1978 in central Lancaster 

Sound and ice free (late summer) conditions. The Surface Layer temperature and 

salinity is 1.17°C and 31.68%0 respectively, with little variation until the Cold 

Water is reached at about 30 m. At this point, temperature drops quickly to 

-1.52°C and salinity increases to 33.21%0. The Cold Water constitutes the major 

water mass in this area as the Atlantic Water is not reached until about 350 m. 

Temperature near the bottom is 0.02°C with a salinity of 34.24%0. 
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Figure 3.13 CfO cast taken in Jones Sound [Lemon, 1981]. 
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Figure 3.13: This CfO cast was taken on 25 July 1979 at the mouth of Jones 

Sound in ice free conditions. The Surface Layer is almost homogeneous in 

temperature followed by a sharp thermocline at a depth of 50 m where temperature 

changes from 2.55°C to -1.59°C within 20 m. Surface salinity (33.24%0) is high 

for summer conditions and gradually increases to 34.03%0 at a depth of 300 m. 

Jones Sound deep waters are composed of Baffin Bay Atlantic Water although it 

is not shown on this CfO. 
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Figure 3.14 CTO cast taken in Baffin Bay [Lemon, 1981]. 

Figure 3.14: This CTO cast was taken on 4 September 1978 off the shelf break 

of Baffin Island in ice free conditions. The Surface Layer is only 10 m thick. At 

that depth, a sharp thermocline and halocline occurs, with a change of temperature 

and salinity from 0.36°C to -1.31°C and from 30.88%0 to 32.74%0 in less than 20 

m. The Cold Water Layer occupies the next 270 m with temperatures ranging 

from -1.31°C to -1.52°C. The Atlantic Water Layer begins at about 300 m and 

brings temperatures up to a maximum of 1.37°C before the bottom is reached. The 

highest salinity of 34.51%0 occurs at the bottom. 
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3.1.5 GIS Data 

The data found in the CTO reports listed at Section 3.1.2 are incorporated 

into the GIS. Although vertical cross sections of temperature and salinity are 

useful in conveying general information, the tactical needs of ASW forces are 

better met by a presentation of actual temperature, salinity, and sound speed 

profiles. For this reason, the GIS uses CTO cast data to present water mass 

conditions for the Arctic Archipelago. 
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3.2 Currents 

Intra-island currents are a significant environmental factor in the Arctic 

Archipelago's oceanography. Beyond the general replenishment of the area's water 

masses, currents contribute to ambient noise, the modification of sound 

propagation near the surface, the production of polynyas during the winter months 

and the movement of ice and icebergs during the spring thaw. As the 

archipelago's currents are quite variable due to tidal effects, wind forcing, 

barometric pressure changes and water runoff, ASW personnel should become 

familiar with them and their effects prior to operating in this area. 

3.2.1 Impact on ASW 

The effects of the archipelago's currents on ASW operations are as subtle 

as they are wide ranging. Currents may be used tactically by submarines, affect 

acoustical conditions, negate the operational capabilities of certain platforms, or 

require special techniques in order to obtain the maximum performance from 

certain equipment. 

Currents are a source of infrasonic ambient noise which can become 

predominant during winter when ice noise is relatively quiet [Zakarauskas, 1986]. 

Water velocity gradients can sometimes cause currents to affect the propagation 

path of sound in the near surface layer [Sanford, 1974]. This effect is felt only 

in regions where the current speed gradient is of the same order as the sound 

speed gradient. As the Arctic Archipelago is characterised with relatively slow 

current speeds, it is believed that only regions such as the Nares and Hell Gate 

Straits would posses currents strong enough to influence the propagation of sound 

in the water column. 
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T 
The advection of wann water into Northern Baffin Bay by the West 

Greenland Current followed by the removal of the melting ice by the Baffin Land I, 
(Canadian) Current generally results in earlier ice free conditions in eastern rather 

than western Parry Strait. This enables surface ships to patrol this area of the 

archipelago for a much longer period in the summer. Surface currents can extend 

the Surface Layer oceanographic characteristics from the MIZ far into ice free 

areas which results in unexpected Surface Layer acoustic conditions. Surface 

currents can also move large quantities of ice. This sometimes results in quickly 

changing ice conditions which might be a hazard to non-ice capable ships. 

In winter, the movement of surface water can combine with wind and 

topography to produce polynyas. Polynyas are important to airborne ASW 

platforms as they are among the few winter open areas in which a weapon could 

be dropped. Polynyas occur when wanner water is brought up to the surface and 

thus inhibits ice formation. (Polynya formation is further covered in Section 3.31) 

Unless airborne ASW platfonns are equipped with ice capable sonobuoys, 

ASW operations over pack ice can become a bombing exercise in order to drop 

sonobuoys into ice leads. Although recent experience in Arctic ASW exercises 

shows that a sonobuoy can still transmit while under ice, its radio transmission 

range is greatly reduced. Therefore, some consideration must be taken as to the 

orientation and size of the lead in order to optimize the time during which the 

sonobuoy will transmit before being advected under the ice by the current. As 

most of the archipelago's currents are along rather than across channel, optimal 

placement of a sonobuoy drop would be "up" current in an along channel lead. 

This is especially important when working in polynyas formed by rapidly moving 

currents such as the Hell Gate and Cardigan Strait Polynya where currents can 

attain a speed of 1.25 m S-1 [AMOP, 1978]. 
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3.2.2 Data Set 

The study of the Arctic Archipelago currents has been ongoing since the 

first European explorers ventured into Baffin Bay and Lancaster Sound. Although 

initially confined to ship or ice drift measurements past a prominent land mark, 

currents are now measured and calculated using a number of methods. The 

methods used to describe water flow are grouped into two general categories, 

Eulerian and Lagrangian. In-situ measurements of current with respect to a point 

as a function of time are an example of Eulerian measurements. The geostrophic 

method is an indirect Eulerian method of calculating currents using oceanographic 

variables such as salinity and temperature in the surrounding water mass. The 

Lagrangian category involves methods which measure the movement of water by 

following its flow. 

Eulerian Category This category of current description generally involves the 

measurement of data at a specific point. A common example would be the 

recording of water speed and direction past a certain point over a long time period. 

This recording could be made from a moored ship or current meter. The first long 

term current measurements in the Arctic Archipelago occurred in the 1960s. Since 

then, the central portion of the archipelago has been well studied using submerged 

current meters. One advantage of the submerged current meter is that it is capable 

of autonomous operation under the ice cover during winter. A disadvantage of 

submerged current meter observations is the need to avoid the ice keels found 

under pressure ridges. As a result, few moored current meter data are taken above 

a 50 m depth under ice. A stick plot of a current meter time series is shown in 

Figure 3.15. Each stick (line) represents a measurement of the direction and speed 

at the position and depth of the current meter. For example, a stick on the 35 m 

time series that is 1 cm in length and points downward represents a current which 

flows at 30 cm S-l in a southward direction. 
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Figure 3.15 Example of a low pass filtered current meter time series taken at the 

eastern end of Lancaster Sound in September 1979. Note the current magnitude 

and direction differences at different depths [Fissel et ai., 1981]. 
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An indirect method of Eulerian current measurement involves geostrophy. 

The geostrophic current calculation is based on the measurements of lines of equal 

densities (isopycnals) using in-situ temperature, salinity and pressure [Pickard and 

Emery, 1990]. Because of temperature and salinity variations, water mass 

densities vary in the horizontal as well as vertical plane. A horizontal change in 

density creates a horizontal pressure gradient. Thus, water will want to move 

from areas of high pressure toward areas of lower pressure but will be turned to 

the right (in the northern hemisphere) by the Coriolis effect in a manner similar to 

atmospheric wind. The graphical representation of these pressure (isobaric) 

surfaces is usually called the geopotential anomaly or dynamic height anomaly. 

This anomaly refers to the relative height of the water column above a reference 

level of no motion (generally close to the bottom). Therefore, unless it is 

constrained by bathymetry, water flows along the isobars from left to right when 

going from an area of high to low dynamic height anomaly as shown in Figure 

3.16. 

Lagrangian Category This category describes movement of water over a specific 

distance, path and time. The simplest form of Lagrangian current observation 

would be to observe the movement of ice floes. This form of measurement can 

also be taken by a drifting ship or by drifter buoys. Today, satellite tracked drifter 

buoys are often used to observe the long range movement of a water particle. As 

these buoys can be designed to be neutrally buoyant at a certain depth, 

current measurements can be made throughout the water column [Pickard and 

Emery, 1990]. In the Arctic Archipelago, ice drift is often measured with 

Sideways-Looking Airborne Radar (SLAR) or by direct satellite observations. In 

periods of light wind, this provides a good measurement of surface currents. An 

example of buoy drift is shown in Figure 3.17. 
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Figure 3.16 Example of dynamic height anomaly calculated from CI'n casts 

(shown as dots) taken in Lancaster Sound and Baffin Bay in October 1979. The 

current direction is indicated by arrows. Note that current strength is proportional 

to contour density. [after Fissel et aI., 1981]. 
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Figure 3.17 Example of a drogued drifter buoy moving to the southeast off 

Bylot Island in October and November 1977. As each dot (labelled day/month) 

on the drift line represents one day of travel, it is easy to estimate the spatial 

variability of the current [after Fissel et aI., 1981]. 

Measurement of the Arctic Archipelago's currents has been part of the 

oceanographic and environmental studies which have been ongoing since the 

1960s. Knowledge of the archipelago's currents is deemed important since it 

impacts on oil containment measures to be taken in case of an oil spill incident. 

The current data used in this environmental guide were gathered from the 

following sources: 

83 



Late Winter Hydrography of the Northwest Passage: 1982, 1983 and 1984 

[de Lange Boom et a!., 1987]; 

Low Frequency Flow in the Canadian Arctic Archipelago [Waddell, 1985]; 

Environmental Studies No. 25: The Physical Oceanography of Western 

Baffin Bay and Lancaster Sound [Fissel et aI., 1981]; 

Oceanographic Data: Current Measurements and Other Oceanographic 

Data, Byam and Austin Channels, N.W.T., April-May 1976 [ lOS, 1976]; 

Arctic Oceanographic Data Report 1978, Vol. 2 [Peck, 1980]; 

Oceanographic Observations in Nares Strait, Northern Baffin Bay, 

1963,1964 (unpublished manuscript) [Collin, 1965]; 

Oceanographic Observations in Barrow Strait and Wellington Channel, 

N.W.T.: April 1973 [Herlinveaux et aI., 1978]; 

A Surface Current Study of Eastern Parry Channel, N.W.T.: Summer 1977 

[Fissel and Marko, 1978]; 

Fall Ice Drift in Nares Strait, as Observed by Sideways-Looking Airborne 

Radar [Dunbar, 1979]; 

Physical Oceanography of the Northwest Passage [Lake, 1981]; and 

Oceanographic Features of the Canadian Archipelago [Bailey, 1957]. 
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The Arctic Marine Oilspill Program (AMOP) maps reproduced at the end 

of this section (AMOP Map 3-30 to 3-44) are extracted from "An Arctic Atlas: 

Background Information for Developing Marine Oilspill Countermeasures" 

[AMOP, 1978]. These maps encompass information from most of the pre-1978 

Arctic Archipelago current studies and are included as a quick reference section. 

3.2.3 Data Assessment 

The methods used to record and describe the Arctic Archipelago currents 

have advantages and disadvantages inherent to the methods themselves and to their 

adaptation to the environment. For this reason, the display of current data cannot 

always be made in simple vector form but must also include the tracks of drifter 

buoys and ice. Dynamic anomaly heights are generally used to give a spatial 

perspective of long term currents over an area. 

Most of the submerged current meters used in the Arctic Archipelago since 

the 1960s are of the Savonius rotor type which are generally capable of recording 

current speeds from 0.025 to 2.50 m S·l with an accuracy of about +/- 2%. 

Because the horizontal component of the Earth's magnetic field is highly variable 

in the archipelago, current meter directional accuracy varies between +/- 5° to 

+/- 18° depending on equipment, alignment technique and location. These current 

meters are also capable of providing temperature and salinity measurements. An 

example of a subsurface current meter is shown in Figure 3.18. The main 

advantage of the current meter is its ability to provide an extremely accurate 

current measurement at a fixed depth over long periods of time (over one year in 

some cases) [Fissel et al., 1981]. Statistical analysis of the data permits researchers 

to better form hypotheses on the cause of the flow and estimate its variability due 
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to different atmospheric and oceanographic 

factors. Unfortunately, a current meter can 

provide information in only one location at a 

time and must be moored and retrieved by an 

oceanographic ship, To properly sample 

intra-island water flow, a number of current 

meters must be deployed at strategic 

locations. Even with a relatively large 

number of current meters, the flow's spatial 

variability can be under sampled. 

A means to measure the spatial 

variability of water flm in the Arctic 

Archipelago is the use of drogued drifter 

buoys. Once released by ship, a drogued 

buoy goes along with ll)( flow, its path 

rev{' fluctuations in the speed and 

dl of the current that cannot be 

mcr;u, by current meters. As these buoys 
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Figure 3.18 Example of a subsurface 
current meter [Pickard and Emery, 1990]. 

are In'6ued, they are ltss ,>usceptible to wind stress. The buoys can be tracked 

contiq:.lOUsly or periodically by ship or satellite via acoustic or radio 

communications [Pickard and Emery, 1990]. 

Although drifter buoys give a good idea of flow variability, current 

measurement resolution is less than for a current meter. Factors which lead to 

this decrease in precision are the positional accuracy and sampling frequency of 

the measuring platform. Drifter buoys are estimated to provide an accuracy of 

about 0.08 to 0.15 m S-1 [Fissel et aI., 1981]. Drifters can also provide useful data 

on the turbulence which can exist at the boundaries of the main flow. This 

sometimes occurs unexpectedly as the drifter is unguided. The study of ice 
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movement from ship, SLAR and satellite generally provides an accuracy on the 

same order as drifters although the wind effect becomes a greater consideration in 

the analysis of the results. 

The geostrophic method of current calculation is generally used to represent 

long term currents in the archipelago. As they are based on water mass 

parameters, geostrophic current calculations do not account well for short term 

factors like tidal or wind forcing. Therefore, dynamic height anomaly presen

tations provide a rough but valid estimate of the mean circulation pattern in the 

Arctic Archipelago. 

3.2.4 Data Description 

A general representation of the Arctic Archipelago currents reveals a water 

outflow from the Arctic Ocean through the Queen Elizabeth Islands, Parry Strait, 

and Nares Strait. As shown in AMOP Map 3-30, the resulting currents move the 

water in a general southeasterly direction, finally reaching Baffin Bay where the 

water joins the West Greenland Current and exits the archipelago via the Baffin 

Land (Canadian) Current. Although this approximation gives an idea of motions 

at very long time scales, it reveals nothing of the variability which typifies water 

flow through this area. 

The Arctic Archipelago is characterized by highly variable flow through its 

channels and straits. This condition is caused by a combination of submarine 

topography and the many forces which act on the water mass. The major forcing 

agents which induce movement are the tides, atmospheric pressure, water mass 

horizontal density gradients, wind stress, and water level difference between the 

Arctic Ocean and Baffin Bay. 
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The atmospheric pressure gradient is a forcing agent which affects water 

levels on a scale of hundreds of kilometres due to the difference in hydrostatic 

head overlying the water mass. This induces a geostrophic water movement from 

the area of high to low atmospheric pressure areas. 

Tidal forces are caused by the lunar and solar attractions of the Earth's 

water masses and constitute a major cause for the high current variability in the 

archipelago. Although the tides have many constituents, the predominant tidal 

signal is the M2 (semi-diurnal lunar) which propagates in the form of a Kelvin 

wave from Baffin Bay and to a lesser extent from the Arctic Ocean [Lake, 1981]. 

This wave propagates with its greatest amplitude on the right boundary which 

causes a shoreline water (tidal) elevation as it passes. In some channels, the tide 

induced current alternates in direction as the tide floods and ebbs (Figure 3.19). 

Areas where tidal Kelvin waves meet result in a standing wave which generates 

maximum tidal heights and highly variable and localized tidal currents. This 

condition can exist in central Nares Strait, Prince Regent Inlet and some areas of 

Parry Channel [Waddell, 1985]. Archipelago tidal elevations north of the arctic 

circle usually vary between 0.5 to 2.0 m but can reach 3 m in Kane Basin and 

Prince Regent Inlet. 

Wind stress is a large factor in the displacement of the surface layer during 

ice free and moving ice conditions. Because of Coriolis and friction in the upper 

layer, this results in a mass (Ekman) transport approximately 90° to the right of 

the surface wind direction. In areas where surface water cannot replenish the 

displaced water, upwelling occurs and results in a vertical current of warmer 

bottom water. During winter, this is the main cause of the larger polynyas found 

in Northern Baffin Bay and Smith Sound. 

Current forcing due to a water level difference between the Arctic Ocean 

and Baffin Bay results in a barotropic (flow independent of horizontal density 
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gradients) component of the total flow found in the Arctic Archipelago. Waddell 

[1985] found that this component's contribution to the flow was less than for 

baroclinic (driven by horizontal density gradients) currents. 
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Figure 3.19 Example of current variability due to tidal forcing. This 

current was measured in Byam Channel in May 1976 [lOS, 1976]. 

Nares Strait and Jones Sound The Nares Strait has been studied under various 

ice conditions since 1875 when Nares explored the area. In 1963 and 1964 Collin 

[1965] took the opportunity to conduct extensive oceanographic research of the 

Nares Strait under nearly ice free conditions. Collin found that the flow near the 

centre of Kane Basin was not directly down channel in a southerly direction but 

rather had a cross channel component which results in a current intensification near 

Ellesmere Island. Collin found currents ranging from 0.10 m S-l to a maximum 

of 0.80 m S-l. He also noted reversing tidal currents near the eastern shore. 
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A study of Nares Strait ice movement using SLAR was undertaken by 

Dunbar [1979]. In this study, ice floes were tracked from 19 to 26 October 1976. 

Although shore fast ice was found near the eastern shore, broken ice movement 

revealed that the main current flow occurred west of the strait's centre. Average 

speeds for the observed areas is found in Table 3.1. Main channel and tidal 

current estimates are also shown in AMOP Maps 3-31 an 3-33. 

Jones Sound exhibits a general easterly flow stemming from Hell Gate and 

Cardigan Strait where some of the highest currents in the archipelago are found. 

The mixing of surface water with the warmer underlying layers caused by flow 

speeds of up to 1.25 m S-1 [AMOP, 1978] results in a polynya which is open for 

most of the winter. 

Table 3.1 Averaged ice drift speeds measured in various areas of Nares Strait 

[Dunbar, 1979]. 

Area of Drift 

Robeson Channel 
Kennedy Channel 
Kennedy Channel 
Kennedy Channel - Kane Basin 
Kane Basin 
Hall Basin - Kane Basin 
Kane Basin - Smith Sound 

* Very close to Ellesmere Island Coast 

Ice Drift Speed 

0.53 m S-1 

0.78 m S-1 

0.42 m S-1 * 
0.70 m S-1 

0.32 m S-1 

0.61 m S-1 

0.26 m S-1 

Northwestern Baffin Bay and Lancaster Sound Although the eastern 

archipelago was extensively studied over the last five decades, current and 

circulation data were greatly refined in the 1970s and 1980s. Studies using CTD 

casts, submerged current meters and drogued drifter buoys by Fissel and Marko 
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[1978] and Fissel et al. [1981] provide a profound insight into the oceanography 

of the area. 

The major circulation patterns of Baffin Bay and Lancaster Sound ~re 

complex and variable (Figure 3.20 and AMOP Map 3-36). The main influx of 

water enters Baffin Bay from Smith and Jones Sounds and heads south along the 

coast of Devon Island. Current flow near the east coast of Devon Island is about 

0.50-0.60 m S·l and decreases to about 0.10-0.20 m S·l further offshore. As the 

flow rounds the southeastern tip of Devon Island, the current increases to 

about 1.0 m S·l and turns southwesterly. The current then intrudes and expands 

DEVON 

ISLAND 

" 

NEAR-SURFACE CIRCULATION 
FEATURES 

-. I'ERr.cAN£NT FEATURES 

c::=:=:::> TRANSIENT FEATURES 

NE'ARSHOR£ ZONE 

BOUNDARY BETWEEN 
CIRCULATION ZONES 

C;::' WEAK WId IiARWIU 'LOW 

~~:~: - 5 em/s - 2~ .... 50 

• 

• • 

BAFFIN 

ISLAND 

Figure 3.20 Major near-surface circulation pattern found in the Baffin Bay -
Lancaster Sound areas [ after Fissel et al., 1981]. 
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laterally into Lancaster Sound up to a distance of 35 to 75 km, where it is turned 

southerly and then easterly by the outflow of Surface and Cold Layer water from 

Lancaster Sound. The intruding current speeds are found to decrease with depth 

from about 0.75 m S·l at the surface to 0.50 m S·l at 40 m depth, and 14 m S·l at 

500 m [Fissel et a!., 1981]. This area is characterized by highly variable and 

turbulent flow which eventually results in the easterly Lancaster Sound current 

which flows within 10 km of the coast of Baffin Island at a speed of more than 

0.50 m S·l. The Lancaster Sound outflow remains fairly laminar until the 

northeastern end of Bylot Island where it weakens and degenerates into turbulent 

flow. This flow slowly moves south off the coast of Baffin Island where it 

becomes the Baffin Land (Canadian) Current. 

Central Sill Region Barrow and Penny Straits and the Wellington Channel have 

been extensively studied in the past as they form what is called the "central sill 

region" between the western and eastern areas of the Arctic Archipelago. Current 

studies have been completed using many methods. Herlinveaux et al. [1978] 

undertook the study of currents using current meters and CTDs while de Lange 

Boom et a!. [1987] calculated the geostrophic flow from comprehensive CTD 

observations supplemented with current observations from previous works. 

The currents of Barrow Strait are generally easterly but have strong semi

diurnal tendencies due to tidal influence. Short term current speeds and directions 

are highly variable throughout the strait as the coastal waters flow westward along 

the northern shore and eastward along the southern shore. Although the flow is 

greater in the first 120 m of water, it is punctuated with sharp flow reversals which 

can be felt throughout the water column as shown in Figure 3.21. A stronger 

easterly flow found near the coast of Somerset Island results in a net transport of 

water eastward. Current speeds have been observed to reach a maximum of 0.75 
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Figure 3.21 Current direction, speed and components measured at 150 m depth in 
the northeastern portion of Barrow Strait (near Wellington Channel) [Herlinveaux et 
aI., 1978]. 

m S·l near the surface but are normally within the 0.20 - 0.40 m S·l speed range. 

Subsurface currents generally weaken with depth. 

Currents found in Wellington Channel maintain much of the tidal variability 

found in Barrow Strait but achieve a net southerly flow from Penny Strait to 

Barrow Strait due to a stronger southerly barotropic component [Herlinveaux et aI., 
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1978]. Because of the north-south orientation of the channel, the tide floods along 

the west coast of Devon Island and ebbs along the east coast of Cornwallis Island. 

Northward flow is very weak within a few kilometres of the coast while the 

southerly current is usually in the 0.30 - 0.40 m S·l range over a much wider area. 

The southerly current is much stronger near the northern shore of Cornwallis Island 

where it has been measured at a maximum of 1.50 m S·l as shown in AMOP Map 

3-36. Northern Wellington Channel and Penny Strait currents are estimated to be 

driven by a combination of baroclinic and barotropic flows. Once again, maximum 

flow rates are found on the western side of the channels. An underlying tidal 

frequency is felt in the currents which normally range from 0.05 to 0.35 m S·l 

[AMOP, 1978]. 

Western Regions The western portions of the Parry Channel are generally less 

sampled than the eastern areas because of higher summer ice concentrations and 

more difficult logistical problems associated with operating in this area. Recent 

studies by Peck [1980] and de Lange Boom et al. [1987] increase our knowledge 

of the flow structure. Peck investigated Viscount Melville Sound with CTDs and 

current meters while de Lange Boom studied baroclinic currents in Viscount 

Melville Sound, M'Clure Strait and Prince of Wales Strait during late winter for 

a three year period. 

Currents in these relatively wide bodies of water are primarily influenced 

by horizontal density gradients in the upper layers. This causes the flow in the 

central regions to be generally baroclinic. The coastal regions are predominantly 

affected by tidal currents of up to 0.15 m S·l. Once again, northern coasts are 

subjected to a westerly flow while easterly currents occur near the southern coasts. 

The central areas are characterized by very small currents in the range of 0.05 to 

0.10 m S·l during the winter season. Wind forcing becomes a much larger near

surface forcing agent during the breakup and ice free periods. de Lange Boom et 

al. [1987] found that Western Melville Sound had a mid layer gyre which rotates 
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counter-clockwise at very slow speeds. Late winter circulation patterns for the 

western regions are shown on Figure 3.22. 

The channels found at the northern shore of Viscount Melville Sound 

provide a net southern flux of water although their flow is heavily modified by the 
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Under ice circulation pattern found in the western Parry Channel 
region during the 1982 -1984 late winter season [after de Lange 
Boom et aI., 1987]. 

tidal forces which act upon them. Currents found in Byam and Austin Channels 

usually average less than 0.10 m S .. l but can attain a peak of more than 0.20 m S .. l 

with characteristic tidal current reversals as shown on Figure 3.19 and AMOP 

Map 3-35 . 
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The currents found in the Prince of Wales Strait by de Lange Boom et aI. 

[1987] follow a pattern previously seen in the other Arctic Archipelago channels. 

Water flows in a northeasterly direction along the coast of Victoria Island and 

flows in a southwesterly direction along the coast of Banks Island. Mean current 

speeds are fairly weak at about 0.10 m S·l [de Lange Boom et aI., 1987] with peak 

speeds of 0.30 to 0.77 m S·l along the coasts due to tidal and atmospheric influence 

as shown on AMOP Map 3-34. 

Beaufort Sea Much of the data relating to the Beaufort Sea oceanography 

has been assessed and condensed in the "Atlas of the Beaufort Sea" by Lissauer 

et aI. [1984] for the United States Coast Guard. 

The western Beaufort Sea encompasses three current regions, each having 

a different driving mechanism. In the outer region, the clockwise motion of the 

Beaufort Sea Gyre results in a westward flow along the shelf rise at a speed of 

about 0.05 to 0.10 m S·l. At the shelf break (=200 m isobath), the Alaskan 

Coastal Current flows in an easterly direction at an average speed of 0.07 m S·l 

and a maximum speed of about 0.15 - 0.20 m S·l. This current extends as far as 

1500 W where it starts to diffuse and mix with the surrounding water mass. The 

Alaskan Coastal Current originates in the Bering Strait and is thought to be driven 

by the water level difference between the Pacific and Arctic Ocean [Lissauer et aI., 

1984]. The inner shelf water motion is linked to the prevailing winds blowing over 

the area. In the western Beaufort Sea shelf, the annual prevailing winds are from 

the northeast quadrant which results in a westerly near coast current of about 0.10 -

0.15 m S·l. This current shows short term reversals as atmospheric systems move 

through the area. Tidal currents do not constitute a significant portion of the 

coastal flow in the Beaufort Sea as the tides of this area are quite weak 

« 0.5 m). A schematic of the main Beaufort Sea Currents is shown in Figure 

3.23. 
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Figure 3.23 General current location in the western Beaufort Sea 
[after Lissauer et aI., 1984]. 
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The eastern (Canadian) Beaufort Sea shelf currents share the same 

atmospheric forcing but are modified by the greater probability of northwesterly 

winds which can blow for long periods of time during winter. This prevailing 

wind forces an onshore and easterly movement of the water in the winter. Summer 

conditions often cause a current reversal as winds shift to a predominant easterly 

direction. Current speeds are usually about 3-4 percent of the wind speed (0.15 -

0.25 m S-l). Currents for the eastern Beaufort Sea are described in AMOP Maps 

3-37.1 and 3-37.2. 
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3.2.5 GIS Data 

The GIS displays current values in Euleurian form. The current vector 

denotes direction while the length of the vector and numeral figure indicates the 

strength of the current. 
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SHIP DIUFT KEASUREMENTS, SEPTE-MER 1-4, 1967. 

(HERlIIlYEA'JX. 1974) 

S:rUDIES OF THE TIAJECJORJES of SOME HO DISCRETE ICE 

TARiEfS OUIIII' AU'UST AIID SEP'TEMIEI 1976 HA'H YIELDED 

THE FOLlOWIK rESULTS: 

_ lifT CIltUlATlOII IS TO TME EAST AS ILLUSTRATED [HII 

OUII.U, PEUDIS Of ilEAl CAut, III0ICATIII, TKE PUSEII;:[ 

Of A IIEl EASTWARO tURREll. 

- A5 WIIIO sPEEDS lMCIlEAS[ InOIO 4 MIS, I(E MOTIOII 

IE(DftES IltCIlEASIM&L Y DOfUltATED IT wIlle DIlECTIOIL 

- TKHE IS 10 I).fRECT EVIDEJICE Of TIDAL OSCIllATIOlf. 

HOWEW£I, TM£U IS nOI(ATIO. n SOME TRAolEOORIES Of 

IIIEJTIAt OSCILLATION, (DE LAlliE 100" AIID DAUDSOfil, 

U77) 
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III" THE P[RIOO .1.!'~lL THlOlKH JULY 1976" A TOTAL OF 10 

HDORlllles WERE IN PLACE III T-HE I-tE tit ITAN Ala AUSTU 

ctlAnElS. DATA REPORTED HERE UE FRO" IlEAR SUlFACE 

"ETERS (lS-18 (PI IElOW ICE IOTTOM) AT 9 OF THESE 

MOOI.IIt'S. WHILE THElE IS III0ItATlO" III THE CUECTIOII: 

R(CORDS OF TICAL QS(ILLATIO., THE IIET EffECTS 1.11£ THE 

IllUSTRATED SOUTlliiAIlD FLO'" II ITAM CHA"IEl AfCO SOUTH 

EASTWARD FLOW III "USIlII CHANNEL (FROZEII SEA IESEARCH 

;«OUP, 1977A) 

III THE PERIOD "'ARCH THROU'H AUiUST 197i. 6 MOOltlllliiS W[J.E 

III PLACE Ilf TKE ICE III ClOZIER STRAIT. DATA PRESEIHEO 

HERE AIlE SUKMRIZED nOfll IIEAR SUlFACE METERS (15-20 01 

BELOW I(E 10TTOH) AT l=HESE MOORI"'S. WEll OHlJIIEO TIDAL 

FUnt ALOIIi: A "OUH-SOUTH olliS 15 £VIGEn FIOM THE 

O-ilECTlOII RECORDS. (HOZER SEA RESEUCio! '"OUP, U77 5) 
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Base Maps were Supplied by 
The Surveys and Mapping Branch of 

Energy, Mines and Resources Canad a 

MAP 3-35 

YISCOUIH MELVilLE SOUND 

AS HI THE CASE OF "'ClURE STRAIT AIID IlARROII STRAlT IIH!CH AOJOIH 

IT, THE 1WI£AAl FUIW III VIsdlUKT MELVillE SOIJII!) IS I"RO&ABlr TO TIE EAST 

PARRY DISERVED A SO (MIS (URREIIT SEH1,U. {ASTWAROS Off (AP£ 

PHIPPS IUT III 1948 A CURRENT ~ETTIJII' HTWHII IHST·!iOUTM'offST "Me 

SOUTH AT MEARLY 25 (M/5 WAS IlEPO.TEo 1M THE \lESHR~ ~.Ri Of THE 

SCUMQ 

(PILOT OF .... CTIC CANADA) 
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ARCTIC 
OVERVIEW 

FOR 

OILSPILL 
COUNTERMEASURES 

LANCASTER SOUND 
AND 

ECLIPSE SOUND 

BAFFIN SURFACE CURRENTS 

LEGEND 

CURRENT DESIGNATIONS 

PREDOMINANT OIR.ECTiOI( OF NON-TIDAL 

CURRENTS. 

PREDOMINANT DIRECTIONS OF TIDAL 

CURREJHS. 

ORlEHTATIOH OF TIDAL CURR£lHS loUT!' 

PREFERRED DIRECTIOH 

B ~[AH SPEED (CHIS). 

(5S) 

[I] 

1·-s7'i:{4Z 

MAXIMUM SPEED (CM/S). 

REFERENCE TO ANNOTATED NOTES Ar 

BOTTOH OF PAGE. 

ICE HOTION, WITH ASSOCIATED OAlfS 

DATA SOURCES 

SOURCES OOCUI'IElHEO IN ANNOUTED 

MOTES. 

PILOT OF ARCTIC CAHAOA 
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::'·+",:'s~;~2-;-';:~: - The Surveys and Mapping Branch of 

ICE MOTION FR;OH HARKO, 1977 

(U/HESS OTHERWISE NOTED) 
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18 HOUR CURRENT MnER RECORD FROM SEPTEMBER 24-25, 1972. 

(HERlI"VE.l.UI. 1972) 

TABULATED SU,.ItARlES Of SURFACE LAYER CURREJIITS MEASURED 

FROM DRIFTING OR AIiICHolIED SHIP, SEPTEMBER 24~25. 1972. 

KAlIMUM DeSEUED SPEED 70 CM/S. {HERL!NVE.l.UX, ~971~ 

SHIP DRIfT MEASUREMUTS AUGUST 28 A/IIO SEPH"4BER 7, 1968. 

SUGGESTlOlfS Of TlD4L HtFlUUCE AU OF AnI CLO((WISE 

GYRES. (HERUNVEAUX 1914) 

SHIP DRIFT MEASURED aV£R a HOURS SEPTEMBER 9. \968. TIDE 

FLOODS NORlMWAltO AND EllS SOUTHWARD (HERlIN'HAUI. 1974) 

SHIP OR·IFT ItfASURED OYER 4 HOURS SEPTEMBER 11, 1968. 

(HERllffVEAUX, 1974) 

SHIP DRIFT MEASUREMENTS SEPTEMBER 3 - 7 1963 

(H[)!UNVEAUX, 1974) 

,.' 
---~ '- ~ ... "",i:' 

""---~'-. 

lZI WELL DEfI.ED TIOAl CuRREns OBSERv[O fROM SIIIGLE CURREIIIT 

METER INSTAllED 15 - ZO CI'I BELOW ICE BOTTO" OVER PERIOD 

APRIL Zl - JUliE 15, 1976. (FROZEI! SEA RESEARCH GROUP,1977) 

f81 IT IS TO BE EXPECTED THAT NH MOVEHEMTS OF CONSIDERABLE 

I£J STRENGTH III EITHER Of THE MAIN OIRECTIONS, EAST OR WEST, 

*' IE DeSERVED 1M CENTRAL BARROW STRAIT. THE IIET 

EASTwARD ORIn IS EXPECTED TO BE AS ILLUSTRATED. fROM THE 

WOU OF SMITH (1965) IT HAS BEEII' SUGGESTED THAT THE TIOE 

Ifl BARROW STRAIT FLOODS TO THE EASTWARD AltO EBBS TO THE 

WESTWARD. COIiITRARY TO THE PILOT OF ARCTIC CAMAOA 1961. 

(BARlER, 1917) 

~ (UUE"T METER OBSERYATIONS FROM A/IICHOREO SHIP AUGUST 22 

AltO SEPTEMBER 13 - 14. 1968. PREDOMIltA/ilT EAST TO NOATH 

flOW OfF POlO IIIIlET, WlTH PERIOD Of SOUTHWEST flOw 

OISERVED ALSO. (HERLI/IIVEAUI, 1974) 

....., 
~. -q,;-. 

WElU IlliTON CKAI!'Ul 

j 
l°i , 

THE MOYEMENT OF WATER IN WElllNGTDM CHAM"EL IS PR[OOI'lUAHTLY 

SOUTHWARDS Hila BARROW STRAIT. THIS SOUTHWARD FLOW EXISTS 

ACROSS THt: EWTIRE WIOTH Of THE CHANNEl BUT IS STRONGEST ON THE 

WESTER" SIOL 011 THIS SIDE THE CURRENT HAS A MAIIHUH VElOCITY 

Of ABOUT 75 tllliS 011 THE fLOOD. AT ABOUT 2 HOURS BEFORE lOV 

WATER THIS CURREICT STOPS, AICD III SOME CASES REVERSES. 

(PILOT Of ARCTIC CAIlADA) 

PRINCE REG(1fT UlET 

A SURFACE CUlREItT EJITERS PRINCE REGEHT lliLET BETWEEN PRINCE 

LEOPOLD ISLAIID AltO CAPE CLARENCE AltO FLOW~ DOWN THE WHT SIDE. 

PART OF THIS Cu-tREIIT TURNS NORTHWARD ALONG THE EASTERN SID! Of 

THE ULET, AIiID TKE 1tEKA.1II0ER COIH1NU[S SOUTHWARD THROUGH THE 

GULF Of BO(}THIA TO PASS OUT EASTIIAR() rHRQUGH FURY AII(} HECLA 

STRAIT. 

(PILOT OF ARCTIC CAlilADA) 

--~'- ) 

. . :;::.;", "r~':'/\~ Energy, Mines and Resources Canada 

~I - ::,~'~\:·i'·3:·J:,~·t.~tti: SCALE IN MILES 

BAFF IN ",'\Jst;~~;~;< 
, ,.:\ :\ ...~' ~' 

,.' 
"" 

LANCASTER 1Q.!L!!Q 

MAP 

BARROW STRAIT AND LANCASTER SOUNO A.RE FED WITH ARCTIC WATER FROM 

VISCOUNT MELVILLE SOOI(O AND WELLINGTON CHAffNH. THESE COLO 

CURREIITS ARE FROM THE NORTH AND WEST AICO THE oOMu"n WINO 

DIRECTIONS III THE EASTERII ARCHIPElAGO AU fRO"; THE NORTHWEST ANO 

NORTH. THUS THE II:[SULTAIIT MO't[MEIfT OF WATER AND ICE IS FRO" 

liEST TO EAST THROUGH LA"CASTER SOUND ANO SOUTHVARD AlOII!> THE 

EASTERII SHORE OF BAFFUI ISLAND. 

MOST or THE AIICTIC WATER IN BAFF'JIII IAT COMES BY VAY OF LANCASTER 

SOUND AS A STRONG SURfACE CURREIIT THAT MOYES EASTWARO ALONG THE 

SOUTH SIDE OF THE SOUND. ITS DRIFT HAS BEEII ESTlIUHO AT 99 KILO

METERS PER DAY. THIS CURREn IS [SPECIALLY IMPORTAIIT IN THE EARLY 

REMOV,1,l OF I CE FROM LAI(CASTER SOU"O. 

AT THE MOUTH Of lAIICASTER SOUIIO A WARNER IIIGOIIIG OR WESTWARO 

HOYI MG SURfACE CURRENT FLOWS ALOlfli THE SOUTH SHORE Of DEVO~ 

ISLAIIO AltO MAY CARRY [CEBERGS ORIGINATlltG IN GREENlANO AND 

ELLESMERE ISlAfriD IfriTO LAfriCASTER SOUfriO AND SOUTH INTO PRlfriCE 

REGEH IltlET A WEHER WARM CURREIIT IS ALSO PRESENT AT GREA;"ER 

DEPTH BUT DOES NOT OEEPLY INVADE l:l.lICASTER SOUND. 

3-36 

10 5 0 20 40 6' -
1 , -,----------, 

10 20 50 10 
SCALE IN KILOMETRES 

ARCTIC MARINE 
OILSPILL PROGRAM 

AS THE wARMEST WATER IS IN THE EASTERI( AIID HORTHERII SECTIOKS DF 

lA/ilCASTER SOUItO THESE AREAS TEllO TO BE MOR[ ICE-FREE AJlO BlH.l.K-UP 

IS USUALLY [HUER TliA" IN OTHER .I.RE.l.S OF THE SOUND. 1M SEPTE~Bl· 

1814 PARRY FOUND,I, CURRENT OF ABOUT 100 CHIS, SETTIIIG EASTERLY, 

OFF THE NORTH END OF BRODEUR PEKINSUL,I,. 

IN SAUOW STR,l.IT THE SuRFACE CURRENTS ARE WEAK AIID PR[OCNIN.l.IITt v 

EASTV.l.RO, WITH .I. WEAK W(SHI .... RO CURREIIT ON THE trlOIITH SlOE. 

(PILOt OF ARCTIC CAIIAOA) 
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RENCE TO AHI(OTATED NOTES ,q 

0" Of PAGE 
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SOURCES 

en DOCUMENTED IN ANNOTAHO 
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0.11 "'ND NORTHER" SECTIOIIS DF 

BE MOR[ ICE-FREE ,1,"0 B~OK-UP 

[AS OF THE SOUND. IN SfPTEI'Bl' 

100 Ol/S, SETTIHG EASTERLY, 

"LA 

rs ARE lltAt:: A!>!O P!iEOOM1NUHY 

:IIT 01( TilE HOFH SIDE. 
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SCALE IN KILOMETRES 

,A.RCTIC MARINE 
OILSPILL PROGRAM 

THE GUU£lfl DIR£CTfON F:EUI IlLlJSTRAHO ABOVE "lAS SEFI! 

PRf~AREO FIlOM MCNEIll ANO liulI:(n (1975), ~:GURE IS 

lliFORMATIOIi OJ! CURRENT SPEEDS IS P!I[SEMT[D IN lHE I!Q7E5 

:.iHl Ctf FOU.OW. 

OJ 

r;;-' .. il 

~G )l(1UR O!lSt!i"AT10l! f>~R!OC AU!:i'.'~T {,- '7. 1'154 

\ HfR~ r litEA!.JJ, '9: 4 i 

ltlle.: Of tiiln\,~S "([ ~~A, ; ('!'I ~flRC:)G-H ,'gel 

iaU'JlS, )"174) 

SEAUr~~l. ~l.~i'-L!I~ACf. CURRENTS 

5I;HAr; C~!l!jHlI'_~ [N H\E BEAUfORT SEA A~E -:AUSEO BY !, ItU~2E;; I.;~ 

~ROct~S:;), ,0(1)'1': OF WHICH .ARE !fEll U"DER~TOOO OR ACCl!R:ATf~Y 

PREOrr_~A8\;: rHE TWO "'AJOR IIIFtUENCFS A.RE THE W:ND rIEl(" OVER. 

THf SE!- A'I'iJ Tilt ouTfLOW fROM TH£ ""CHinlE RIVER 01HH/, LESS 

f'1I.0!iC'UIICU:' ",~~ORS ARE EDOIES .. _RISING FII:OM tlP-ROell"'!i; 

;J'lSUgi'_:~ ~S A~C IIHERI\CTIOJl OF CUII:REH-:'"S WITH THE ~_~OGRAPKIC 

80UNH~ilS 

RIVER. ~.;J~n.h.Q~ 

s~ ;:-_~Il. '~f ~()S-' COIt:5TAIH COIORIBUTIOII TO 1:U: CURR[lj~ FlU::! 

,S "TM[ ,_"RGE 00HLOW OF WArE« fRO" THE IIAO:'EN1H RIHP ~Ii 

THf 'iI~Pi,fST CA.S~ OF A RIVER FLOVING PERPEJIIOICULARLT THRQUr;>t 

i\ S,~Xr;'1-- ·:'O,,',T nil:: rURRElH FRO" THE RIVER SHOUli./ ;-lJR~ 

rl-lf ~I,,':-:- .I>~!J "lJ .... p.'RALl[l TO THE COI\Sl Ht Hit: C~SE 

TH{ M.,:-;:~l;lE -ftIS :OEAl "'OOEl IS CCMPlIO.ifD lP -:-O~:;6RA~P.!:-" 

·JP'--' '" ,~A,'~EI!ZiE BAY AND INHR:ACTIO~ gfT'oI(~~ T,.r~ FRt,f.: 

i!.lIC ~~_.H )11.1,,,1< otA5S£S. THE OUTFLOW OF T~E RIVER lira 1:' 

~,Cco!;p,"rl.~~ !H .~ ;HU)W Of O\:'EAII ..... TER e('"DW "-H~ ~-j';'-A::L 

'C !I:P'_' '-AR~_lE:; A,O~ q "up'" 'n,' ';~f 

.... 

~IHD EF~ill~ 

rHE !lOST OB;'lOU5 AHO WIDESPREAD IHFLUUICE ON SURFACE 

CURREI\TS IS THE lUND. WITHOUT .... '0 CDMPLICAT:ONS FIi.O,", 

TOPOGRAPIH OR DENSITY VARIATlO",S THE SURFACE CURRENT CAUS£D 

BY TliE. Wj,,~· l~ EXPECnn TO rLO. TO HIt RIGHT Of TilE WiNO 

AT A SPU_D Of 2-.11: OF THE WillD SPtfO. lIMlt£ ... MAJOR!)! 

OF OR.l F"T Io4E.iI);JR("rnS DO FaD HIE CUIIRHIT FLOillNG TO THl 

RIGHT Dr TI"I£ illltO A NORE CAREFUL EXAMIMA1IOM SHOWS THf DRIfT 

tlIRECTJOJIIS ARE ,1(1R£ VARIABLE" THAN THE WIHD MO H£HtE. (AJIIN04 

BE PREDlcno SOLELY flY WIItU OBSERVATIONS. WHILE 110 iilNHAl 

RflATIONSP.1F EXISTS QVH THE WHOLE AR[I\ IT rlAS BEEN fOUND 

THAT WINe AND CURRE!tT ARE ~ORt CLOSELY i!ELAHO FOR SMALL 

AREAS THRGU6HOUT THE BEAUfORT SEA. III "ltV C"'SE THE BEST 

PREDICTIONS AH "'EAN, GEIiERAl R[SPOJIISES TO BUNDtD PEnoor, 

OF RELHtVf.l" ::O-WSHNT IIjMOS. IIH£II Tj;[ ilJ!(D FIELD IS 

SHIFTiNG. Il:c.lA.BlE CURI\EH t-Rfi}IC-IOIIS ARE vOiY O!FF!CUI.~ 
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3-37.1 MAP 

!'!..Q!lTHWEST~ 

Tj;RCUGHOUT TKE !I[A:';fQQ~ SUI :HE ~OST PE"Sl$TEHT WiNOS TENG TD 

SLOW FRO~ THE NORTHWEST THE ABOVE 8>\S£MAP ;LLUSTR~TE~ [liE 

PREOICTED CIJRR[I(T O/RECTION FlEl<l DIJR:"G f: P:E~SO~A8lY COIISTANf 

MonH~£ST 10110 THESE D1R[(TIOHS IH(lUQ( gOTH OIlS(lIYEO ~IID 

FXTRAPOlATEn VALUES. 111 GENERAL THE ,UTER ~GHi'lfh'T IS SOUHHA5 1 

TOVARDS THE COAST I\T 30° T0 THE RlbHl en THE wlIiO, II:TH A "'£"'" 
SPEEO Of 35 (fII/S. WITH!" 10 ~I', Of ,Ht ;::OAST THE CURII£NT ,[ItDS 

TO TURIt PHAlLEl 10 TH~ COAST ~1:H ~ SPEES H~GIHG fRO"l 25 [Mrs 

HOUIl Of PElLl ISlAMD TO SO (I'.IS ~tA~ ~AP£ JALflCUSIE 

IT IS THOUGHT THAT CukRflC5 ~1I0BAI!L¥ f-'JR~ A ~""ALi ClOC~ilISf GVH 

III IIACHNZ1E BAT DURUG 1I01\11"1\1[5T \o':~GS CAUS1IIG A. N'ORTHlitlSTERlf 

CURlHfIIT ~lOfllG THE IIESHR!( SHQH ~ CLc~r~':Sf" ~l~ClJLAllO" .A.L<'O 

EXISTS iN LIVERPOOL BAI ntJll:~G THUt :C~,"_:TI':MS .I, :'~IW"'G 

CURRENT flOWS AROUMiJ TilE N:ORTHER~ -'P r;> BA1Lel: :~l~"D AIIIJ DOw~ 

iHt EAS1 ,-OAST Of PH BHHU~S~ P[~;II~ 

Kd(;~,~i.L11 ~A1, CAlJ'ilHG All 

~u .. Gf;nS0~ ISLAIID 

P',0 rHO CU~i<.t~' 

Ft>-; ,JCfS G' ~JII.THIIU- ~;~f1o 

"liD Mot ~ VA"' 

. ?f.wOP-"G uN U)C~_L r,:)II()l, .0~S 'I>\~'~' 

~~f ~,H~ WAHl f'~G" 

t A ~ -: CD! 51 0, 

" ~ T: u~ ~ QC ,'~C 

: Dl'k'~': '- 'j 4{; 

8f 1,>-

_ ,lip A;1U,S 
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ARCTIC 
OVERVIEW 

FOR 
OILSPILL 

COUNTERMEASURES 

"'j= ---~ -~ ~ ~ - ~ ~.~ --~ --7 -. ----": -----'"!: - - - -"':0: - ___ ...!".: _____ ~ __ ~ _ o1'!; _ ~ _ - -";: - --
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FIRTH RIVER 

SURFACE CURRENTS 

DURING STRONG 

EASTERLY WINDS 

LEGEND 
CURRENT DES t'NATIOKS 

PREDOMIKANT DIRECnDIt Of NON-TiDAL 

CURREItTS. 

..----.. PREDOMINAICT DIRECTIONS Of TIOAL 

CURRENTS. 

.............. ORIEnTATION OF TIDAL CURREIOS WITH 

PREFERRED DIRECTION. 

" 
{ 58) 

~ 

l--m~ 

MEAII SPEED (CM/S 1" 

MAXIMUM SPEED (CM/S). 

REfERENCE TO ANNOTATED NOTES AT 

BOTTOM Of PAGE. 

ICE MOTION. WITH ASSDCIAHO OAlfS. 

~ 

SOURCES DOCUMENTED lit ANNOTATED 

NOTES. 

PILOT Of ARCTIC CANADA. 

ICE' MOTIOM fROM MAllO, 1971 

lUNLESS OTHERWISE NOTED). 

MACNEILL AND GARRETT. 1975 
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,n" MAP 3-372 SCALE IN KILOMETRES 

ARCTIC MARINE 
O/LSPILL PROGRAM 

THE CURRENT OIR[(TION fIELD ILLUSTRATED ABOVE HAS SEE" 

PREPARED FROM MACNEILL AND GARRE"TT (1975), fIGURE 17. 

INfORMATION OM CURRENT SPEEDS IS PRESENTED IN THE MOTES 

WtHCH fOLLOW. 

BEAUfORT SEA SURFACE CURRENTS 

SURfACE £URREIfTS IN THE BEAUFORT SEA ARE CAUSED BY A NUMBER OF 

PROCESSES, IIONE Of WHICH ARE WELL UNDERSTOOD OR ACCURATELY 

PREDICTA8lE. THE TVO MAJOR INFLUENCES ARE THE WIND fIELD OVER 

HIE SEA AIlO THE OUTflOIl FROM THE "ACI:.E"ZIE RIVER. OTHER, LESS 

PflOIlDUIICED fACTORS ARE EDDIES ARISING fROM BAROCll/HC 

INSTABILITIES .1."0 llITERACTIOK Of CURRENTS WITH THE GEO'RAPHIC 

BOUMDARIES. 

RIVER OUTFLOW 

BY fAR THE !«1ST CONSTANT CONTRIBUTIQIC TO THE CURREMT fIELD 

IS TKE LARGE OUTFLOW Of WATER FROM THE MACKENZIE RIVER. IN 

THE SIMPLES-T CASE Of A RIVER fLOWIMG PERPENDICULARLY THROUGH 

A STRUGHT COAST THE CURREKT fROM THE RI'fER SHOULD TURI TO 

THE RIGHT AND fLOW PARAllEL TO THE COAST. IN THE CASE Of 

THE MACKEMIlE THIS IDEAL MOOH IS COMPLlCATED 8Y TQP06aAPHIC 
EfFECfS tit KACKENZIE BAY AND IIfTERACTION BETWEEN THE FRESH 

,1,110 SUlliE VATER MASSES. THE OUTFLOW Of THE RIVER WATER IS 

ACCDMPAIIIED BY AN UFlOW OF OCEAN WATER 8ELOW THE SURfACE TO 

REPLACE THAT CARRIED AWAY 8Y MIIiNG WITH THE FRfSH WATER, 

WIND EfFECTS 

THE MOST OBVIOUS AND WIDESPREAD ]lfFLUEMCE OM SURFACE 

CURRENTS IS THE WI"D. WITHOUT AnT COMPLICATIONS fROH 

TOPOGRAPHY all. DENSITY VARIATIONS THE SURfACE CURRENT CAUSED 

BY THE WINO fS EXPECTED TO fLOW TO TKE RIGHT Of THE WINO 

AT A SPEED Of 2-31: OF THE \lUO SPEED, WHILE A MAJO~ITY OF 

DRIFT IHASuII.[MENTS DO FINO THE CURRENT FLOWING TO THE RIGHT 

Of THE WIND A MORE CAREfUL ElAMINATIOIf SMallS THE DRIFT 

DIRECTIONS ARE MORE VARIABLE TMA" THE WIND AI(D HENCE CAN"OT 

8E PREDICTED SOLELY BY WIMD OBSERVATIOns. WHlLE 1(0 GENERAL 

RELATIONSHIP EIISTS OVER THE WHOLE AREA IT HAS BEEN fOUND 

THAT WIND AND CURRENT ARE MORE CLOSELT RELATED fOR SI'IALL 

AREAS THROUGHOUT THE BEAUfORT SEA. III ANY CAS( THE BEST 

PREDICTIONS ARE MEAN. GENERAL RES'OfI:SES TO ElTE"DED PERIODS 

Of IHlATIVELY CONSTA"T WINDS, VHEI THE WINO FIfLO IS 

SHIFTING, RELIABlE CURRENT PREDICTIONS ARE VERY DIffiCULT. 

EASTERLY WII(DS 

EASTERLY .... 11105 ARE NOT OBSERVED AS fREQUENTLY AS NORTHWEST .. ;,c 
BUT LONG PERIODS OF EAST WINDS 00 SET UP A STEADY CURREN. FlELt. 

THROUGHOUT THE BEAUFORT SEA THE ABOH BASEMAP ILLUSTU~ES TH! 

PREDICTED CIJRRE"T DIRECTIon FlELD OURI/(6- STEADY EAST WINOS Of 

GREATER THAN 7 HIS AND ~a HOURS DURATION. THE FJELD CONSISTS 

OF AM OFFSHORE, NORTHWESTWARD !';OVEHE"T OF WATER AT SPEEDS UP 

TO 7S CM/S AND A WESTWARD LONGSHORE CURRENT OF ABOuT ]S [MIS 

OBSfRVATlDttS INDICATE THAT A SUDDEII RELAXATlOII Of THE WilD CAu,' 

A RELAXATION Of TIlE CURRENT WlTHJM Z4 HOURS. THERE ARE FREQUh' 

PERIODS OF LIGHT EAST WINOS THAT LAST fOR PERIODS OF 24 HOURS :; 

lOS. THEY APPEAR TO BE IMSHUMOITAL IN SHIftING -:-HE ALREADY 

OISTlN_ CURRENT DIRECTION S1l6HTlY OR CAUSING LARGE SCALE 

EDDIES Wtll(H DISTORT THE UNIOIRECT1DNAL CURRENT fIELD BUT DO 11.:
SET UP A UIIIIFORM CURRENT PATTERN OVEII THE WHOLE SEA 

THE PREDOMJIIA/fT CUIIREXT OJRECT10H IX THE BEAUFORT SEA 15 ,0 T!-!': 

ttDRTHEAST, P~08A8lY CH1EFLY AS A RESULT OF (1) THE PE~IOOS Of' 

STROI(G MORTHWEST ~iNDS Alia (2) THE HfECT Of CORIOLIS FOilcr ON 

MACUltZIE il!H~ DISCHARGE THE EXCEPiiON TO THIS [S OFf 

HERSCHEL !SlHD AND STOKES POINT WHERE HiE DOMINAKT CURRtU 

DUEOID/!! lS NORTHWEST. THE 11[£>101'1 Of DIVERGEMCE APPEARS !. 

THE "IDOlt Of KACHNZH BAY. POSSIBLY ASSOCIATEO WITH TOPOGRAP. 

EffECTS Of HERSCHEL CAIIYON_ (MACMEILL AHO GARRETT, 1975) 
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o AS FREQUEI(TLV AS NORTHWEST "iN;, 

DO SET UP A STEADY CURREI{T FIEU. 

THE ABOVE BASEN"P ILLUSTRA':"ES THE 

[LO DURUG STEADY EAST WINDS Of 

i DURATION. THE FIElD CONSISTS 

IOV[MEftT OF WATEII AT SPEEDS UP 

iHQRE CURREMT OF ABOUT 35 tM/S. 

UDDEN RElAXATIOIi OF THE 11110 CAU~:: 

THIll 24 HOURS. THEI[ ARE 'REQUE,' 
~T LAST FOR PERIODS OF 24 HOUIS :; 

UMEICTAl Iff SHIFTING THE ALaEADY 
IiHTL Y DR CAUSING LUGE SCALE 

UCTlONAl CURRENT FIELD BUT DO N:
HI OYER THE WHOLE Sf A . 

[ON HI THE BEAUFORT Sf A IS TO TH! 

A RESULT OF (1) THE PER 1005 OF 

THE EFFECT OF CORIOllS FOiCf 011 

: EXCEPTIO" TO THIS IS OFF 

IT WHERE HiE DOMlJiIAJlT CUIilR£lH 

1i10" OF DIYf5rG£HC£ APP£ARS U 
ISSIBLY ASSOCIAT£D WITH TOPO'II:.v~· 

CNEILL AND IiARRETT. 1975) 
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ARCTIC 
OVERVIEW 

FOR 
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COUNTERMEASURES 

HORTON RIVER 

SURFACE CURRENTS 

LEGEND 
eu,.UT DE"SIIIIATJDIS 

--..... PREDONl"".T OIlEenO. Of tlOI-TiDAL 

CU •• EIfTS. 

..-.. PIEDOMUUT DIRECTIOn Of TIDAL 

eURRUTS. 

......... OKIUTAlIO. Of TIDAL CUIRUTS "ITH 

PR[F£.RRED O .. ECTUJI. 

.. IIUtI SPEED (CII/S). 

(58) MAli NUll SPEED I elliS). 

I1l REfUElCE TO AHOTATEO MOTU AT 

IOTTOM OF 'A;E. 

l--r;nJ ICE NOTtO •• "ITR ASSOCIAfFD OAT[5. 

DATA SOURill 

SOURCES OOCUMUTEO .. AIIOTATED 

NOTES. 

, ILOT OF AlCTI C CAllAOA. 

ICE IIOTiOI FlDfl MilO, 1177 
(UILESS OTHERVlst IOTED1. 
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MAP 3-38 

rn AUGUST 9-10, 1954.{JlERUIIYEAUJ, 1974) AN"lasER IULF DOLPHIN AND U"IOR STRAIT co ROllA TI 01 SUL F 

UI 'UERAl. THE CIRCUlATIOll lit AMUROSEN CULf MAT BE COIISIOEREO 

COUIITER-CLOClIII'lS£ II"SMUCK AS .... [ASlERLY-Snnr, CVlIlIT .YES 
ALOI' THE COAST Of THE NAULAICD, AID ONE ...... CR OF THIS CUll£ll 

£ITERS OOL'KtI AflO UIIOli STRAIT WHILE A.OTMEl BRAIICH CV'YES 
1I0lTHUI0 ALOU THE COAST OF VICTORIA ISLA.O AIIID AlOIUi THE EAS

TEU SIDE OF 'RIICE OF VALES STRAn. A SOUTH-SETTt", COASTAl 

CUUUT EIITEIS AJilUIiOSEII IUlF fROM THE »ESTUII SIDE OF PlUCE OF 

WALES STRAIT. nUTUALLY ..,VII' WESTVARO'AROUla CAPE I£LLETT. 
ALL THESE C\lIREITS AIlE PlOiAILY SUBJECT TO MUCH VARJATIDa WITH 

CHAlII"I WIIO CO.OlTlOIS III THE IULF AIO IR AOolACElT SEA AREAS. 

(PIUT Of ARcnc C"IADA) 

UROU .PRIIIAl CONDlTIQIiIS THERE APPEARS TO IE A OONIMART SURfACE 

FLOW FROM AMUNDSEN GULF THROU;H DOLPHII AID UllOM STRAIT UTO 

caROIIATION GULF. IN THE VESTERI AID VIOU 'ART OF THE STRAIT 

TME CURREns ARE PROBABLY "EAl AID IRREGULAR. URnR' WITH WIRO 

OIREcnOR, BUT fIIO ACCURATE M£ASUREMUTS OF THEIR YELOCITIES ARE 

AVAILABLE HI THAT AREA. FURTHER EASTWARD. II CACHE PDIRT CHAun, 

A SOUTHEASTERLY OR SOUTHERLY SET Of 17.5 CM/S AIID It. "ORTH~ 

WESTERLY SET OF 12,5 CM/S HAS BEU MEASUIED. THE CURRENT IS 
REPORTED TO BE TIDAL, POSSIBLY ATTAI.I.' A MAUMUM RATE OF 150 

CMIS IN EACH DIRECTION, AT TIMES. lit THIS CHA.JlEl AftD SO tM15 

II THE SOUTHEASTERN EIITRA.CE. 011 THE O'POSITE SIDE Of iKE 
STRAIT, IN LAMBERT C!lA •• n. A STROlllli coulTn CUIlENi, RU"NHtG 

IIORTH"ESTWARO, HAS BEER OISERYED CARUtH ICE OUT Of CORONATION 

GULF. 
(PILOT Of ARCTIC CANADA) 

LITTLE I,FOIMATIOR IS A'IAILABLE REGARDING CURREUS IR CORO"AiIO" 

;UlF AID THEY ARE PROU.llY WEAK AMO lRR£6ULAR EICEPT 1M THE 

."RROWEI CHAIMElS BETWEEH THE ISLA"OS. A GENERAl EASTERlY 
ORIn MAY IE EXPECTED BOTH 1ft COROMAllDH GULF AND DEASE STUH. 

AID II TlIE RELATlYElY .... RROWER EASTERN EIITRAIICE OF THE lATTEI. 

A. £A.STUlY SET OF 25 'MIS HAS BEEN RECORDED, 
(PILOT Of ARCTIC CANADA) 
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OVERVIEW 

FOR 
OILSPILL 

COUNTERMEASURES 

VICTORIA STRAIT 

SURFACE CURRENTS 

LEGEND 
CURRENT OESIGItATlD.s 

PREOOHIMAIH OIRECTIOIt OF ItOM~TtDAL 

(URR£InS. 

.....-.... PREOOHIHArn DIRECTIONS OF TIDAL 

CURRENTS. 
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~ 

ORIENTATION OF TIDAL CURREIITS WITH 

PREHRRED OIRECTION. 

NEAN SPEED (CM/S). 

"'AIIMU", SPEED (CM/S). 

REFERElteE TO ANNOTATED "OTES AT 

BOTTOH OF PAGE. 

1"8ji-;.2 ICE "OTION, WITH ",SSOCIAHO DATES. 

DATA SOUR!Jj 

SOURCES DOCUMENTED I" AUOlATED 

NOTES. 

PILOT OF ARCTIC CAUDA. 

ICE MOllOII FROM MAUD, 1971 

(UNLESS OTHERWISE IfOTED). 

SCALE IN MilES 
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" off,'o - ,~i F -'.X?i ,:~i J'_:i ;" y.' .,' ,:t ' 'c.:~~,.",.: -<luo I50J,::Energy, Mines and Resources Cana 

~~iilit~:::'llLLw~. -~~, .,V~.";'\c-... GU': .. , . _" _ _ _ .. ~r~ 
- _E. .... ~._~.~"','~ - ~~~~~--~~~~~~... MAP 3-39 

QUEEN MAue GULF 

A WEAK: EASTERLY DRIFT IS PROUBLY THE OOM[HANT CURRENT IN QUE::/Ij 

MAUD GULF. IT HAS BEEN RECORDED AS ATTAUfiNG A RATE Of ABOUT 

50 CMIS AT TIMES NEAR THE IfOIDENSItiOLD ISLANDS. 

(PILOT OF OCTIC CANADA) 

SIMPSON STRAIT 

BRIEf AND BROKEN OBSERVATIONS HAVE SHOWN THAT THE TIDAL CURRon 

III SIMPSON STRAIT [S OF A RECTILINEAR TYPE, I.E., IT RUNS IN 

TWO OPPOSIN6 OIRECTlOfilS ROUGHLY PARAllEl TO THE AXIS OF nn 

STRAIT, SEPARATED SY A SHORT PERIOD OF SLAer. WATER. IN THE 

-NARROWS" A WESTERLY SET OF 100 CMIS ItAS aEE" "EASUREO; THIS 

WAS FOllOWED BY A STRONGER EASTERLY SET WHICH RAN FOR A SHORTE~ 

PERIOD. AT TIMES IT IS REPORTED THAT A CURREIll OF 200 C/IILS 

HAS IEEN EXPERIENCED IN THE STRAlT, WITH MARKED CHANGES OF 

DIRECTION, TIDE RIPS, AND BACK EDDIES AROUND THE ISLETS AND 

SHOAlS. 

(PILOT OF ARCTIC CAIIADA) 
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PREDOMINANT DIRECTION OF NON-TIDAL 
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Base Maps were Supplied by 

The Surveys and Mapping Branch 
Energy, Mines and Resources Can;. 

_ .. -i<' I"i ., f i,i.·' .··c . ' .~." i-·+,J I, \ .-\ 

, __ " ~_.~_.. ,,:"1 I ,1- " ;"~'" I'~' Ii' , j ,\ 
_ ........ I I , .i ,," I , • j\ ~cl ," ... ' ,,'.' --,c.,~~,;--J.:,zL: __ ' :i' ,\, I J~ I, ~_, ...... . .,' I 1-· 1 \ -, , , '_"_.,.____ :; ~ . .1 ' > I ' ' ~-.;;.:;;;;:;-.... -~- ..... -e-~-4.-~~ 

BEllor SUAl T 

TIOAl C-URR[IHS RUH WITH G.REAT STRENGTH THROUGH BELLQr STRAlT, 

THE EAST-GOING SHEA,. BErNG STROIIGER THAll THE WEST-GOING STREAt:!. 

THE MAXIMUM OBSERYED STRENGTH Of THE CURREIIT IS ABOUT 37S 01/5 

EASTElUl, AT THE EASTERN EIID Of THE STUIT. THE CURREIH RUKS 

TO THE WESTWARD FROJ:! ABOUT 2 HOURS BEFORE UNTIL 4 HOURS AFTER 

HrGH WATER AND TO THE EAST FROM ABOUT 2 HOURS BEFO'R.[ UNTIL 4 

HOURS AfTER lOW WATER. 

(PILOT OF ARCTIC CANADA) 
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STRAIT 

FOlE (""'UIEl AND FOlE BASIJt 

THE CURRENTS ARE PREDOMINANTLY TIDAL, SUT A I(ET SOUTHWARD SET 

EXISTS AlOIII' THf WESHU SIDE OF FOX[ BASIH AI(D FOlE CHAIUUl. 

PART OF THI-S CURREIl IS DHLECHD THROUGH FROZE III STRAIT. 1M THE 

LATE SUMMER OF lall, PARfIT. BESET 1M THE ICE, QRIFTfD SOUTHWARD 

OFF THf COAST OF MElUllE PENII(SUlA AT AM "YERAGE RATE Of 27 

ULDM£TERS A DAY OYE"R A PERIOD OF 8 DAYS; RECENT 08SEJlYAHO.S 

HAYE IlDICATED A RATE Of APPRGllKATElY 21.6 KILOMETEtS A DAY. 

TilE SOUTHW .... D FLOW AUlf115 THIS COAST PROBABLY ORiGUAT£S NAIlLY 

fROM THE I1flUX Of WATER TO fOlE BASIN THROUGH FURY AIIO HECLA 

STRAIT; IT IS REPOUED TO BE MUCH IfIFLU£!IICEO BY THE PREYAILING 

WI.O, so THAT. FOR SHGIT PERIODS. IT MAY BE JlOM-ElISTENT. All 

CURRENTS AU REPORTED TO BE JIIOST PRONOUMCED NEAR THE SHOItE. 

OFf THE NORTHEAST COAST OF SOUTHAMPTON ISLAND, 08SERVATIONS 

UDICATE A NEf SOUTHEASTERLY SET. BACX, BESET IN THE ICE 

III THIS AREA, DRifTED SOUTHEASTWARD TOWARDS SEAHORSE POINT 

AT THE RATE OF A. MILE A DAY THROUGHOUT THE WINTER OF 1836-

37 AFTE~ PA~SI"G SEAHORSE POUT, THE GREATER PART OF THE 

FOlE CHANNEL CURREIIT COIHJJ(UES STRAIGHT ON TO THE SOUT\i-

EAST, TOW,.ROS HUDSON STRAIT. ~RT Of THE CURREIIT MAY 

OOUBLE SEAHORSE POUT AltO UTER EYAWS STRAti FROM THE EAST. 

ALTHOUGH NORMALLY, WHElI APPROAOUNG FROM THE 20UTHWEST, THE 

COLO .... IR ,.HD 5EA ICE TYPICAL OF THE FOU CHANNEl WATER IS 

MOT NET UUIl WITHI •• 9 t:.IlOMTERS OF SEAHORSE POIIIT. 

Nfl HOIlTKltARD SET APPEARS TO [lIST AlOn THE £ASTERN SIDE 

OF FOU C~A,"NEl. AIID THIS CURREIIT [AUtES NORTHWARD, SOTH 

MUOSOI( STU-IT AND WARMEl HUOSOII! lA' WATER, THE LATTER 

unuouili INTO THE CHAMMEl AS A TOfUiUE. DURING THE LATE 

SUMMER IT lS THIS WARM WATER WHICH CAUSES THE RAPID 

DrSSIPATJ(11( OF ICE lit FOX[ CKAItIIEl. 

,. 
l . ..-J r ... 

FEW CONTINUOUS OBSERVATIONS OF TIDAL CURRENTS HAVE BEEN MADE 

III THE FOlE (.KANNEl "REA. OFF ponn ELIZABETH AND CAPE 

FISHEk (LAT. 66°11' N .• lOIU;. 82 059'W.). THE TIDAL CUUENT 

MAS If Ell ESTIItATED AS 150 eM/SEC AND 200 CM/S RESPECTIVElY, 

PARALLEL TO THE COAST. IIEAR SEAHORSE POINT, THE TIDAL 

CURREIIT HAS BEEII ESTIMATEO AS ISO Ol/S AMD A SIMILAR UTE 

HAS BEEII R(.(:OROED OFF THE WESTERN COAST OF fOX[ PEIHNSUlA. 

(PILOT OF ARCTIC CAN"OA) 
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HUDSON S TRA I T 

THE MAJIII TIDAL CU.IEOS II RUDSO .. STRAIT ARE STROIIIG AIilD 

OEFJIIIIT[ WITH 110 CROSS CURRUTS'SETTINIi TO EITHER SHORE. 
THE UoRAUGHT TO UNun lAY DOES HOWEYER. CURn THE flOOD 
WATERS EXTER HIS THE STUll SDIllEVHAT TO THE SOUTHWARD so THE 

PROUESS OF THE TIDAL UltDULATIDIS IS MORE RAPID AlOIIG THE 

SOUTH SIDE OF THE STRAIT THAI 01 THE 1I0lTH SHORE. THEREFORE 

THE TIME OF HIIiH WATER AT WAkEHAM lAY IS OilY A LITTlE LATER 

THAI AT PORT BURWEll IIHIlE AT ASHE IIILET. OPPOSITE, IT IS 

LATER STIll. THE SAllE RELATIOa HOLDS FOR THE TIME Of LOW 

WATER AT THESE 'OIRTS. aUT IT IS LIIELY THAT THE MAIM EBB 
CURREIl HOLDS fARTHER IORTH ACROSS uHAn IAT THAll: THE FLOOD. 

11 ADDITION TO THE OaoliARY TIDAL 'ULSATIONS 1111 MUDS ON STRAIT, 

THERE ARE liEllERAL PlOCIIIES5I'£ ROVlfElITS OR CnCUlATIOIS OF 
WATER. ICElERes WtlIC" UTER TME STun. CAl DO SO DilLY AROUIO 

RESOLuno" ISlAND AND Ttl ROUGH "'UIEl STRAIT. II THEIR SOUTH
WAiD JOuun FROM DAVIS STRAIT THEY ARE DRAwa IN BY THE FLOOD 

CURRE"T AWD SOME FAIL TO 50 OUT "ITH THE ElB. THESE WORk WEST

WARD 1IIOItATl'" A 'UERAl MOYUIUT OF THE MATER IN THE IUIRTHER" 
PART Of THE STRAIT JIll THAT D1RHTlOtl. THEY ARE FOUND WESTWARD 

TO CHARlES ISlAID AID OIlE "AS REPORTED n THE YICINITY OF 
IIOTTINGHA" ISlAND IV THE OfflCEIS OF THE HUDSOII STRAIT 

EXPEDIHON OF 1927-28. If THEY ARE. CARRIED TO THE SOUTH SIDE 

OF THE STRAIT THEY WILL IE 10UE TO THE EASTWARD. 

OISEIYATlOIilS OF THE ICE MOVEMEIilT SOUTH OF ItESOLUTJOW ISLAND 
OYEI A PElIOD OF SEVERAL MORTHS SHOM THE DUlATIO_ Of THE flOOD 

ARO Ell CURREIITS TO BE ABOUT EQUAL. THIS IS IIOT 'ROOf THAT Alii 
EIC£SS IIUilARD MOYENENT OF MATER OK THE IIIORTH SIDE OF THE STRAIT 

DOES lOT ElIST. fOR THE KECESSARY INOAAU'HT IS MORE THAll lIKEl" 

SUPPLIED THROUGH GABRIEl STRAIT, DR IT MIGHT IE A DEEP UJOER

cUllEn. 

THE OU"NARD FLOW FROM HUDSON BAY IS EYIDEtn AS A ODIlItlAIT EAST
ERLY SET ALOtl' THE IIORTHEIN SIDE OF DUiSES ISlAIID AID OFF CAPE 

WOLST£tlHOLME WHERE IT IECDMES LOCAllY. A.O PEaHAPS FOR SOME 
DISTAICE. A COteSTAlin., OUTWARD CURR-EIfT. DoUBTlESS THE IIOYE"ElCT 

conUUES ALOIIG THE SOUTHERlY SIDE OF THE STRAIT. 

TlIE STRE~nH Of THE TIDAL CURRENTS IETVEU RUOLUTIOII ISLAID 

AID CAPE CHIDLEY IS lilVEN AS 250 CMIS Oll THE CMUS. BUT liD 

O£TERIUNATJOIilS HAYE BEEM MADE ElSEWHERE 1111 THE STRAITS. 

(PILOT OF ARcnc CANADA) 

FROBISHER BAY 

THE TIDAL CURRUTS ARE YERY STROM' AROUND THE ENTRANCE TO 

FROBISHER BAY. AIID THE TIDES CREATE REMARKABLY ERRATIC AND 

POMERFUL CURRENTS, REACHIN' YELOCITIES OF 250 TO 150 CHIS 

BETMEEIt THE ISLAIIDS THAT LIE 111 THE EItTRANCE TO UPPER F"R081SHER 

BAY. THE CURRENT AT TIMES SETS 111 OPPOSITE DIRECTIONS THROUGH 

THE CHANNElS. 
(PILOT OF ARCTIC CAIlAOA) 
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3.3 Ice 

The most variable oceanographic parameter which affects ASW operations 

in the Arctic Archipelago is the ice cover. In winter, ice covers almost the entire 

archipelago and extends as far south as the Gulf of St. Lawrence. The few ice free 

or unconsolidated ice areas found in the archipelago during winter are called 

polynyas and are discussed in this section. The summer season causes a rapid ice 

break up which results in generally ice free conditions in eastern Parry Channel, 

southern Beaufort Sea and other southern archipelago areas. This section covers 

some physical aspects of ice formation, properties, coverage and break up, and 

discusses their impact on the conduct of ASW operations. The effects of ice on 

acoustics are numerous and will be covered in Chapter 6. 

3.3.1 Impact on ASW 

The most obvious effect of winter ice on ASW operations is its ability to 

impede the movement of surface vessels and restrict the effectiveness of airborne 

assets. The ice cover also blocks access to submarines which are not deemed to 

be "air independent". 

In late summer, the ice break up causes an ice free area where all ASW 

platforms can be used. Caution must still be exercised in all regions of the 

archipelago however, as pack ice can move rapidly and become a hazard to 

navigation for unsuspecting ships. Using ice reconnaissance, meteorological 

forecasting, and a knowledge of the archipelago currents, ships and diesel electric 
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submarines could operate in ice free areas or near Marginal Ice Zones (MIZ) for 

a large part of the summer. Therefore, a good knowledge of ice conditions is 

paramount when conducting ASW operations in the Arctic Archipelago. 

Airborne ASW platforms are well suited to operate in the Arctic since the 

presence of sea ice does not constitute a safety hazard for aircraft, and their 

mobility can take advantage of the few open areas in the winter ice. The winter 

ice regime has six notable semi-permanent open water or broken ice polynyas 

which could be exploited by airborne platforms. In areas where the ice cover 

ranges from open water to about 7/10 ice, hydrophones could be used principally 

and be supplemented with ice capable sonobuoys presently under development. 

In the absence of open water, airborne platforms could be restricted to ASW 

surveillance operations using ice capable sonobuoys. Late spring or summer 

conditions impose few restrictions on airborne assets since areas which would 

present a danger for surface ships usually have enough open water for hydrophones 

to be deployed. 

The dense iceberg population found in northern Baffin Bay and Nares Strait 

constitutes a hazard to navigation in all weather conditions but is especially 

dangerous in periods of low visibility. As medium to large iceberg keels can reach 

a depth of up to 350 m, submarines that operate in these areas must be careful to 

avoid collisions with these large uncharted mobile navigational hazards. 

3.3.2 Data Set 

In the 1950s, the cold war resulted in an increased awareness of the North 

American continent's vulnerability to attack from the Arctic. As a result, the 

United States and Canada began a methodical survey of seasonal ice regimes which 
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exist in the Arctic Archipelago, with particular attention paid to the break up 

period. In the 1960s, the original military purpose gave way to economics when 

natural resources were discovered throughout the Arctic Archipelago. Today, the 

archipelago ice regime is still surveyed on a regular basis by Environment Canada, 

Fisheries and Oceans, and the scientific and industrial communities through the 

use of aircraft and satellites. 

The ice regime data used in this environmental guide stem from InFOcus 

(GIS) digitized ice condition maps which are based on the "Ice Atlas, Canadian 

Arctic Waterways" [Markham, 1981]. Other ice and polynya physical 

characteristics are from the following studies and manuscripts: 

Ice Services Specialist Training Course: Ice Physics Notes [AES, 

undated]; 

Ice Services Specialist Training Course: Ice Climatology Notes 

[AES, 1990]; 

Environmental Studies No. 26: The Ice Environment of Eastern 

Lancaster Sound and Northern Baffin Bay [Marko, 1982]; 

A Study of the North Water Polynya Using Passive Microwave and 

Infrared Imagery [Press and Blais, 1993]; and 

Ice Thickness Climatology: 1961 - 1990 Normals [ICS, 1992]. 
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3.3.3 Data Assessment 

In the late 1950s, nearly all ice reconnaissance was carried out visually 

using short range aircraft. Although effective, this means of transportation was 

sometimes hampered by weather and mechanical problems. Better coverage of the 

archipelago ice regime was made possible in the 1960s with the evolution of the 

lANDSAT satellite which could yield a spatial resolution of about 100 m. 

The data depicted in the "Ice Atlas, Canadian Arctic Waterways" encompass 

15 years (1959 - 1974) of ice regime studies based on a seven day sampling 

interval and a spatial resolution of 30 nm. The median ice concentrations 

presented in the data represent the 50% probability of occurrence of the pictured 

ice condition by area and date as derived from the 15 year sampling period 

[Markham, 1981]. This statistical approach is deemed better than mean ice 

concentration because of the highly variable conditions which may exist in a 

specific area from year to year. 

3.3.4 Data Description 

The ice regime description for temperate regions generally follows a 

chronological cycle which begins with the freezing of the water mass followed by 

the winter regime, and then by the spring thaw. Most ice atlases however, reverse 

this cycle because of the predominance of the ice cover which resides in the 

northern regions during most of the year. Conforming to this practice, Markham 

[1981] describes the Arctic Archipelago ice regime from the late winter maxima 

followed by the thaw period and summer minima, and ends the cycle with the 
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return of the ice cover. The maps found at the end of this section are reproduced 

from the GIS data bases found in the InFOcus application. These maps depict the 

median ice distribution for the archipelago over the break up, summer and freeze 

up regimes. Generalized ice conditions also represent the archipelago winter ice 

regimes. 

The Arctic Archipelago late winter ice cover consists mainly of 10/10 

consolidated first and multi-year ice. Coastal regions are characterized by fast ice 

which remains immobile from freeze up to the break up period. This ice is 

generally about 0.70 m in thickness. In the central channels, the ice remains 

largely stationary with some pressure ridging and ice rafting caused by the tides, 

winds and thermal expansion. Parry Channel ice thickness generally ranges from 

1.5 to 2.2 m [ICS, 1992]. Except for Nares Strait and Northern Baffin Bay, the 

presence of old ice increases in the western and northern channels of the 

archipelago as this ice is advected into these areas by the currents. Old or multi

year ice is defined as ice which has survived through at least one summer and is 

harder, fresher, and usually thicker than first year ice. Old ice thickness ranges 2.2 

to 4.5 m [AES, 1990]. Late winter ice distribution and type are shown in Figures 

3.25 and 3.26 (at the end of this section) [Markham, 1981]. 

Open water areas in the form of polynyas or ice leads can be found 

throughout the archipelago during the winter. Polynyas are formed by a variety 

of processes which result in an upwelling of warm water or a mixing of the upper 

and lower layers due to tidal currents found in narrow channels. Examples of tidal 

current polynyas can be found at Cardigan Strait and Hell Gate, Fury, Hecla and 

Penny Straits while larger wind and current induced polynyas are found in Smith 

Sound and in the Beaufort Sea off Cape Bathurst. 
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A nearly permanent polynya found in Smith Sound and northern Baffin Bay 

is called the North Water Polynya. It is the largest open water area found in the 

Arctic Archipelago and has been under close scrutiny for many years. Although 

this polynya is caused by a combination of many mechanisms, Press and Blais 

[1993] showed that geostrophic winds accounted for a large part of the polynya 

variability. In winter, the predominantly northeasterly wind, in conjunction with 

the Coriolis effect moves the ice and upper Surface Layer away from the 

Greenland shore. An ice dam, which forms across northern Smith Sound, keeps 

the Nares Strait currents from advecting more ice into the area. Further, the 

offshore movement of surface water forces warmer deep water to the surface 

as horizontal currents are incapable of horizontally replenishing the open area. As 

a result, the surface water temperatures remain high enough to prevent freezing 

for nearly the entire winter. 

Polynyas found in the archipelago's narrow channels are important to ASW 

as they are located at strategic archipelago choke points as shown in Figure 3.24. 

These polynyas are generally caused by a significant amount of mixing and current 

shear which occur as a result of the reversing tidal currents. Consequently, these 

areas are marked with broken and moving ice giving abundant opportunities to 

drop hydrophones in open water. 

To the uninitiated, it may seem incredible that a large portion of the 

archipelago ice cover can melt in just a few months. Figures 3.25 to 3.44 show 

the various stages of ice cover throughout the year and can be found at the end of 

this section. The rapid ice break up is a function of sea ice physical characteristics 

and archipelago climatology. In comparison with freshwater ice, less heat is 

needed to melt sea ice since sea ice is comprised of many saline brine cells which 

are trapped by the ice crystals during the freezing process. Thus, only 47 calories 

are needed to melt one gram of sea ice from a temperature of -2°C compared with 

81 calories for freshwater ice. 
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Figure 3.24 Location of the primary polynyas found in the Arctic Archipelago. 

Another important factor in the melting process is the difference in albedo 

between snow, ice and open water. The albedo of a material quantifies its ability 

to reflect solar radiation. A material with high albedo is highly reflective and a 

substance with low albedo absorbs heat more readily as shown in Table 3.2. 

Consequently late winter open water regions absorb most of the initial solar 

radiation in early spring. The widening of the Cape Bathurst Polynya generally 

initiates the rapid breakup of the western region while the catalyst for the eastern 

region is the Smith Sound (North Water) polynya. As the spring days get longer, 

the ice cover ablation begins in northwestern Baffin Bay and along the shelf break 

areas of the Beaufort Sea. When the internal archipelago ice begins to melt, water 

pools at the surface of the ice. This changes the albedo of the ice cover and 

greatly accelerates the rate of melting. Lastly, the archipelago currents contribute 
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to the removal of the broken ice and leave the many internal channels generally 

ice free until the fall freeze. 

Table 3.2 Albedo of the different surfaces found in the Arctic Archipelago 

[AES, undated]. 

Material Albedo 

Open sea water 0.05 - 0.10 

Open land area 0.10 - 0.25 

Snow free sea ice 0.30 - 0.40 

Melting snow 0.40 - 0.50 

Fresh snow 0.80 - 0.90 

The variability of the Arctic Archipelago ice cover is closely linked to the 

meteorological conditions which affect the area from year to year. In the west, the 

Cape Bathurst polynya quickly expands in May and, along with the coastal ice 

leads which form around this time, begins the disintegration of the Beaufort Sea 

Shelf waters. Broken ice conditions persist as the ice concentration decreases for 

about two months, until the Beaufort Sea Shelf water becomes navigable by non 

ice-capable ships by the end of July. Amundsen Gulf and Prince of Wales Strait 

open water conditions usually occur at the beginning of August. Open waters are 

usually found on the Beaufort Sea shelf and adjacent areas until the beginning of 

October when the fall freeze up begins. During a good ice summer, open water 

is usually found off the coast of Alaska by the end of June and results in a 

navigable coastal channel until the end of October. In a bad ice year, ice break 

up can linger until late July and results in only two to three weeks of navigable 

conditions. A bad ice summer is usually concluded by an early freeze up and ice 

consolidation by the middle of October [AES, 1990]. 
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The eastern archipelago break up has a timetable similar to the Beaufort 

Sea. The Smith Sound polynya expands in May and brings about the Lancaster 

Sound break up which happens in a counter clockwise direction. Although 

Lancaster Sound is usually clear of its winter ice by mid-June, ice floes advected 

from Barrow Strait and Wellington Channel clutter up this area until late July. 

Throughout August and September the eastern channels remain speckled with 

melting multi-year ice that flows from the Queen Elizabeth Islands. The internal 

channel ice disintegration is well underway by the end of August and open water 

can usually be found as far west as eastern Viscount Melville Sound and as far 

north as Penny Strait by the beginning of September. Western Parry Channel 

remains covered with flowing multi-year ice. The onset of the new ice cover 

usually happens in late September in the northerly channels. Lancaster Sound is 

generally the last area to consolidate by mid-October. In a good ice year, the 

onset of the breakup is advanced by about three weeks and ice consolidation is 

retarded until the end of October [Marko, 1982]. In a bad year, the central 

channels may remain consolidated all summer which causes poor navigation 

conditions as far east as Lancaster Sound. 

Icebergs are probably the most dangerous form of ice found in the eastern 

Arctic Archipelago. It is estimated that as many as 40,000 icebergs are produced 

annually within the archipelago [AES, 1990]. Most icebergs originate from the 

numerous glaciers of the west Greenland coast although some calve from the 

eastern Ellesmere Island glaciers. Because of their deep draft, icebergs are 

primarily advected by the West Greenland and Baffin Land (Canadian) Currents 

in a counter clockwise direction around Baffin Bay. Although nearly all icebergs 

that enter Lancaster Sound return to Baffin Bay, some go as far west as Prince 

Regent Inlet where they can spend a number of years. The vast majority of 

icebergs migrate south and exit Baffin Bay through Davis Strait. From calving, 

it usually takes about two years for large icebergs to travel through Davis Strait 

enroute for the Grand Banks. 
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The longevity of icebergs is easily explained. As this ice is produced on 

land, it is composed exclusively of fresh water and therefore melts at a temperature 

of O°e. Because most of the Baffin Bay Surface and Cold Water layers remain 

colder than O°C on an annual basis, very little melting occurs in large bergs before 

their arrival in the Davis Strait. Small bergs usually melt before they reach the 

Labrador Sea as a greater portion of their surface is in the relatively warm upper 

20 m of the Surface Layer during the summer. The International Ice Patrol 

classifies icebergs by size and description as shown in Tables 3.3 and 3.4. 

Table 3.3 International Ice Patrol iceberg size classification [after AES,1990]. 

Type Height Length 

Growler under 1.5 m under 5 m 
Bergy Bit 1.5 to 5 m 5 to 15 m 
Small Berg 6 to 15 m 16 to 60 m 
Medium Berg 16 to 45 m 61 to 122 m 
Large Berg 46 to 75 m 123 to 213 m 
Very Large Berg over 75 m over 213 m 

3.3.5 GIS Data 

The GIS incorporates a portion of the Median Ice Cover and Generalized Ice Conditions 

charts found in the "Ice Atlas: Canadian Arctic Waterways" [Markham, 1981]. The digitized 

charts were chosen to represent appropriate winter and summer ice regimes to enable ASW 

personnel to estimate regional ice concentrations during operation planning. 
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Table 3.4 International Ice Patrol classification and above : below water ratios of icebergs 

[after AES, 1990]. 

Classification Ratio Description 

Blocky or tabular 1:5 Flat top with steep vertical sides 

Rounded or domed 1:4 Large, smooth with a rounded top 

Picturesque 1:3 Varied and irregular 

Pinnacled or ridged 1:2 Large central spire or pyramid with one 
or more spires 

Horned and winged 1:1 Eroded so that a large U-shaped slot 
or dry dock is formed near or at water level with twin 

column or pinnacles. 
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Fagure 3.25 General ice conditions found in the eastern Arctic Archipelago in late April 
[after Markham, 1981]. 
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Figure 3.26 General ice conditions found in the western Arctic Archipelago in late April 
[after Markham, 1981]. 
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Figure 3.1.7 Median ice conditions found in the eastern Arctic Archipelago in late May 
[after Markham, 1981]. 
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Fagure 3.28 Median ice conditions found in the western Arctic Archipelago in late May 
[after Markham, 1981]. 
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Figure 3.29 Median ice conditions found in the eastern Arctic Archipelago in mid June 
[after Markham, 1981]. 
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Figure 3.30 Median ice conditions found in the western Arctic Archipelago in mid June 
[after Markham, 1981]. 
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Figure 3.31 Median ice conditions found in the eastern Arctic Archipelago in late July 
[after Markham, 1981]. 



~ 
w 
w 

Beaufort Sea 

90 Pock Ice 

70-60 Close pock Ice 
40-60 Open Pack Ice 

Figure 3.32 Median ice conditions found in the western Arctic Archipelago in late July 
[after Markham, 1981]. 



........ !' 

~ 

VJ 
+:0. 

.. ;;.. ... '._'- ~ -.~ .. ,.~ .. ::' ~ ~ ; ... , ~ -... 

mil 1)0 Consolid(Jted or F(Jst Ice 
~ 90 P(Jck Ice 

70-80 Close p(JCk Ice 
40-60 Open p(JQ( Ice 

10-30 Very ODen Pock Ice 

B(Jffin Boy 

Figure 3.33 Median ice conditions found in the eastern Arctic Archipelago in late August 
[after Markham, 1981]. 
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Figure 3.34 Median ice conditions found in the western Arctic Archipelago in late August 
[after Markham, 1981]. 
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Figure 3.35 Median ice conditions found in the eastern Arctic Archipelago in early 
September [after Markham, 1981]. 
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Figure 3.3' Median ice conditions found in the western Arctic Archipelago in early 
September [after Markham, 1981]. 
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Figure 3.38 Median ice conditions found in the western Arctic Archipelago in late 
September [after Markham, 1981]. 



...... 

.j::.. 
o 

Greenlond 

'K)O Consolidated or fast Ice 
90 Pock Icc 

70-60 Close pock Ice 
40-60 Open Pack Ice 

10-30 VerY ODen PClCk Ice 

Figure 3.39 Median ice conditions found in the eastern Arctic Archipelago in late October 
[after Markham, 1981]. 
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Figure 3.40 Median ice conditions found in the western Arctic Archipelago in late October 
[after Markham, 1981]. 
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Figure 3.41 General ice conditions found in the eastern Arctic Archipelago in late 
November [after Markham, 1981]. 
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Figure 3.42 General ice conditions found in the western Arctic Archipelago in late 
November [after Markham, 1981]. 
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Figure 3.43 General ice conditions found in the eastern Arctic Archipelago in late January 
[after Markham, 1981]. 
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Fagure 3.44 General ice conditions found in the western Arctic Archipelago in late January 
[after Markham, 1981]. 



Chapter 4 

Meteorology 

The Canadian Arctic Archipelago is characterized by vast and sometimes 

rapid meteorological changes which can affect ASW operations. Poor weather 

conditions may result in slight to severe degradation of platform and sensor 

capability and may even halt operations altogether for safety reasons. It is 

therefore important that preparations for ASW operations in the Arctic Archipelago 

include a sound knowledge of the meteorological factors which may affect the area. 

4.1 Meteorological Parameters 

The purpose of the data presented in this section is to provide operators 

with an overview of the meteorological conditions which exist in the Arctic 

Archipelago. The meteorological parameters discussed in this section are chosen 

for their potential ability to disrupt or degrade ASW sensors and platforms. The 

parameters of interest are air temperature, wind, visibility, precipitation, snow 

cover, icing and seasonal storms. 

4.1.1 Impact on ASW 

The impact of weather conditions on ASW operations is often described 

as the single factor which acts on personnel and ASW equipment. In order to fully 
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understand the impact of the many parameters which constitute the weather, it is 

important to discuss them separately. 

Air temperature The archipelago air temperature impacts on many facets of 

ASW operations. As temperatures dip far below zero, it becomes more difficult 

to perform maintenance on equipment. At the lowest temperatures of the winter, 

some restrictions on equipment usage may apply. 

Air temperature is responsible for the rapid freeze up which occurs in the 

fall. When temperatures dip below the water freezing level, heat is drawn from the 

water column until the surface layer freezes. This results in a freezing pattern 

which starts with the consolidation of the Queen Elizabeth Islands and Nares Strait 

and then progresses southward through the archipelago. 

In winter, a thick air temperature inversion is established over most of the 

Arctic Archipelago which results in conditions favourable for radar ducting. The 

height of the temperature inversion is about 2000 m. The temperature at the top 

of this inversion can be as much as 100e warmer than the surface. Operators 

must remember that although inversion ducting increases the range of radar, it also 

vastly increases electronic support measures (ESM) interception ranges. Therefore, 

care must be taken when establishing radar intercept horizons. 

Wind The effects of surface wind conditions are noticeable in the acoustic 

environment of the archipelago as well as in the daily operations of ASW 

equipment. Wind is a prime mover of ice. Ice movement will generally be 15 -

25° to the right of the wind at about 1 % of the wind speed. It is therefore 

important for non-ice capable ships to be aware of ice conditions as well as 

forecast winds in the vicinity of their ship. In fall and winter, the wind induced 

ice movement causes ice sheets to collide. This situation creates ice ridges which 

increase the local ambient noise and sound scattering at the surface. In shore fast 
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ice conditions, the wind stress on the ice also produces ridging and cracking 

events. These events are generally of short (1-3 hours) durations. A wind of more 

than 5 m S-l can produce ambient noise by lifting and moving snow particles. This 

condition affects the higher frequency spectrum (1 to 10 kHz) [Etter, 1987]. In 

open water conditions, the wind creates waves and bubble fields in the surface 

layer which are also sources of noise and surface sound scattering. The wind's 

effect on the production of ambient noise in open water is depicted in Figure 4.1. 
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Figure 4.1 Ambient noise produced by wind in shallow waters as a function 
of frequency [after Urick, 1983]. 

Wind also has a major impact on the level of ambient noise in broken ice 

conditions which are prevalent in the Western Parry Channel, the Queen Elizabeth 

Islands and near the marginal ice zone (MIZ) during summer. This ambient noise 

is produced by the multiple collisions and grinding of ice floes. As shown in 

Figure 4.2, the level of ambient noise can vary drastically with small changes in 

wind speed. 
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Figure 4.2 Median ambient noise in dB re 1,uPa at different wind speeds 
(m S-1) measured in the Viscount Melville Sound during the summer [after 
Milne and Ganton, 1971]. 

Personnel working outside during winter must consider the wind chill effect 

which can increase body cooling rates tremendously. As shown in Figure 4.3, 

personnel working in -30°C temperatures and calm wind conditions should be 

comfortable with normal precautions (Zone I) but if a wind of 20 km h-1 (5.55 m 

S-1) is blowing, the effective cooling rate is such that skin can freeze in one minute 

if directly exposed to the wind (Zone V). 

Visibility For most of the year, the combination of cold and dry air, a low 

altitude temperature inversion and the lack of air pollutants allows for excellent 

visibility in the Arctic Archipelago. The eye is therefore a prime sensor in all 

areas since even relatively light ice conditions can clutter up radar, nullifying its 

surface search effectiveness. There are times however when surface fog, blowing 

snow or low clouds can decrease visibility to less than one kilometre for long 

periods of time. This greatly decreases the probability of periscope detection. 

Further, aircraft cannot take off or land during periods of low visibility and ships 

must operate at reduced speeds to avoid collisions with ice floes. 
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Wind Chill zonal chart and progressive protection 

requirements needed to counteract accelerated cooling rates [Maxwell, 1980]. 

Zone I 

Zone II 

Zone III 

Zone IV 

Zone V 

Zone VI 

Zone VII 

Precipitation 

Comfortable with normal precautions; 

Skin must be protected from long exposure to wind; 

Parka or equivalent garment is necessary; 

Skin freezes over long period. Parka is mandatory; 

Skin freezes in one minute. Face protection is needed; 

Face protection is mandatory; and 

Buddy system and constant observation is mandatory. 

For most of the year, Arctic Archipelago precipitation occurs 

in the form of snow. Falling snow has little impact on under ice ambient noise but 

can severely decrease visibility as discussed previously. During summer, rain 

increases the ambient noise significantly as shown in Figure 4.4. 
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Snow Cover The established snow cover impacts on the acoustical and physical 

aspects of ASW in the Arctic Archipelago. Firstly, snow entraps air within its 

layers and acts as an insulating blanket for the underlying ice. If there is 

sufficient snow cover, diurnal temperature variations are lessened at the surface of 

the ice which results in decreased ambient noise production by the ice. The 

insulating properties of snow are shown in Table 4.1 [Maxwell, 1980]. Snow also 

impacts on the movement of equipment and can effectively ground aircraft during 

and after winter storms, depending on the capability of the snow clearing 

equipment available at the airport. 

Table 4.1 Percentage of diurnal temperature variation felt at the surface of the ice 

in varying snow thicknesses [Maxwell, 1980]. 

Snow thickness 
(cm) 

o 
5 
10 
15 
20 
25 
30 
40 
50 

Percentage variation 
% 

100 
61.4 
37.7 
23.1 
14.1 
8.7 
5.3 
2.0 
0.8 

For example, a diurnal temperature variation of 5°C felt at the surface of 
20 cm thick snow will result in a 0.70°C at the ice surface. 
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Figure 4.4 Ambient noise levels caused by various rain intensities in a 
coastal environment. The dashed line gives a reference curve for 10 to 20 m S·l 

winds without rain [Urick, 1983]. 

Icing ASW operations in icing conditions are very hazardous for aircraft 

and ships. For an airplane, ice accretion must be dealt with quickly as it can 

deform the shape of the wing which will result in a loss of lift. Although most 

ASW airplanes are equipped with heated wing and empennage leading edges 

capable of resisting icing conditions, heavy icing should be avoided whenever 

possible. Helicopters that are not designed to operate in icing conditions are 

especially prone to icing because of the high capture rate of their rotors and should 

be kept on the ground in these conditions. 

Freezing spray is the most dangerous form of icing condition encountered 

by surface ships. Heavy accumulation of ice on the ship superstructure raises the 

centre of gravity of the ship which reduces its righting moment. Accumulated ice 

is usually broken off using steam, anti-ice equipment and sledge hammers. Since 

working on ship decks is very precarious in these conditions, men must be tied 

by lifelines. 
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Storm Tracks Arctic Archipelago storms have a critical impact on the 

conduct of ASW operations. This substantial influence is due to a combination of 

parameters which act on the acoustical as well as operational environment. Storms 

usually combine high winds with precipitation which results in ice movement, high 

ambient noise, icing, reduced visibility and restricted movement for aircraft and 

ships. To maintain maximum ASW sUIveillance in the path of an approaching 

storm, ASW planners must be able to relocate or redeploy airplanes so that they 

are not caught on the ground unnecessarily. Because of the relatively few charted 

anchorage areas in Parry Channel and the possibility of ice movement, ships should 

remain underway or be prepared to move on short notice while weathering out the 

storm. 

4.1.2 Data Set 

The environmental data used in this chapter are drawn from the following 

publications: 

The Climate of the Canadian Arctic Islands and Adjacent Waters: 

Volumes One [Maxwell, 1980]; 

The Climate of the Canadian Arctic Islands and Adjacent Waters: 

Volumes Two [Maxwell, 1982]; 

Arctic Marine Oilspill Program Report [AMOP, 1978]; 

Arctic Oceanography and Meteorology Review [Etter, 1987]; and 
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Noise Beneath Sea Ice and its Dependence on Environmental 

Mechanisms [Milne and Ganton, 1971]. 

Noteworthy among these references is Maxwell's two part analysis of the 

archipelago climate. With over 1100 pages of readily useable weather information 

derived from over 28 years of data accumulation and analysis, it is a monumental 

piece of work and should be acquired as a reference text for ASW operational units 

who may be employed in the archipelago. 

4.1.3 Data Assessment 

A methodical study of Arctic weather by the United States and Canada 

began in 1947 with the installation of the Eureka weather station on Ellesmere 

Island. In the next three years, four more stations (Alert, Mould Bay, Resolute 

A, and Isachsen) were established. Ten years later, the construction of the 

Distant Early Warning (DEW) line, added a significant weather data source. The 

environmental data presented in the references were measured at 54 gathering sites 

during continuous periods ranging from 10 to 30 years. 

Ambient air temperatures are measured by self registering mercury 

maximum and "spirit" minimum thermometers two to four times daily. 

Thermometers are installed away from buildings at a height of 1.3 m. Mercury 

thermometers are not used to record temperature minima as mercury freezes at 

-39°C. Mean daily maximum and minimum temperatures are calculated and 

recorded. Temperatures aloft were measured from 16 stations for a period of nine 

years using radiosonde sensors. Days with frost are days during which the 

temperature dips below zero. 
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Rain is measured using an official Canadian rain gauge consisting of a 

cylinder with an opening of 64.5 cm2• Precipitation is measured to an accuracy of 

0.25 mm and recorded daily as applicable. Snow is measured using the ruler 

method. That is the averaged of several snow depth measurements taken with a 

ruler at locations away from snow drifts and wind-swept areas. Days with 

measurable precipitation are those with more than 0.25 mm of water or 0.25 cm 

of snow. 

Surface winds are measured at a height of 10 m on an hourly basis using 

a standard anemometer at airport locations and an anemograph at locations which 

do not have an airport. Winds aloft are measured by radiosonde or obtained by 

pilot reports. Readers must be cautioned that because most sites are situated in 

coastal areas, surface winds are sometimes subjected to topographical effects and 

do not always reflect winds aloft even if the backing of the wind near the surface 

is taken into account. 

Visibility is measured using landmark references and recorded daily. The 

obstruction to visibility (fog, ice fog, or blowing snow) is also recorded. 

4.1.4 Data Description 

The Arctic Archipelago temperature regime is mostly driven by the annual 

insolation cycle. The winter season is defined as the continuous period of time 

during which the mean daily temperature is below o°c. Winter is also marked by 

an extended period during which the sun does not rise above the horizon (Figure 

4.5). This results in continuously decreasing monthly mean temperatures 

throughout the archipelago from September to February. The month of February 

is the coldest month of the year with mean temperatures of -30 to -35°C as shown 
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Figure 4.5 Monthly daylight hours at various latitudes [Maxwell, 1980] . 

in Figures 4.6 to 4.21. The average winter diurnal temperature variation for most 

of the archipelago is about 100C, The warmest region of the archipelago during 

the winter is northern Baffin Bay where the open waters of the Smith Sound 

(North Water) polynya keep the surface temperatures at a relatively warm -20°C, 

A feature of the winter atmospheric temperature regime is the permanent 

inversion layer which exists over the entire archipelago. This inversion layer is 

caused by the low temperatures of the snow and ice mass found at the surface 

which acts as a heat sink for the overlying air mass. The inversion layer is 

generally 2000 m thick within which temperatures warm by about 6 to lODe with 

increasing altitude. This layer persists from September until June when solar 

radiation sufficiently heats the land surfaces to minimize this effect. (Figures 4.22 

to 4.26) 
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Figures 4.6 to 4.21 Ambient air temperature measurements taken at 16 stations 

throughout the Arctic Archipelago. The solid line is the mean daily maximum 

temperature and the dashed line is the mean daily minimum temperature. The two rows 

of numbers included at the bottom of each graph are daily temperature extremes measured 

over the sample period noted in the bottom right of the each graph. 
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Figure 4.6 Ambient air temperature 
measured at Alert [after AMOP, 1978]. 
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Figure 4.7 Ambient air temperature 
measured at Mould Bay [after AMOP, 
1978]. 
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Figure 4.8 Ambient air temperature Figure 4.9 Ambient air temperature 
measured at Isachsen [after AMOP, 1978]. measured at Eureka [after AMOP, 1978]. 
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Figure 4.10 Ambient air temperature 
measured at Rea Point [after AMOP, 
1978]. 
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Figure 4.12 Ambient air temperature 
measured at Resolute A. [after AMOP, 
1978]. 
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Figure 4.11 Ambient air temperature 
measured at Arctic Bay [after AMOP, 
1978]. 
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Figure 4.13 Ambient air temperature 
measured at Pond Inlet [after AMOP, 
1978]. 
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Figure 4.14 Ambient air temperature Figure 4.15 Ambient air temperature 
measured at Aklavik [after AMOP, 1978]. measured at Inuvik [after AMOP, 1978]. 
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Figure 4.16 Ambient air temperature 
measured at Tuktoyaktuk [after AMOP, 
1978]. 
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Figure 4.17 Ambient air temperature 
measured at Sachs Harbour [after AMOP, 
1978]. 
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Figure 4.18 Ambient air temperature 
measured at Nicholson Peninsula [after 
AMOP, 1978]. 
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Figure 4.20 Ambient air temperature 
measured at Holman [after AMOP, 1978]. 
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Figure 4.19 Ambient air temperature 
measured at Johnson Point [after AMOP, 
1978]. 
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Figure 4.21 Ambient air temperature 
measured at Cape Parry [after AMOP, 
1978]. 
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Figure 4.22 Mean annual and seasonal vertical temperature profiles measured at 
Alert-Eureka [Maxwell, 1980]. 
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Figure 4.23 Mean annual and seasonal vertical temperature profiles measured 
at Isachsen [Maxwell, 1980]. 
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Figure 4.24 Mean annual and seasonal vertical temperature profiles measured 
at Resolute A [Maxwell, 1980]. 
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Figure 4.25 Mean annual and seasonal vertical temperature profiles measured 
at Mould Bay [Maxwell, 1980]. 
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Figure 4.26 Mean annual and seasonal vertical temperature profiles measured 
at Hall Beach A [Maxwell, 1980]. 
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The summer cycle is much shorter in duration and features a spatially 

uniform temperature regime. Over the land masses, daily surface layer maxima 

and minima are generally about lloC and 2 °C respectively except for the Aklavik 

and Inuvik regions where maximum mean temperatures can reach the mid to high 

teens in June and July. A-rchipelago surface air temperatures over water are nearly 

unchanging at 2.5 °C for the summer months [Maxwell, 1980]. 

For approximately 20 to 40% of the time, calm wind conditions exist for 

most of the Arctic Archipelago. Otherwise, surface winds reflect seasonal 

cyclonic activity with average wind speeds which are usually greater than 25 km 

h-i. In winter, a mean northerly flow develops over the western archipelago while 

the eastern archipelago winds are mainly southwesterly. In summer, the flow over 

the entire archipelago is generally westerly. Higher mean winds usually occur in 

the northern archipelago in the summer, in the central archipelago in spring and 

fall, and in the southern archipelago in the winter. Average wind speeds for the 

Arctic Archipelago reporting stations are found in Tables 4.2 to 4.4. 

Reduction in the Arctic Archipelago visibility is usually associated with 

blowing snow or fog. Table 4.5 describes the percentage occurrence of visibility 

reduction due to blowing snow for various wind speeds and Table 4.6 shows the 

percentage frequency of fog during the summer months at different archipelago 

marine areas. Ice fog is defined as lithe suspension of minute ice crystals in the 

air" and occurs only in winter when the air is sufficiently cold. Although some 

natural moisture sources exist in the archipelago, ice fog is generally caused by 

man made vapour emissions which freeze on contact with the cold air [Maxwell, 

1982]. For this reason, ice fog is usually associated with arctic settlements. Ice 

fog can be especially persistent in calm wind conditions near airports after the take 

off or landing of aircraft. Winter visibilities in ice fog are predominantly in the 

0.8 to 4.8 km range for most archipelago airports. The percentage frequency of 

ice fog for various air temperature ranges is found in Table 4.7 [Maxwell, 1982]. 
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Tables 4.2 to 4.4 Monthly mean and extreme wind speeds measured at various 

stations throughout the Arctic Archipelago. The dates in parenthesis are the period of the 

survey, the standard deviation from the mean wind is also given for the stations surveyed. 

An asterisk denotes data that are missing from the records. 

Table 4.2 Wind speeds in the Arctic Archipelago [Maxwell, 1980]. 

Station: 
Jan. Feb. Mar. Apr. May June July Aua. Scpo Oct. Nov. Dec. 

Janv. Hv. Mars Avril Mai Juin Jui!. AoOt Sept. Oct. No\,. Dec. 

Mould Bay 
(1953-1972) Mean/moyenne 15.9 13.04 12.6 12.6 15.6 17.9 18.0 16.9 17.5 15.9 14.0 13.8 

S.O.lE.T. 16.4 14.6 13.7 12.7 11.1 10.8 10.8 10.6 12.6 13.0 12.9 14.8 
Extremel el(tr~me 89 81 74 71 76 9S 84 74 72 84 81 109 

Nottingham bland 
Mean/mKyenne 18.0 18.3 16.4 17.9 19.6 17.S 14.5 18.5 20.0 21.9 22.2 19.6 (1953-1970) 

S.D.I .T. 14.0 13.7 12.7 12.9 12.6 11.1 10.0 12.6 13.8 13.7 15.3 14.6 
Extremel extreme 81 97 81 77 81 81 64 97 97 97 106 92 

PeUy Bay 
(19S5-1972) Mean/moycnne 19.1 I!U 17.7 16.4 16.7 15.0 14.0 14.6 18.S 19.0 17.7 18.3 

S.O.lE.T. 20.8 15.1 15.9 14.6 13.8 12.9 11.1 11.9 11.3 14.0 14.6 17.S 
Extremel extreme 97 93 81 64 56 64 64 66 74 81 72 89 

Rea Point A 
(1969-1972) Mean/moycnne 20.4 20.9 13.8 12.2 IU 17.7 16.3 16.3 18.0 18.2 19.1 16.6 

S.O.lE.T. 15.9 15.9 13.2 10.8 10.9 9.S 11.3 11.7 9.3 11.9 11.9 11.7 
Extremel extreme 64 97 56 52 61 $2 55 55 56 76 64 53 

Resolute A 
(1953-1972) Meanlm~ycnnc 21.2 20.9 19.3 19.6 20.1 21.2 20.0 21.9 23.3 24.0 19.8 20.4 

S.O.l .T. 19.3 18.5 18.3 17.1 16.3 14.5 14.3 15.1 15.0 16.9 17.7 16.9 
Extremel extreme 106 III 97 116 100 77 8S 89 105 92 142 108 

Ilcsolution Island 
(1953-1961) Mean/moyenne 31.9 32.7 26.3 24.6 22.5 21.9 20.6 21.4 23.0 29.9 29.6 33.8 

S.O.lE.T. 24.9 22.5 IS.2 19.3 17.5 16.6 13.S 16.6 16.9 20.1 IS.3 23.2 
Extremel extreme 145 138 121 113 113 105 97 77 121 129 97 129 

Ilesolution Island-
Cape Warwick 

34.8 (1962-1972) Mean/moyenne 44.7 43.0 39.3 36.8 34.4 30.4 33.1 38.6 3S.9 4{).4 44.2 
S.O.lE.T. 28.2 25.7 26.1 24.1 19.3 21.1 18.3 19.1 20.8 21.4 21.7 25.4 

Extremel extreme 184 145 137 14{) 121 IJ5 116 129 121 137 129 190 

R.owley Island 
(1960-1910) Meanlmoyenne 15.4 16.1 13.8 13.8 15.6 15.0 16.3 16.3 18.8 19.0 17.2 13.4 

S.O.lE.T. 10.9 11.7 10.1 9.2 10.S 9.2 8.8 10.0 11.3 11.7 13.7 11.1 
Extremel el(tr@me 63 72 60 56 58 72 56 56 64 74 81 S6 

Sachs Harbour 
(1955-1972) Mean/m~yenne 18.8 17.7 18.3 20.3 20.4 19.8 19.8 21.1 22.7 23.7 20.0 19.1 

S.O.l .T. 10.9 9.8 11.9 12.4 10.5 9.8 9.7 10.8 10.1 12.1 11.1 10.1 
Extremel extreme 81 97 72 81 76 71 77 68 71 74 84 81 

Spence Bay 
(1953-1963) Meanlmoyenne 13.0 11.9 12.2 13.7 13.7 15.6 15.6 15.1 15.9 14.S 13.8 12.1 

S.O.lE.T. 11.4 10.8 10.5 10.6 10,6 10.0 10.0 IU 10.1 11.4 10.S 11.3 
Extremel extreme 68 64 '5 SO S8 61 " " 66 64 58 84 

Thule AFB 
(19S1-1970) Mean/moyenne 14.8 14.8 11.1 9.3 11.1 11.1 11.1 9.3 11.1 14.8 13.0 13.0 

S.O.lE.T. • • • • • • • • • • • • 
Extremel extreme • • • • • • • 
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Table 4.3 Wind speeds in the Arctic Archipelago (continued) [after Maxwell, 1980]. 

Jan. Feb. Mar. Apr. May June July AU~. Sep. Oct. Nov. Dec. 
Station: Janv. Fev. Mars Avril Mai Juin Juil. Ao t Sept. Oct. Nov. Dec. 

Cobura Island 
13.8 (J 972·\ 974) Mean/m~yenne 10 . .5 12.7 9.2 1$.0 18.3 1.5.9 13 . .5 15.6 11.4 11.9 14 . .5 

S.O.l .T. 11.9 16.7 1.5.0 11.4 14.6 16.9 14.0 1l.7 14.8 12.7 12.4 16.4 
Extreme/extreme 74 87 60 63 76 69 61 87 61 60 S2 71 

Coppermine 
16.6 15.6 14.2 14.0 13.4 (19.53·1972) Mean/moyenne 20.0 H.O 16.6 17.9 19.0 18.0 17.7 

S.O.lE.T. 12.9 10.6 11.9 10.3 10.3 7.9 8.8 9.8 1\.3 12.2 1 \,1 10 • .5 
Extreme/extreme 103 64 68 71 74 .5.5 61 81 77 71 61 64 

Coral Harbour A 
(19.53·1972) Mean/moyenne 20.1 20.8 18.2 19.8 21.4 20.1 11 . .5 20.3 21.7 22.2 23.2 21.2 

S.O.lE.T. 14.6 IS .3 12.1 13.0 13.2 11.9 11.6 11.9 13.7 13.2 H.l 14 . .5 
Extreme/extreme \09 135 87 93 87 74 87 97 14.5 90 100 109 

Dewar Lakes 
(1956-1972) Mean/moyenn. 1S.8 17.2 16.6 17.9 20.6 19.1 20.4 20.6 18.8 17.7 18.2 IS.1 

S.D.lE.T. 18.3 17.5 17.7 13.5 11.6 12.1 12.1 12.6 1S.9 18.2 l.5.3 13.5 
Extreme/extreme 129 145 97 lOS 97 81 97 10.5 100 113 113 129 

Eurtka 
(J 953·1972) Mean/moyenne 10.9 9.8 9.2 9.8 13.5 17.4 17.5 14.3 11.7 9.8 8.7 9.0 

S.O.lE.T. 12.1 10.6 10.3 9.S 9.8 9.B 9.7 9.0 9.3 10.0 9.' 9.7 
Extreme/extreme 113 B9 113 85 64 64 72 68 89 100 89 103 

Fort Ross 
(1947. 1948) Mean/moyenne 23.9 23.3 19.4 22.05 16.6 17.7 17.9 15.6 17.2 19.0 21.1 20.1 

S.O./E.T. • • • • • • • • • 
Extreme/extreme • • • • • • • • • • 

Frobi,her Bay A 
15.0 14.0 16.7 19.5 16.9 U.S 13.8 17.4 20.1 18.5 16.3 (19.53·1972) Mean/moyenne IS.4 

S.D.lE.T. 16.6 16.4 IS. I 14.8 13.7 12.1 11.3 11.6 13.4 13.8 14.3 15.8 
Extreme/ extreme 108 89 129 116 85 71 81 90 97 IS 97 lOS 

Gladman Point 
( 1905.5·1972) Mean/mtyenne 20.4 20.3 18.8 19.8 20.1 19.8 19.5 20.4 22.4 23.5 19.5 19.0 

5.0.1 .T. 11.7 9.3 11.4 11.6 10.3 10.3 8.5 I\.6 I\,4 10.3 12.6 8.B 
Extreme/ extreme 84 69 81 66 66 72 74 72 72 72 81 64 

Hall Beach A 
( 19.56-1972) Mean/mtyenne 22.0 23.2 20.4 20.3 20.B 19.0 17.2 19.0 24.8 26.1 23.S 20.8 

S.D.I .T. 11.7 12.1 10.' 10.S 11.4 10.5 9.0 10.8 12.7 13.4 13.0 10.6 
Extreme/ extreme 84 72 71 68 89 85 61 69 76 100 B5 68 

Holman 
(I9S3-1967) Mean/m~yennc 12.6 14.0 15.3 17.4 17.5 17.9 13.7 15.9 19.6 22.4 16.7 16.4 

S.O.l .T. 17.7 19.3 20.6 21.2 IB.3 16.7 12.9 14.5 15.9 19.0 19.3 19.1 
Extreme/extreme 89 87 100 97 81 97 61 72 97 109 97 105 

lsachsen 
(I9S3·1972) Mean/m~yenne 19.B 16.3 14.2 14.2 IB.7 20.6 18.7 18.3 IB.7 16.6 IS.4 15.9 

5.0.1 .T. 21.1 19.8 17.1 15.4 14.5 13.0 11.4 11.9 13.5 15.4 15.9 17.7 
Extreme/extreme 122 137 109 97 97 81 89 76 81 97 97 137 

Johnson Point 
(1973-1974) Mean/moyenne 19.5 18.0 14.5 20.4 19.' 16.7 15.4 14.8 15.3 19.0 \8.0 16.7 

S.O.lE.T. 14.0 12.6 11.3 13.4 11.4 10.3 9.3 9.7 9.7 11.1 11.7 11.7 
Extreme/extreme 77 64 '6 S6 52 48 48 56 53 64 61 64 

Longstaff Bluff 
(1955·1972) Mean/moyenne 19.0 19.0 16.6 16.1 16.4 14.0 13.2 14.0 17.2 19.8 19.3 17.2 

S.O.lE.T. 14.6 11.7 13.8 11.6 10.6 12.1 11.3 11.7 14.0 15.4 12.1 12.4 
Extreme/extreme 89 72 81 76 81 81 81 64 72 81 89 81 

Mackar Inlet 
(1955·1972) Mean/moyenne 12.2 10.' 9.8 12.2 12.4 11.6 10.3 11.4 15.0 1'.6 13.B 11.3 

S.D.lE.T. 14.0 13.2 12.4 14.0 12.1 10.9 10.3 11.4 11.3 13.8 13.5 11.7 
Extreme/extreme 89 105 72 97 113 56 66 81 93 74 89 89 
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Table 4.4 Wind speeds in the Arctic Archipelago (continued) [Maxwell, 1980]. 

Station: 
Jan. Feb. Mar. Apr. May June Jull AU~. Sep. Oct. Nov. Dec. 

lanv. Fev. Mars Avril Mal Juin lui . Ao t Sept. Oct. Nov. Dec. 

AJert (1953-1972) Mean/moyenne 10.5 9.8 7.9 8.5 9.8 12.1 14.5 11.9 11.3 11.9 10.3 10.1 
S.D. /a.T. 16.7 16.9 14.3 15.3 13.8 12.2 15.1 13.5 14.0 15.9 15.1 15.3 

Extreme/extreme 137 129 121 113 89 97 89 89 85 105 121 121 

Arctic Bay 
(1953-1964, 1911) Mean/m~yenne 6.1 6.0 4.0 6.4 9.5 11.9 11.] 10.8 9.5 9.8 5.6 ~.O 

S.D.I .T. 9.8 10.1 7.9 10.0 9.8 10.0 10.9 10.0 8.2 9.3 8.0 8.0 
Extreme/extreme 56 64 48 64 76 52 52 52 48 72 40 53 

Brevoort Island 
(1960-1972) Mean/m~yenne 21.9 20.9 20.0 19.5 17.2 14.0 14.5 14.8 17.1 20.9 21.1 20.9 

S.D.I .T. 22.8 22.7 22.7 16.6 16.9 14.6 15.8 1~.4 15.1 1.S.6 16.3 20.8 
Extreme/extreme 113 113 103 91 74 74 84 81 81 93 81 97 

Brouahton Island 
(1956-1972) Meanlm~yenne 11.1 9.7 7.9 B.B 9.2 8.0 7.1 7.7 10.0 9.' 8.' 9.0 

S.D.I .T. 14.2 11.6 10.1 9.7 11.6 10.0 8.2 8.0 11.9 12.1 12.6 12.6 
Extremel extreme 72 97 72 60 77 64 121 56 81 82 105 74 

Byron Bay 
23.3 (1955-1972) Mean/m~yenne 26.S 22.0 21.9 20.6 21.7 19.0 19.6 21.4 22.1 22.2 21.9 

S.D.I .T. 14.8 14.S 12.7 11.9 10.0 12.1 8.5 12.2 13.5 9.8 9.' 12.7 
Extremel extreme 113 81 74 72 63 74 64 66 II 19 72 97 

Cambridge Bay A 
(1953-1972) Mean/moyenne 21.1 19.' 18.8 19.' 20.1 20.6 20.3 21.1 22.' 23.0 20.1 18.3 

S.D.lE.T. 14.3 12.9 11.7 11.9 11.3 11.3 10.8 11.4 12.6 12.B 11.7 12.6 
Extreme/extreme 89 B9 B4 76 74 74 69 72 B4 85 82 72 

Cape Dyer A 
(1959-1972) Mean/m~yenne 18.0 1'-3 12.6 \l.0 14.2 12.6 10.9 11.4 1M 16.9 1'.0 16.3 

S.D.I .T. 19.3 16.1 14.3 13.8 13.0 12.1 10.1 10.) 1U IS.4 14.1 17.2 
Extreme/extreme 129 113 lOS 113 92 91 69 74 77 lOS 89 121 

Cape Herschel 
(1973-1974) Mean/moyenne 14.0 13.S 14.8 14.S 10.8 16.1 14.6 13.8 16.4 13.' 14.5 23.7 

S.D.lE.T. 12.1 10.5 11.6 12.7 9.B 13.8 12.7 12.4 9.' 11.1 12.7 16.3 
Extreme/extreme 4S 37 47 55 45 S6 52 SO 52 52 53 66 

Cape Hooper 
(1956-1912) Mean/mayenne IB.2 15.9 16.6 17.1 1M 14.8 13.0 13.2 19.1 21.9 19.' 17.4 

S.D.lE.T. 16.9 14.6 12.4 13.5 12.2 10.8 10.9 11.9 14.8 18.0 18.7 18.0 
Extreme/extreme 137 153 lOS 129 105 89 B9 97 113 11) 129 18' 

Cape Hopei Advance 
(1953-1971) Mean/mayenne 27.7 28.2 25.3 26.1 24.6 22.2 21.9 24.3 29.8 33.8 3).8 31.7 

S.D.lE.T. 18.0 17.4 15.6 16.1 15.8 14.3 14.0 14.8 18.5 19.8 20.1 19.6 
Extreme/extreme 121 109 105 97 105 lOS 97 97 113 121 113 116 

Cape Parry A 
(1956-1972) Mean/m~yenne 20.4 17.7 19.5 20.1 19.8 20.9 18.8 19.8 20.9 22.4 20.0 19.6 

S.D.I .T. 13.5 14.0 13.4 14.2 11.9 12.1 10.1 11.7 11.7 12.7 12.6 13.4 
Extreme! extreme lOS 89 92 89 72 68 5) 72 71 7. 81 74 

Carey Is1ancb 
(1913-1974) Mean/moyenne 20.1 20.8 19.6 13.5 16.7 19.) 1).2 12.6 15.8 • 14.6 16.4 

S.D.IE.T. 1).4 11.9 12.7 8.8 10.3 12.9 9.0 11.1 11.1 • 10.1 11.3 
Extreme/extreme 55 S6 SS 40 52 58 39 SO 47 • 55 SO 

Clinton Point 
(1958-1972) Mean/moyenne 21.2 16.9 18.5 16.6 16.1 IS.) 16.) 16.4 17.7 21.1 21.1 20.9 

S.D.lE.T. 20.8 18.2 18.' 16.1 13.4 11.9 12.7 12.7 13.0 IS. 1 16.7 19.1 
Extreme/ extreme 113 97 103 97 81 81 89 81 81 89 89 89 

Clyde (19S3-1972) Mcan/m~yennc 9.2 9.8 6.6 7.6 10.6 10.S 9.2 9.8 12.6 IS.) 11.6 8.2 
S.D.I .T. 12.1 14.S 10.0 10.6 10.6 9.B 8.S 9.) 11.4 11.9 13.0 12.1 

Extreme/ extreme 97 97 64 74 77 68 69 64 97 81 81 97 
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1 
Table 4.5 Percentage occurrence of visibility reduction due to blowing snow at various 

wind speeds [after Maxwell, 1982]. 

Wind speed range 4.5 - 8.6 m 8-1 8.6 -13.0 m S-1 13.1 m S-1 and over 

Stations Visibility (km) Visibility (km) Visibility (km) 

-<0.8 0.8-4.0 ~4.8 -<0.8 0.8-4.0 ~4.8 -<0.8 0.8-4.0 ~4.8 

Alert 10 55 35 19 49 32 45 33 22 

Cambridge Bay 6 53 41 19 57 24 58 32 10 

Coral Harbour 3 44 53 14 54 32 65 28 7 

Eureka 4 47 49 15 43 42 52 28 20 

Iqualuit 3 34 63 5 48 47 26 50 24 

Isachsen 8 65 27 29 59 12 69 26 5 

Mould Bay 6 45 49 18 50 32 39 49 12 

Nottingham Island 20 46 34 28 47 25 56 27 17 

Resolute A 2 44 54 9 51 40 39 43 18 

Sachs Harbour 9 50 41 21 50 29 52 35 13 
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Table 4.6 Percentage frequency of fog during the summer months at various locations in 

the Arctic Archipelago [after Maxwell, 1982]. 

July August September October 

Marine Area Percentage frequency of visibility of 10 km or less 

Robeson Channel 3.8 3.1 

Eureka Sound 6.0 4.6 

Kane Basin 9.2 7.5 3.8 

Norwegian Bay 19.4 * 
Penny Strait 15.3 12.6 

Jones Sound * 15.0 4.9 

Smith Sound 29.9 13.5 3.3 0 

M'Clure Strait 23.6 18.1 

Viscount Melville Sound - 31.6 14.1 9.9 

Barrow Strait 15.8 8.7 2.7 

Lancaster Sound * 14.1 3.2 2.6 

Queen Maud Gulf 14.1 10.2 

Prince of Wales Strait 1.8 8.4 

Amundsen Gulf 13.7 15.1 9.4 

Foxe Basin 23.4 13.3 

Central Baffin Bay * 34.5 8.8 4.2 

North Baffin Bay 32.7 22.3 5.3 2.1 

West Baffin Bay * 21.9 6.8 2.1 

where indicates unavailable data, and 

* indicates insufficient data. 
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Table 4.7 Percentage frequency of ice fog for various air temperatures [after 

Maxwell, 1982]. 

Air temperature range CC) 

-32 to -34 -35 to -37 -38 to-40 -41 to -43 -44 to -46 -46 

Station 

Iqualuit 4.5 9.2 17.6 37.7 49.4 0 

Hall Beach 11.2 12.8 14.6 18.6 17.1 14.6 

Isachsen 14.0 13.4 13.4 15.4 16.4 15.8 

Resolute A 11.2 15.6 19.3 29.5 37.9 34.3 

The amount of precipitation found in the Arctic Archipelago is primarily 

a function of locally supplied moisture. For this reason, the highest probability of 

precipitation occurs between the months of May and October when open water and 

broken ice conditions of the archipelago channels supply the air mass with enough 

moisture to allow considerable precipitation to take place. During the rest of the 

year, precipitation is locally related to moisture producing areas like polynyas and 

to storms which occasionally bring moisture from outside the archipelago. Figures 

4.27 to 4.42 provide monthly rain and snow precipitation amounts for specific 

reporting stations of the Arctic Archipelago [Maxwell, 1982]. Seasonal mean snow 

cover amounts for the period of 1955-1972 are found in Figures 4.43 to 4.46. 
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Figures 4.27 to 4.42 Monthly rain and snow precipitation measurements taken 

at 16 stations throughout the Arctic Archipelago. The solid line is the mean 

monthly rainfall and the dashed line is the mean monthly snowfall. The top row 

of numbers included at the bottom of each graph is the number of days per month 

with measurable precipitation while the second row is the maximum total 

precipitation (mm) measured in each month. 
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Flgure 4.27 Precipitation measured at Alert 
[after AMOP, 1978J 

Figure 4.28 Precipitation measured at Mould 
Bay [after AMOP, 1978] 
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Figure 4.29 Precipitation measured at 
Isachsen [after AMOP, 1978] 
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Figure 4.30 Precipitation measured at 
Eureka [after AMOP, 1978] 
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Figure 4.31 Precipitation mer:sured at Rea 
Point [after AMOP, 1978] 
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Figure 4.33 Precipitation measured at 
Resolute A [after AMOP, 1978] 
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Figure 4.32 Precipitation measured at 
Arctic Bay [after AMOP, 1978] 

Figure 4.34 Precipitation measured at Pond 
Inlet [after AMOP, 1978] 
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Figure 4.35 Precipitation measured at 
Aklavik [after AMOP, 1978] 
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Flgure 4.36 Precipitation measured at lnuvik 
[after AMOP, 1978] 

.AINF"'~ 
IllulIl 

80 

:r.NO\t(FALL RAINFALL 
111",1 1",,,,1 

SNOWFALL 

'M ... ' 100 

70 

60 

50 

40 

30 

20 

10 

Figure 4.37 Precipitation measured at 
Tuktoyaktuk [after AMOP, 1978] 
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Figure 4.38 Precipitation measured at Sachs 
Harbour [after AMOP, 1978] 
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Figure 4.39 Precipitation measured at 
Nicholson Peninsula [after AMOP, 1978] 

Figure 4.40 Precipitation measured at 
Johnson Point [after AMOP, 1978] 
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Figure 4.41 Precipitation measured at 
Holman [after AMOP, 1978] 
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Figure 4.42 Precipitation measured at Cape 
Parry [after AMOP, 1978] 
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Figure 4.44 Late April mean snow depth [after Maxwell. 1980]. 
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Figure 4.45 Late June mean snow depth [after Maxwell, 1980]. 
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Figure 4.46 Late September mean snow depth [after Maxwell, 1980]. 



The probability of encountering icing conditions in the Arctic Archipelago 

depends on the amount of supercooled moisture present in the air and on aircraft 

skin temperature of less than O°c. Probabilities of icing are greatest near weather 

systems. The probability of encountering icing conditions in winter are low (less 

than 6% at the surface and decreasing with altitude). In mid-summer, icing is only 

found at the higher altitudes of 5000 to 10000 m where probabilities can reach 

5%. Icing probabilities of more than 10% are reached over most of the 

archipelago at low to mid altitudes in the fall. 

The normal path of storms in the Arctic Archipelago is related to the 

general counter-clockwise circulation of the Continental Arctic air mass around the 

nearly permanent low pressure vortex found in the central archipelago. In winter, 

the combination of the Alaskan high and Baffin Bay low pressure systems yields 

a strong northerly wind component over the entire central archipelago. This 

results in a deflection of most primary weather systems south of the Arctic Circle 

until they reach Hudson Strait where most weather systems veer north through 

Davis Strait and dissipate in Baffin Bay (Figure 4.47). The weather systems which 

directly affect the archipelago during winter are secondary (weaker) systems which 

follow a predominantly eastward trajectory just south of Parry Channel. During 

spring and summer, the weakening of the governing high and low pressure systems 

along with the retreat of the Continental Arctic air mass allows weaker storm 

systems to influence various parts of the Arctic Archipelago as shown in Figure 

4.48 [Maxwell, 1980]. During fall the strengthening of the west-east pressure 

gradient coupled with the available moisture and the advance of the Continental 

Arctic air mass results in storms which contain a greater amount of precipitation. 

These storms generally track northeastward from the central Northwest Territories 

until they reach Baffin Bay where they dissipate. 

181 



....... 
00 
N 

; ~olm.n 

" ~- -,~ 

\ 

\). 

C~pli •. i<:-' 
Young 

A R 

., 
\ I ,. 

________ ~o; 

Coppermml 

F\2,ure 4.47 

Legend/Legende 

-- Border of corridors of primary lows 
Limite des couloirs des depressions principales 

til ...--~.....-.."....,~ .....-,.- - . ..-
Annual cycle of pritnary surface lovvs in the Arctic Archipelago fMrunvell. 19801_ 
-,.- - - ---- -.------- "'""'--- --~------ _/~.- -. __ ._-.'----'.---- .. ---" 



..... 
00 
UJ 

Figure 4.48 

Legend/Legende 

Border of corridors of secondary lows ~ 

~ Limite des couloirs des depressions secondaires 

'\ '" \ '~--I 

lj'l /" 
/J' 

-,,' 
~ " 0' , 

A 

Annual cycle of secondary surface lows in the Arctic Archipelago [Maxwell, 1980]. 

S/' -? 
'1 

;-

<b 

" .~ .. 
,; ,< 



4.1.5 GIS Data 

The meteorological data depicted in this publication are inserted ir.to the 

GIS as picture files which are associated with the meteorological station of origin. 

In the fullness of time, it is expected that contoured maps of temperature, 

precipitation, visibility and icing conditions will be entered in a vector format. 
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Chapter 5 

Ambient Noise Sources 

The wide variety of sound producers in the maritime environment of the 

Arctic Archipelago combines to create ambient noise conditions which affect ASW 

operations. Ambient noise can be described as the unwanted underwater sound 

which masks the specific signal the acoustician is trying to detect. ASW 

personnel who operate in the archipelago must be aware of the different sources 

of noise. Sound sources of the Arctic Archipelago vary but can be classified into 

three categories; commercial, environmental and biological. 

5.1 Commercial Sources 

Commercial activity in the form of shipping, fishing and petroleum 

exploration is a major source of ambient noise in the Arctic Archipelago. Noise 

is generated by propulsion and mechanical systems of ships and oil rig platforms. 

In the case of an icebreaker, a small portion of the noise emanates from the 

breaking of the ice at the bow of the ship. The amplitude of commercial noise 

generation is highly dependent on the type of activity as well as the seasonal 

conditions in which this activity is undertaken. The portion of the frequency 

spectrum which is affected generally occurs below 1 kHz [Urick, 1983]. 
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5.1.1 Impact on ASW 

Ambient noise generated by commercial activity can affect submarine 

acoustic detection in several ways. Firstly, the low frequency noise commonly 

generated by propulsion, trawl gear, and drill rig machinery decreases the signal 

excess of submarine produced tonals, which results in a net reduction in submarine 

detection ranges. Secondly, the sound generated by a surface ship can sometimes 

mask a submarine contact, making its recognition more difficult. Lastly, some 

signals may be interpreted as submarine sound which can lead to incorrect contact 

identification. 

5.1.2 Data Set 

The data presented in this section are provided by the following 

manuscripts: 

The Challenge of Arctic Shipping [Dryden, 1990]; 

Strategic Antisubmarine Warfare and Naval Strategy [Stefanick, 

1987]; 

Biological Overview of the Northwest Passage, Baffin Bay and 

Davis Strait [LGL Limited, 1982]; 

The Effects of Vessel Traffic in the Arctic on Marine Mammals and 

Recommendations for Future Research [Mansfield, 1983]; 
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5.1.3 

Principles of Underwater Sound [Urick, 1983]; 

Canadian Coast Guard Arctic Operations Annual Report - 1992 

[Smith, 1992]; 

Environmental Assessment of Canadian Coast Guard's Arctic 

Icebreaking Operations [GCG, 1992]; 

1993 Canadian Coast Guard Arctic Operation Order [CCG, 1993]; 

Environmental Guide for ASW in Eastern Canadian Shallow 

Waters, Part III - Classified Data [Normand, 1991c]; 

Icebreaker Noise and its Potential Interference on Marine Mammal 

Communications [Farmer, 1992]; and 

Exploration Methods in the Canadian Arctic [Hnatiuk, 1983]. 

Data Assessment 

Canada's northern frontier has suffered from a lack of systematic ambient 

noise studies. The environmental studies which occurred during the extensive 

exploration for resources in the 1970s started to address this problem, but the 

paucity of data remains a weakness. 

Shipping noise in the archipelago received considerable attention during the 

Arctic Pilot Project. If completed, this project would have opened the door to 

winter oil and natural gas transport in the Arctic Archipelago on board large 

icebreaking tankers. However, the project was killed in the eleventh hour for 
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environmental, economic and political reasons [Dryden, 1990]. As a result, 

shipping density is still relatively low and concentrated in the summer period. 

Therefore, the ambient noise measurements taken in the vicinity of large ships and 

icebreakers reflect a localized measurement. Commercial ambient noise data listed 

in this work are representative of conditions which presently exist in the Arctic 

Archipelago, however consideration must be given to future shipping projects 

which may alter present conditions. 

The only major area of commercial fishing in the Arctic Archipelago is 

found in Baffin Bay and Davis Strait and has not been studied in terms of ambient 

noise. Most of the fishing done in the central archipelago is either subsistence or 

sport fishing using very small boats during the summer season. These boats are 

not deemed to be a significant ambient noise factor except in their immediate area. 

The contribution to ambient noise by floating oil rigs which operate in the 

Beaufort Sea is deemed to be similar in spectrum and loudness to those which 

operate off the coast of Newfoundland. These data are therefore extracted from 

Normand [1991c] and are included in this document for the sake of completeness. 

5.1.4 Data Description 

In 1992, 54 commercial ships entered and exited the Arctic Archipelago 

during the shipping season which lasted from July until the end of October. The 

majority of these ships were bulk carriers and tankers used to carry grain, ore and 

oil from northern Hudson Bay, the central archipelago and the Beaufort Sea 

[Smith, 1992]. In summer 1993, the Canadian Coast Guard (CCG) sent eight 

icebreakers to the Arctic Archipelago. The primary mission of the Canadian Coast 

Guard is to support commercial and governmental shipping in the arctic zone. 

Coast Guard vessels are also used to replenish small sites which cannot be 
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accessed by non ice capable ships and to participate in search and rescue (SAR) 

operations [CCG, 1993]. 

Surface vessels produce sounds which can be characterised as support 

system, propulsion machinery, and propeller noise. Support system noise is usually 

a combination of narrow frequency tones associated with little broadband energy 

in the 50 to 500 Hz spectrum. Support system noise is seldom predominant in 

commercial surface ships. Propulsion machinery noise is usually caused by a 

rotational imbalance of machinery parts which results in a loud noise propagated 

by the ship hull at the initial output shaft rate and successive harmonics. This 

noise is predominant at slow ship speeds. At cruising speeds and high power 

applications, the loudest surface ship noise source is the propeller cavitation. 

Cavitation noise is caused by the collapsing of a bubble field which forms in the 

low pressure area of each rotating propeller blade. This type of noise is 

predominant at the blade fundamental and harmonics and generally occurs below 

200 Hz. 

Open water shipping ambient noise levels expected in the Arctic 

Archipelago during summer are found in Table 5.1. In most of Parry Channel, 

Baffin Bay and adjoining areas, shipping density results in a mean ambient noise 

which corresponds to remote shipping activity. Traffic found in Northern Hudson 

Bay, Amundsen Gulf and Beaufort Sea in July and August results in a mean 

ambient noise which corresponds to light shipping activity. Acousticians must be 

cautioned that such low ambient noise levels can be influenced by a single ship 

sailing nearby. 

Upon leaving harbour, commercial ships generally set course and speed to 

reach their destination in the most economical manner. In open water, this usually 

corresponds to a speed of about 6 - 8.5 m S-l (12 - 17 kts). The source levels 

of small to medium freighters and Canadian icebreakers which operate at this speed 
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Table 5.1 Summer ambient noise (AN) levels due to shipping [after 

Stefanick,1987]. (AN levels in dB re 1,uPa2/Hz) 

Shipping Activity Frequency Band (Hz) 

10-40 40-100 100-200 200-300 

remote 67 70 62 55 
light 73 75 67 60 
moderate 83 85 73 66 
heavy 90 94 80 74 

is about 160 - 170 dB re l,uPa2/Hz measured in the 50 - 60 Hz band [GCG, 1992]. 

In the arctic environment, cylindrical spreading loss can be used to approximate 

the sound intensity of ships at short distances (=10 km) for frequencies less than 

200 Hz [Mansneld, 1983]. Thus the contribution to ambient noise by a single ship 

in deep water (Le. Baffin Bay) is estimated to decrease in accordance with Table 

5.2. In the shallow waters of Parry Channel, the interaction of sound with the 

surface and bottom contributes to reduce the intensity of a ship's noise. 

Table 5.2 Short range sound intensity loss due to cylindrical spreading. 

Loss = 10 log r (dB) r in m 

Range in m Loss in dB re 1,uPa2/Hz 

1 0 
10 10 
100 20 
1000 30 
10000 40 
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In the central archipelago, commercial ships are regularly escorted by 

icebreakers when access to their destination is restricted by ice. Icebreakers are 

required to use much higher levels of thrust while pushing or breaking ice. This 

mode of operation produces an increase in noise on the order of about 10-15 dB. 

In the past, it was thought that the increase in noise was mainly caused by the 

breaking ice however, recent test results published by the Government Consulting 

Group [GCG, 1992] reveal that the noise comes from the increase in blade 

cavitation due to the higher power output of the ship. Source levels for 

icebreaking ships are in the 170 - 180 dB range. This condition is exemplified by 

CCGS Robert Lemeur which has a source level of 162 dB while underway in open 

water and 172 dB while breaking ice. The contribution to shipping ambient noise 

by an icebreaker as a function of range is demonstrated in Figure 5.1. The sloped 

dashed line represents cylindrical spreading loss. The effect of surface scattering 

on the ship's noise can be seen in the increase in transmission loss slope as the 

range increases. 

Figure 5.1 Contribution to 

shipping noise as a function of 

range by CCGS Robert Lemeur 

in open water and ice breaking 

modes of operation [after GCG, 

1992]. 
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A second noise source of importance on board CCG icebreakers is the 

bubbler system which injects air into the water alongside the hull to lubricate the 

ship as it is opening a passage into the ice. When operating, this system is 

characterized by a continuous narrow band tone at 300 Hz (caused by a lubrication 

motor) and a continuous broadband signal which extends up to 3 kHz. Source 

levels for this piece of equipment are estimated to be 172.5 dB re 1,uPa at 300 Hz 

[Farmer, 1992]. 

The majority of commercial fishing 

carried out in the Arctic Archipelago occurs 

in Baffin Bay. Baffin Bay is sectioned into 

several fishing areas, half of which belong 

to Greenland for exploitation by west 

Greenland fishing communities as shown in 

Figure 5.2. The type of fishing done in 

other areas of the archipelago is mainly 

subsistence and sport fishing. 

The fishing season begins in Davis 

Strait in early spring and progresses 

northward along the coast as the ice clears. 

By late May, most areas south of Disko 

Island are ice free and permit fishing in 

most of eastern Davis Strait. 

Figure S.2 Commercial fishing areas 

found in Baffin Bay and Davis Strait [LGL 

Limited, 1982]. 
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Northern Baffin Bay fishing occurs from July until October. As ambient 

noise level studies have not been carried out for Baffin Bay and Davis Strait during 

the fishing season, it is suggested that ASW units operating in these areas update 

their ambient noise figures prior to full sensor deployment. Based on the number 

of fishing communities and the size of the seasonal catch, it is estimated that 

ambient noise in the lower frequency spectrum corresponds to the light to moderate 

levels of shipping activity listed in Table 5.1. 

The search for oil and gas is ongoing in many parts of the Arctic 

Archipelago. Although petroliferous geological provinces have been identified 

throughout the archipelago, the high cost of operating in the arctic has limited 

active exploitation to the Beaufort SeaIMackenzie Delta area. In the proper 

economic climate, it is anticipated that other areas of the arctic will also be 

exploited. 

The most versatile exploration drilling platform for the arctic maritime 

environment is the floating oil rig. These rigs are ice reinforced drillships which 

are otherwise similar in design to those used in other parts of the world. The 

drilling season in the eastern Beaufort Sea generally lasts from June until late 

October if multi-year ice does not threaten the site. At the end of the season, the 

drillship secures the drill site with blowout preventers and moves to a wintering 

harbour [Hnatiuk, 1983]. 

Future production drilling will likely use man-made island structures. The 

sound produced by these drill rigs propagates predominantly through the geological 

strata. More research will be required to identify the unique acoustic 

characteristics of such platforms [informal conversation with Dr. Waddell, 1993]. 
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Source levels for floating drill rigs have been measured during drilling 

operations off Canada's east coast and are reproduced in this manuscript's 

classified portion for the sake of completeness [Normand, 1991c]. 

5.1.5 GIS Data 

The ambient noise data presented in the GIS include major shipping lanes 

and icebreaking areas of the Arctic Archipelago. The data are presented in map 

format using colour delineation to describe the areas of increased ambient noise 

due to commercial activity. 
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5.2 Environmental Noise 

The seasonal change of state of the Arctic Archipelago surface water results 

in vastly different ambient noise characteristics. In summer, the open waters and 

broken ice areas of the archipelago are influenced by climatological parameters in 

a manner similar to other Canadian shallow waters. The contribution of wind and 

rain to the archipelago summer environment was discussed in Chapter 4. This 

section will discuss the effects of the winter ice cover on the production of ambient 

noise. 

5.2.1 Impact on ASW 

The most enduring feature of the Arctic Archipelago is the wide ranging ice 

cover which exists from October until June. Ice is the most influential ambient 

noise parameter which affects ASW operations in the arctic. The reduction of 

ambient noise in the lower spectrum under the ice cover generally permits acoustic 

sensors to better detect submarine signals. On the other hand, the nearly constant 

ice cover greatly increases the level of difficulty in the placement of air dropped 

non ice-capable acoustic sensors. In winter, ASW aircraft may be restricted to 

operations in the vicinity of polynyas and areas of sizeable ice leads. The ice also 

prohibits or significantly restricts the use of valuable ASW platforms like frigates 

and conventional submarines. 
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5.2.2 Data Set 
The data presented in this section were provided by the following 

manuscripts: 

5.2.3 

An Acoustical Study of the Properties and Behaviour of Sea Ice 

[Xie, 1991]; 

Automatic Extraction of Spring Time Arctic Ambient Noise 

Transients [Zakarauskas et aI., 1991]; 

Ice Breakup: Observations of the Acoustic Signal [Waddell and 

Farmer, 1988]; 

Arctic Ambient Noise In the Beaufort Sea: Seasonal Space and 

Time Scales [Lewis and Denner, 1987]; and 

High Frequency Ambient Sound In the Arctic [Farmer and Waddell, 

1988]. 

Data Assessment 

Ambient noise data have been recorded in the Arctic Ocean and 

Archipelago since the 1950s. Besides attaining a better understanding of the arctic 

environment, ambient noise studies can also be used in conjunction with 

climatological data such as wind, precipitation and solar radiation to gain important 

information on the breakup of the ice cover. With proper information, the ice 

breakup can better be predicted so that personnel who operate in the archipelago 

can take full advantage of the summer shipping season. 
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Ambient noise data are measured and analyzed using hydrophones which 

are either hung from the ice surface or moored from the bottom. Equipment used 

to measured winter ice ambient noise data must be of high calibre and finely tuned 

to provide a wide frequency range and a very low system noise. During quiet 

recording periods, scientists even refrain from walking on the ice to ensure that 

they do not contaminate their ambient noise data. The ambient noise data presented 

in this text are in dB re 1,uPa. Unless specified, it is estimated that recording and 

analysis system self noise is well below the ambient noise level. 

5.2.4 Data Description 

The Arctic Archipelago is characterized by very low winter ambient noise. 

The restriction to commercial traffic imposed by the ice cover virtually eliminates 

surface vessels from the area which results in a much lower level of noise in the 

40 - 300 Hz band. Although still considerable, the influence of wind and 

precipitation on the largely fast ice of the central archipelago is reduced when 

compared with its effect on moving ice and open water conditions. This results 

in a reduction of mean ambient noise in the 300 - 1000 Hz spectrum. 

Four noise spectra have been identified under the arctic ice. These spectra 

are listed in Xie [1991]. The first two are associated with hydrophone and system 

noise and the last two are associated with ice: 

Infrasonic ambient noise in the 10-2 to 10-1 Hz range, caused by the 

fluctuation of current velocities near the hydrophone; 
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Very low frequency ambient noise in the 1 to 10 Hz range, caused 

by cable oscillation (strumming) due to interaction with local 

currents. Note that not all hydrophone systems are subject to this 

noise; 

Ice ambient noise in the 1 to 1000 Hz range peaking at 20 Hz, 

caused by blowing snow and activity in the ice sheet such as 

cracking and ridging due to lateral and wind stress; and 

Mid to high frequency ice ambient noise in the 150 to 5000 Hz 

range due to thermal stress cracking. 

Ice ambient noise is produced as a result of stress relief in the form of ice 

cracking or breaking. Ridging and lead formation events are the loudest form of 

ice noise but are of short duration [Zakarauskas et aI., 1991]. Ice floe collision 

does not become predominant until the spring breakup except in the vicinity of 

permanent winter polynyas where broken ice exists for most of the year. Ambient 

nr: caused by floe collision is closely correlated with wind speed. 

There are three major climatological factors which conspire to increase the 

le',el of stress in the ice canopy. They are wind friction, thermal tension and lateral 

forces caused by surrounding ice. 

Wind induced stress is caused by the moving air mass friction which acts 

on the semi-static ice surface. When subjected to this situation, the ice sheet 

suffers considerable stress in the form of stretching and compaction which is 

relieved through cracking and ridging. Even in fast ice conditions, the friction 

force produced by moving air can be large and cause the opening of a lead and/or 

a ridging event. 
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Thermal stress is caused by the low thermal conductivity of ice which is 

subjected to solar radiation on its upper side and cooling from the cold water 

below. The thermal imbalance results in compressional (during heating) and 

tensile (during cooling) stress which is relieved by cracking. Thermal cracking 

follows a pattern which matches the solar cycle, with most of the cracking 

occurring at night during the cooling phase of the cycle. Xie [1991] also found that 

thermal cracking occurs predominantly in old rather than new ice. There are a few 

reasons for this phenomena. Old ice is harder and much less elastic than new ice. 

Also, the rugged surface of old ice is less likely to be insulated by snow which 

makes it more susceptible to long wave radiative heat transfer. 

The internal Arctic Archipelago is mainly covered by land fast ice for most 

of the winter. During periods of high winds or at the start of the initial breakup, 

large ice sheets may break away from their original formation areas. Once an ice 

sheet has begun to move, lateral forces applied by surrounding ice may crack or 

break it. The ice to ice interaction produces large quantities of sudden and short 

term broadband noises. This considerably increases the mean ambient noise of the 

area. The loudest of these interactions is a ridging event which usually lasts a few 

hours. 

The following under ice ambient noise data were collected in diverse areas 

of the Arctic Ocean and represent typical levels which may be encountered in 

ASW operations during the winter months. Three ambient noise sample averages 

are presented in Figure 5.3. These samples depict loud, thermally active and quiet 

noise events. The loud ambient noise curve was taken during a period of lead 

formation believed to have been triggered by strong winds. Zakarauskas et al. 

[1991] describe the noise of this event as a conti nuous rumbling sound resembling 

"distant thunder". Noise amplitudes reached a maximum of 82 dB in the 20 - 40 

Hz range prior to returning to "quiet" levels. 
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Figure 5.3 

10 100 

FREQUENCY (Hz) 

Ambient noise samples taken under arctic pack ice in the Lincoln 

Sea in April 1987 [Zakarauskas et at., 1991]. 

A thermally active event is composed of a large number of small cracks 

which overlap in time to form continuous noise. This noise is represented by the 

thermal curve which graphically shows how thermal stress cracking affects the 

frequency spectrum of 400 -1100 Hz. 

The quiet period reveals an extremely low ambient noise level for 

frequencies greater than 50 Hz. The quiet condition is estimated to be predominant 

under land fast ice during low wind speed conditions. Noise levels during a quiet 

event are generally about 15 - 20 dB quieter than shipping noise levels that 

correspond to remote activity. 

Figures 5.4 and 5.5 present 30 day samples of summer and winter ambient 

noise conditions which were measured under the pack ice of the Beaufort Sea. As 

pack ice is in constant motion, ambient noise levels are probably higher than in the 

internal archipelago where fast ice prevails for most of the winter. Although 

weather data did not accompany the ambient noise measurements, the variability 

of the 25 - 45 day period shows a high degree of wind induced ice interaction. The 
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Figure 5.4 Winter ambient noise sample taken under arctic pack ice in the 
Beaufort Sea in 1976 [after Lewis and Denner, 1987]. 
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Summer ambient noise sample taken under arctic pack ice in the 

Beaufort Sea in 1975 [after Lewis and Denner, 1987]. 
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summer noise sample displays a much lower variability although the mean 

amplitude is not significantly lower than the 45 - 60 day period. This indicates a 

lower summer wind variability over the area of interest. The extremely high 

variability of the 10Hz ambient noise sample taken during the summer stems from 

hydrophone cable strum [Lewis and Denner, 1987]. 

The ambient noise and concurrent climatological measurements shown in 

Figure 5.6 provide a wealth of information on the mechanisms which combine to 

produce thermal cracking noise. Using these data, Farmer and Waddell [1988] 

show that long wave radiation is a greater factor in thermal cracking than ambient 

air temperature. They also show that cloud cover is a significant parameter in the 

cooling rate of the ice due to the reduction of long wave radiation loss which 

occurs during cloudy periods. It is important to note that the maximal thermal 

ambient noise occurs during the cooling phase of the diurnal cycle (after the sun 

has set) while minimum levels are reached during the insolation period. 

Figure 5.7 shows an ambient noise sample taken in the Amundsen Gulf, 

leading up to and during the initial ice breakup. The data show the relative 

amplitudes of (i) a distant noisy event caused by wind, (ii) higher amplitudes of 

a distant breakup and (iii) extreme fluctuations in ambient noise caused by the 

local ice breakup. ( Note: the ice breakup over the hydrophone occurs between July 

15 and July 18.) 
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5.3 Biological Sources 

The Arctic Archipelago is home to a large number of marine species. 

Although fish, crustaceans and invertebrates are emitters of sounds, most of the 

arctic biological noise contribution is provided by marine mammals. Marine 

mammals emit a wide variety of sounds ranging from simple clicks, grunts and 

impulses to longer tonals and complex signals. This section will present the more 

common and vociferous of these animals along with notable characteristics of their 

vocalization. 

5.3.1 Impact on ASW 

Cummings et al. (1989] estimate that the 31 species of "Arctic" marine 

mammals affect underwater ambient noise in a wide frequency range from less 

than 20 Hz to in excess of 150 kHz with source levels which can reach up to 190 

dB re l,uPa. Near the marginal ice zone (MIZ), the combined "voices" of various 

species can sometimes exceed all other noise mechanisms in the area. It is 

therefore important for acousticians to be aware of the more vocal of these 

creatures. 

5.3.2 Data Set 

The data set for this section is provided by "Acoustic Transients of the 

Marginal Sea Ice Zone: A provisional Catalog" [Cummings et aI., 1989]. This 

report gives a good summary of major animal and physical acoustic transients 

which may be encountered in the Arctic Archipelago. The report has been 

approved for public release with unlimited distribution. It is therefore suggested 
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that it be acquired by ASW training and operational units who will be working in 

the vicinity of the MIZ. 

5.3.3 Data Assessment 

The wildlife data used by Cummings et a1. [1989] were measured in 

various locations including ice camps, remote sensors, submarines and aquariums 

over the period of 1950 to 1987. Although efforts were made to acquire the data 

in-situ, the area of acquisition was not restricted to the Arctic due to the migratory 

nature of the species. Receiving instruments consisted for the most part of 

broadband hydrophones which were lowered to a maximum depth of 200 m. As 

most of data were acquired by non calibrated operational platforms, transient 

analysis and source levels are not always complete. 

5.3.4 Data Description 

The following is a summary of the acoustically pertinent data found by 

Cummings et a1.[1989]. Only mammals which migrate within the area of interest 

have been included in this summary. Asterisks indicate that no data are available. 

Walrus The walrus is found near land masses. It spends winter near the 

MIZ and migrates into the Arctic Archipelago during summers. Recorded 

transients include rasp pulses, bell claps, clicks and roars. 

Sound 

bell 

rasps 

Repetition Duration 

2 - 10/event 1 - 1.5 s 

4 - 10/event * 

Frequency Amplitude 

400 - 1200 Hz * 

400 - 600 Hz * 

207 



Note: Bell sound is uncanny in its resemblance to a bell tolling. Walruses 

migrate in very large herds. 

Steller Sea Lion The sea lion is found only in the North Pacific but ventures 

as far north as the eastern Beaufort Sea during summer. This is a very loud 

species which can transmit roaring sounds underwater while keeping its head above 

the surface. Unfortunately, no recordings are available at this time. 

Harbour Seal The harbour seal is found in most northern climates of the 

world and in large numbers throughout the southern Arctic Archipelago. Sounds 

are produced on a sporadic basis to include click trains, grunts and growls. No 

recordings are available. 

Spotted Seal The spotted seal bears a strong resemblance to the harbour 

seal. Unlike the harbour seal however, this species is usually confined to the 

Pacific Ocean although migration routes take it to northern Alaska during the 

summer season. Sounds are limited to clicks centered at about 12 kHz. 

Ringed Seal The ringed seal is circumpolar in range and numbers in the 

millions. The most common of all marine mammals, it can be found throughout 

the archipelago and Arctic Ocean. Sounds are as follows: 

Sound 

scratching 

bark 

Repetition 

* 

* 

Duration 

.04 - .50 s 

.08 - 1.5 s 

Frequency 

1 - 6 kHz 

0.5 - 9 kHz 

Amplitude 

98 - 102 dB 

91 - 131 dB 

Note: Barking sound is always followed by 106 Hz pulse train. Vocalization is 

usually heard near active ice movement. 
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Harp Seal The eastern region of the Arctic Archipelago is the summer 

habitat of the harp seal. This is a fairly quiet species which produces the majority 

of its noise during the breeding and whelping season. Up to 15 different sounds 

have been identified with the harp seal although click trains are tht; most 

predominant. Click trains can occur at a rate of up to 130 clicks per second and 

have a fundamental frequency of 2 kHz. 

Ribbon Seal The ribbon seal is generally found off the northeastern coast of 

Russia but can venture as far east as Point Barrow, Alaska. This type of seal is 

seldom found near shore, preferring the heavy ice of the MIZ. Sounds are 

classified as downward sweeps which begin at the upper frequency and decrease 

in tone through the duration of the vocalization. The downsweeps occur in three 

specific ranges: 

Sound Repetition Duration Frequency Amplitude 

short * sl s 2000 to 300 Hz 160 - 165 dB 

medium * 1.3 -1.8 s 5300 to 100 Hz 160 - 165 dB 

long * 4 - 4.7 s 7.1 to 2.0 kHz 160 - 165 dB 

Note: Down sweep fundamental tone can be seen with up to six harmonics. 

Bearded Seal This species IS the second most common seal in the 

circumpolar arctic. The bearded seal is a MIZ dweller and does not venture under 

heavy ice unless large leads are nearby. It is characterized by a very loud and 

variable vocalization with most of the power concentrated in the low frequencies. 

Sound 

trills 

clicks 

whistles 

Repetition Duration Frequency Amplitude 

7 / min over 1 min 4500 to 200 Hz 160 - 180 dB 

* * 25 kHz * 
* 50 - 180 ms 1.3 - 2.5 kHz * 
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Hooded Seal This species is usually found from Newfoundland to Baffin 

Bay among heavy ice floes. The hooded seal lives normally near the MIZ over 

deep water, and is characterized by a large number of sounds: 

Sound Repetition Duration Frequency Amplitude 

click trains 20 Is very short 4 - 6 kHz * 
pulses * 0.5 - 5 s 0.1 to 16 kHz * 
grunt * 0.5 - 5 s 0.2 to 0.4 kHz * 
snort * 0.5 - 5 s 0.1 to 1.0 kHz * 
call * 1 - 5 s 500 Hz * 

Gray Whale The gray whale summer habitat ranges from the Beaufort to 

the Chukchi Sea. In \vinter, these whales travel south along the coasts of the 

Pacific Ocean. In their summer range, gray whales stay close to the MIZ. This 

species has a range of low frequency songs as follows: 

Sound 

moans 

knock 

exhalation 

Minke Whale 

Repetition Duration 

* 
25 in train 

2 - 10Ievent 

2 s 

* 
1.75 s 

Frequency Amplitude 

20 - 200 Hz 152 dB 

~ 500 Hz 142 dB 

15 - 175 Hz * 

The minke whale is a summer resident of Baffin Bay and the 

Beaufort Sea. These whales usually vocalize using clicks, grunts and downsweeps: 

Sound Repetition Duration Frequency Amplitude 

downsweep * 0.2 - 0.3 130 to 60 Hz 165 dB 

grunts 8 - 97 s 0.16 - 0.32 s 80 - 140 Hz 175 dB 

"A" train 0.050 - 0.070 s 1 min 100 - 200 Hz * 
ratchet * * 850 Hz 151 dB 
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Note: Sonar grams show short term broadband interference to 1 kHz. 

Finback and Blue Whale The blue whale is the largest living animal on 

earth and migrates along the coasts of Asia, North and South America. The 

finback whale is the second largest whale species. Both are annual migrators 

which follow the edge of the MIZ northward to the Arctic Ocean during summer. 

These whales vocalize using frequent moans and trains of 20 Hz: 

Sound 

moans 

pulses 

Repetition 

* 

* 

Duration 

Hours 

* 

Frequency 

20 - 100 Hz 

20 Hz doublet 

Amplitude 

159 - 183 dB 

181 dB 

Note: In a pod, the 20 Hz doublet appears continuous which greatly influences 

the ambient noise at that frequency. This acoustic signature has been seen in all 

coastal waters of North America. 

Bowhead Whale The bowhead whale can be found in most approaches of the 

Arctic Ocean and is seen in Baffin Bay and Beaufort Sea during the summer 

period. This species migrates along with the MIZ and stays near the ice edge 

during winter. Bowhead whale songs are as follows: 

Sound 

moans 

songs 

gargle 

Repetition 

Irregular 

(note) 

* 

Duration Frequency 

up to 3 s 25 - 900 Hz 

up to 146 s 0.2 - 5 kHZ 

1.5 s 400 Hz 

Amplitude 

129 - 178 dB 

158 - 189 dB 

152 - 169 dB 

Note: In a song of 146 seconds, the same verse may be repeated up to 20 times. 

Killer Whale The killer whale is a summer inhabitant of the Beaufort Sea 

and is often found near the broken ice field. Killer whales hunt in pods and emit 
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almost continuously as a group. 

Sound Repetition Duration Frequency Amplitude 

clicks up to 350/s 0.8 - 0.25 ms 10 - 30 kHz 180 dB 

screams * 0.1 to 5 s 0.5 to 28 kHz 178 dB 

whistle seldom 10 s 0.5 to 18 kHz * 

Note: Continuous vocalization is a trademark of the killer whale. 

Beluga Whale The beluga whale is found in most arctic seas and is 

comfortable in heavy ice. It is known to migrate in huge pods of up to thousands 

of individuals. Sounds vary from clicks to chorusing. 

Sound Repetition Duration 

whistle (FM) * 0.5 - 2 s 

whistle (AM) 4 -5/event 50 - 150 ms 

click train 15 - 210/s 30 s 

Frequency 

1 - 10 kHz 

2-5kHz 

12 - 13 kHz 

Amplitude 

* 

* 
(note) 

Note: Although a single beluga click train has a source level of 145 to 155 dB, 

large pods are estimated to produce 160 - 175 dB as a group. 

Narwhal The narwhal is among the most northerly species of whale. 

Circumpolar in range, the narwhal is found in the heavier ice of the MIZ. The 

narwhal emits the following sounds: 

Sound 

clicks 

squeals 

Repetition 

500/s 

* 

Duration Frequency Amplitude 

* 1.5 to 24 kHz * 
6s 0.3 to 18 kHz * 

Note: Squeals are usually single tonals which occur within the 0.3 to 18 kHz. 
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Chapter 6 

Acoustics 

6.1 Ice-Water Interface Acoustics 

The near half-channel propagation mode found in all but the shallowest 

regions of the Arctic Archipelago causes the sound field to interact repeatedly with 

the ice cover. This chapter discusses the main acoustic mechanisms of the water

ice interface and their effect on sound propagation. 

6.1.1 Impact on ASW 

The wide variety of parameters which affect sound propagation near the ice 

cover can be classified into two categories. The first is related to the ice cover 

configuration and includes ice roughness, ridge density (number of ridges/m), and 

ridge keel shape and size. The second is related to the sound which propagates in 

the water and includes frequency and grazing angle. The interaction of the sound 

field with the water-ice interface is primarily influenced by the relative roughness 

of the ice. Ice roughness causes scattering of sounds that have wavelengths of 

the same order as the ice surface roughness height. A flawlessly smooth ice sub

surface would theoretically result in zero scattering [Diachok, 1976]. 

At high frequencies, reverberation caused by the scattering of sound at the 

ice sub-surface is generally the limiting factor in the detection capability of high 

powered active sonar systems as shown in Figure 6.1. The scattering strength of 
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the ice is therefore important and is incorporated in the reverberation level of the 

active sonar equation. 

Urick [1983] provides the basic theory for the use of scattering strengths 

measured in the arctic. The monostatic (for hull mounted sonar) active sonar 
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Figure 6.1 Active sonar detection limit factors [after Urick, 1983]. 

equation is used to determine the range at which an acoustic operator will be able 

to distinguish a submarine contact on his display: 

SL - 2 TL + TS = DT + RL 
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where SL 

TL 

is the source level of the active sonar; 

is the transmission loss (This variable is multiplied by a 

factor of two because TL occurs to and from the target); 

TS is the target (reflection) strength of the submarine contact; 

DT is the detection threshold; and 

RL is the reverberation level caused by the propagation 

environment. 

Reverberation levels can be calculated from in-situ scattering strength 

measurements using the following relation: 

RLs = SL - 40 log r + Ss + 10 log A 

where RLs is the measured reverberation level caused by the surface; 

SL is the source level of the active sonar; 

r is the range of the sonar to the ensonified surface; 

Ss is the scattering strength of the surface; and 

A is the ensonified area. 

In theory, this value can be applied to similar ice environments but as in 

all changeable environmental parameters, some caution must be taken when 

extrapolating surface scattering values to a different area. 

The frequencies below 500 Hz are mainly affected by roughness on the 

scale of ridging events. Using in-situ measurements and an elliptical ridge 

model, Diachok [1976] found that scattering of sound increased with a 

corresponding increase in ridge dimension, density (number of ridges/m), grazing 

angle and frequency. The effect of frequency on reflectivity is described for two 
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cases. A lower frequency spectrum case where the wavelength is assumed to be 

larger than ridge depth, and a higher frequency case where the wavelength is 

assumed to be smaller than ridge depth. The cut-off frequency between the two 

cases is derived from the following equation: 

where 

kd=l 

d is the keel depth, 

k is the wave number, which is equal to: 

k= 2nf 
C 

f 
c 

is the cut-off frequency, and 

is the speed of sound in the water. 

For the lower frequency case where kd < 1, the intensity of the reflected ray 

with respect to the incident ray is given by the following equation: 

where Ir is the reflected ray, 

Ii is the incident ray, 

N is the ridge density in number of ridges/m, 

d is the depth of the keel, 

8g is the grazing angle (in radians), 

w is the width of the ridge, and 

k is the wave number. 

In this case, sound reflection losses increase slowly with frequency and 

grazing angle. This equation is valid only for low grazing angles and small 

reflection losses. 
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In the case where kd > 1 the intensity ratio can be calculated using the 

following equation: 

I, =[1-Nd/Sg ]2 
J. 1 +Nd/S 

I g 

This condition results in reflection losses which are highest at low grazing 

angles and are independent of frequency. 

As in Chapter 2, the surface reflection loss can be found by calculating ten 

times the logarithm of the intensity ratio: 

I 
Surface Reflection Loss = 10l0g ~ 

I. 
I 

As the detection range of passive sensors is noise (vice reverberation) 

limited, the increase in transmission loss caused by ice ridge scattering becomes 

an important factor in the determination of the maximum range capability of these 

sensors. This scattering must be included in the transmission loss model for arctic 

propagation in order to arrive at realistic transmission loss values [Wolf et al., 

1993]. 

6.1.2 Data Set 

The opening of the Arctic Ocean to nuclear submarines in the 1950s 

expanded the ASW theatre of operation and increased acoustic research in the 

arctic environment. Most of the early in-situ work on sound scattering due to ice 

was done in the 1960s and continues to this day. The data presented in this 

chapter were provided by: 
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6.1.3 

Principles of Underwater Sound [Urick, 1983]; 

Effects of Sea-Ice Ridges on Sound Propagation in the Arctic Ocean 

[Diachok, 1976]; 

Under Ice Reflectivities at Frequencies Below 1kHz [Yang and 

Votaw, 1981]; 

Very-Low-Frequency Under-Ice Reflectivity [Wolf et aI., 1993]; and 

A Simulation Model for High-Frequency Under-Ice Reverberation 

[Bishop et aI., 1987]. 

Data Assessment 

The late winter scattering data listed in this section were acquired in-situ 

in arctic areas such as the Fram Strait, Lincoln Sea and Canada Basin. These data 

are representative of environmental conditions found in old ice after a winter of 

ridging activity. Although ice environments which exist in the Arctic Archipelago 

are a combination of old and first year ice, it is expected that the Arctic Ocean 

data are fairly representative of the water-ice interface which affects late winter 

sound propagation in the archipelago. 

The low frequency data measured in the late winter are not representative 

of archipelago early winter conditions because of the lower ridging density which 

is found in new ice before the months of January and February. During the first 

few months of the winter in the archipelago, it is estimated that low frequency 

reflection loss values would be about 1-2 dB less than in late winter conditions. 
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It is expected however that the high frequency scattering values would be 

applicable to the archipelago as these frequencies are affected primarily by the 

under-ice surface roughness rather than the ridging events. 

As in all environmental measurements, the scattering data listed in this 

section depict conditions which were existent at the place and time of the 

measurements and should be considered only as guidelines. Because of the wide 

variability of the archipelago ice cover, specific area reverberation levels are nearly 

impossible to predict for the Arctic Archipelago without real time ice condition 

data. 

6.1.4 Data Description 

The scattering of sound at the water-ice interface is an important part of the 

propagation loss mechanisms of the Arctic Ocean. The low frequency spectrum 

(s200 Hz) can be approximated by cylindrical spreading while higher frequencies 

can be better modelled by spherical spreading. As shown in the deep water Arctic 

Ocean propagation loss curves (Figure 6.2), all frequencies suffer rapidly 

increasing transmission loss with range. Yang and Votaw [1981] attribute a large 

portion of this increase in transmission loss to the scattering of the sound wave by 

the ice. 

The high frequencies used by active sonar systems are susceptible to surface 

scattering since the ice sub-surface roughness is of the same scale as the 

wavelength of the sound. This situation causes sound reverberation in the water 

which is the limiting factor in high powered active sonar detection range. Surface 

scattering strength is also a function of the type of ice (multi or one year) cover 

present in the area. Figure 6.3 presents, by season, the scattering strength of 

various frequencies for the Arctic Ocean and for open water conditions as a 
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Figure 6.2 Transmission loss for the Arctic Ocean [after Yang and Votaw, 1981]. 

function of grazing angle. Because of the shallowness of the Arctic Archipelago, 

grazing angles of more than 10 to 12° result in further sound energy losses at the 

bottom. 

The scattering of low frequency sounds by the ice cover continues to be 

actively researched because of its importance to passive detection range prediction. 

The main cause of acoustic scattering in this spectrum band is ice roughness on the 

scale of ice ridges. Typical profiles of late winter arctic ridges is presented in 

Figure 6.4. 
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Figure 6.3 Surface scattering strengths for the Arctic Ocean [after Urick, 1983]. 

Ice ridges are formed by the collision of 

ice sheets which move under the influence of 

winds or currents. The Beaufort Sea has the 

lowest late winter ridge density (4.5 ridgeslkm) 

of the Arctic Ocean while the Chukchi Sea has 

the highest density (16 ridgeslkm) [Bishop et aI., 

1987]. Typical ridge densities in the Canada 

Basin and Lincoln Sea range from about 9 to 12 

ridgeslkm. Although significantly larger ice 

ridges have been measured, Canada Basin ridges 

--------~--------
~ ___ --.,....J 

...... 

Figure 6.4 Typical ice ridge 
have the following average dimensions: 1 m profiles [after Diachok, 1976]. 

high, 4 m deep and 12 m wide [Diachok, 1976]. 
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The increase in reflection loss with respect to ridge dimension and densities 

is demonstrated by Figures 6.5 and 6.6. These figures present ice reflection loss 

as a function of grazing angle calculated from in-situ measurements taken 

in northern Beaufort Sea and the Arctic Ocean in the vicinity of the Alpha Ridge 

Gust north of Ellesmere Island). In the northern Beaufort Sea, measured ridge 

density is 9.S ridges/km with an estimated mean ridge depth and width of 4.3 

m and 9.8 m respectively. Ridging parameters for the Arctic Ocean are more 
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Figure 6.S Surface reflection loss calculated using in-situ data measured by 
Diachok [1976] in northern Beaufort Sea. 

222 



severe with a ridge density of 11.5 ridges/km and estimated mean depth and width 

of 5.3 m and 11.9 m respectively. 

In both figures, low frequency scattering increases relatively linearly with 

grazing angle. The higher frequencies (kd >1) suffer extreme scattering at very 

low grazing angles but have a much higher reflectivity at higher grazing angles. 

A comparison between Figures 6.5 and 6.6 shows that the Arctic Ocean's larger 

ridging parameters result in greater surface reflection loss for low (30,40,50 Hz) 

frequencies. The higher frequency reflection loss is also greater than the Beaufort 

Sea. 
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Figure 6.6 Surface reflection loss calculated from in-situ data measured by 
Diachok [1976] in the Arctic Ocean. 
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6.1.5 GIS Data 

There are insufficient data to display in the GIS system. 
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Chapter 7 

Conclusion 

The lack of an arctic environmental data base which could be used to 

increase the expertise of Canadian ASW acousticians was identified in the late 

1980s. To correct this situation, this guide has investigated many parameters 

which affect ASW performance and operations in the Arctic Archipelago. Each 

parameter's impact on ASW was assessed and the data were evaluated in terms of 

quality and quantity so that future research could be focused in the areas which 

would be most beneficial to the Canadian ASW community. 

The discussion of the bottom parameters revealed that bathymetry and 

sedimentation properties are very important to the propagation and attenuation of 

sound. Although the bathymetry resolution provided in the guide is sufficient for 

teaching and reference purposes, navigation safety demands that the most recent 

charts be used when sailing in the Arctic Archipelago. The sedimentation section 

provided an insight into the sediment's contribution to sound propagation. As the 

archipelago sedimentation data coverage is incomplete, the bottom reflection losses 

were extrapolated using known properties of similar bottom types. More research 

into this subject would greatly enhance the effectiveness of propagation models for 

the archipelago. The Magnetic Anomaly Detection (MAD) section of Chapter 2 

showed that MAD is a viable sensor in most of the Arctic Archipelago. 

The physical oceanography of the archipelago was covered in Chapter 3. 

This section showed how water masses, currents and ice can influence the 
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Canadian Forces' ASW capability in the Arctic Archipelago. Although few data 

were taken in the MIZ during the ice breakup, the CfD casts entered into the GIS 

give a good representation of the late winter and summer water mass properties. 

As these waters continue to be sampled on a regular basis, keeping the GIS water 

mass data base up to date would provide maximum benefit to Canadian ASW 

units. The ice data depicted in this guide give a good idea of the ice conditions 

which occur in the Arctic Archipelago. Operational ice data can be updated via 

satellite photos and should be used whenever ASW units are planning a 

deployment to the archipelago. 

The meteorological data presented in Chapter 4 give a long term overview 

of the temperature, precipitation, snow cover, icing, and storm track conditions 

which affect ASW personnel who operate in the Arctic Archipelago. These data 

are offered as a teaching and familiarization tool. ASW operations should be 

planned with real time data as they are readily available. 

The three major sources of ambient noise were examined in Chapter 5. 

Commercial sources produce a significant amount of noise during summer while 

ice noise mechanisms are more prominent during the winter season. The ice noise 

section of this manuscript depicts levels of ambient noise expected in specific 

conditions. More research is needed to provide reasonable estimates for the many 

situations which could be encountered by ASW personnel working in the 

archipelago. Biological noise sources have the greatest impact on ASW near the 

MIZ. As the areal variability of the noise is large, ASW units operating in the 

Arctic Archipelago are advised to update their ambient noise levels whenever their 

surrounding environmental conditions are deemed to have changed. 

In Chapter 6, the reflection loss due to sound scattering by the ice-water 

interface was found to be significant in the Arctic Archipelago. The scattering 

level is primarily influenced by the relative roughness of the ice as a function of 
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frequency and grazing angle. In order to fully utilize this knowledge, further 

research should be done to incorporate actual archipelago ridging parameters in 

a three dimensional acoustic model. 

A Geographic Information System (GIS) which has been developed 

concurrently with this manuscript contains a vast amount of data which can be 

used as a training or familiarization tool. As this is the second stage of the GIS, 

the stored data includes both the Canadian "Atlantic Coast" and "Arctic 

Archipelago" applications. The system is adept at quickly storing, retrieving and 

displaying information, and continues to mature with succeeding versions. It is 

therefore suggested that the GIS be kept up to date so that its value to the training 

and operational environment increases with time. 

It is hoped that this guide will furnish the information necessary to enable 

Canadian Forces acousticians to better understand and take advantage of the 

environment found in the Arctic Archipelago. 
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