n ol Energy, Mines and Energie, Mines et
Resources Canada Ressources Canada

SURVEYING OFFSHORE

"CANADA LANDS
FOR
MINERAL RESOURCE DEVELOPMENT

THIRD EDITION DECEMBER 1982

Published by: 1ol
Surveys and Mapping Branch Canada



SURVEYING
OFFSHORE CANADA LANDS
for
Mineral Resource Development

Third Edition

it | L | |

385025 7 251860 582915 7 620428 426792 134702

Based on the findings of government/industry workshops
convened between 1970 and 1982 to study the technical and
legal aspects of surveying for mineral resource development
on offshore Canada Lands. ~

y :
¥e o
Edited by Harold E. Jones
w T %
Lyt g
"~‘,p e
A7 0O

Published by:

Department of Energy, Mines and Resources
Surveys and Mapping Branch ] -
Ottawa, Canada . December, 1982




29334
53(s- 990 oy

Lor

© Minister of Supply and Services Canada 1983
Available in Canada through

Authorized Bookstore Agents
and other bookstores

or by mail from
Canadian Government Publishing Centre
Supply and Services Canada
Ottawa, Canada, K1A 0S9

Catalogue No. M52-43/1983E Canada: $14.95
ISNB 0-660-11343-0 Other countries: $17.95

Stock No. SMP-1274E

Price subject to change without notice



Organizations Represented on the
Workshop on Offshore Surveys, March, 1982,
under whose auspices this publication is produced

INDUSTRY

Canadian Petroleum Association (Surveys and Mapping Committee)
Independent Petroleum Association of Canada

Petro-Canada

The British Petroleum Company Ltd. (London)

Canadian Association of Hydrographic and Ocean Surveying Industries

GOVERNMENT

Province of New Brunswick (Department of Natural Resources)

Council of Maritime Premiers (Land Registration and Information Service)

International Boundary Commission (IBC)

Canada Oil and Gas Land Administration (COGLA)

Department of Indian and Northern Affairs (IAND) (Oil and Gas Division)

Department of Transport (TC) (Canadian Coast Guard)

Department of Fisheries and Oceans (F&O) (Canadian Hydrographic Service)

Department of Energy, Mines and Resources (EMR) (Geodetic Survey Division and Legal Surveys Division)

The publication contains statements and opinions expressed by experts in their individual capacities and, which may not

necessarily correspond with the view of the participating organizations.

EDITORIAL COMMITTEE

H.E. Jones, Chairman, Legal Surveys Division, EMR
D.H. Gray, Canadian Hydrographic Service, F&O
S.A. Kanik, Oil and Gas Division, IAND

D.K.F. Dawson, Canadian Petroleum Association
J.A. Merkley, Canadian Petroleum Association

il



Foreword

The increasing demand for energy by all sectors of the Canadian economy has generated widespread
searches for oil and gas. Extensive and urgent exploration in Canada’s frontier regions has made the execution
and regulation of offshore surveys increasingly important.

Since 1970, several government/industry workshops have been held to consider the regulations,
techniques and procedures applicable to surveying for offshore resources. This government/industry coopera-
tion has proven very valuable to all concerned and more workshops are anticipated. The most recent workshop
met from March 15 to March 19, 1982 and recommended publication of this third edition of Surveving
Offshore Canada Lands for Mineral Resource Development.

As Chairman of the interdepartmental Coordinating Committee on Offshore Surveys, [ wish to thank all
those who participated in the Workshop for their contributions, and in particular, the’editorial committee for
their fine work in preparing the report. I hope those who are involved in the offshore survey activity will find
this report helpful in their understanding of the many technical procedures and the administrative and legal
issues involved.

R.E. Moore
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Introduction

In the late 1960’s, exploratory drilling for oil and gas
began in earnest on the Canadian continental margins. Partly
because the wells were being drilled far from shore and partly
because the surveying systems and the regulations governing
surveying had been designed for operations on land, those
directly concerned with offshore mineral exploration realized
that new approaches would be necessary to pinpoint the position
of marine geophysical surveys and the location of offshore
wells. These new approaches were particularly important off the
East Coast, where some areas of the continental margin extend
seaward for more than 1000 km.

In 1969, following initiatives by Shell Canada Limited
and the Resource Management and Conservation Branch of the
Department of Energy, Mines and Resources (EMR), meetings
were arranged between industry and government under the
auspices of the Surveyor General in EMR. The meetings were
held to discuss the technical and administrative difficulties of
surveying in the offshore, and to make arrangements whereby
they might best be overcome. The arrangements included the
establishment of the Interdepartmental Coordinating Committee
on Offshore Surveys, under the chairmanship of the Director of
EMR’s Surveys and Mapping Branch; and, the formation of a
six-week workshop, the Workshop on Offshore Surveys, com-
posed of 20 members from various agencies in industry and
government.

This first workshop was convened from January 12 to
February 20, 1970, under the sponsorship of the Surveys and
Mapping Branch. Its objectives were to study surveying systems
and survey regulations and, to recommend feasible and accept-
able surveying systems, procedures and amendments to the
regulations appropriate to the development of offshore mineral
resources. The Workshop decided to confine its terms of refer-
ence to three aspects: first, a study of present and potential
capabilities of available positioning systems suitable for the
Canadian continental margins; second, a consideration of the
problem of monumentation or marking of offshore surveys:
third, a review of existing survey regulations in light of these
findings. The Workshop dealt with surveying as it pertained to
oil and gas. The potential for other minerals, in the long term,

was acknowledged but no exploration had been carried out for
other seabed minerals in offshore Canada lands, and little if any
elsewhere. The Workshop’s main recommendations concerned
improvements in coastal control, technical investigations and
research of several surveying systems (including satellite
navigation), amendments to existing survey regulations, and
changes in the qualifications for Dominion Land Surveyors. The
report of the Workshop formed the basis of the first edition of
Surveying Offshore Canada Lands for Mineral Resource De-
velopment, published in 1970.

During the following few years, Workshop review groups
met to assess developments in research, changing legislation,
and new survey systems. Further recommendations were made.
A second edition of Surveying Offshore Canada Lands for
Mineral Resource Development, dated October 1975, was pro-
duced.

Since then there have been significant discoveries in the
Arctic and on the east coast. The broadening of the quali-
fications for Dominion Land Surveyors, recommended by the
first workshop, has been effected; the new syllabus for the
Canada Lands Surveyor commission includes hydrographic sur-
veying and other subjects required for offshore surveying. A
new Canada Oil and Gas Act has been proclaimed. Offshore
surveying techniques have changed considerably with the com-
mon place use of satellite-based survey systems. A new United
Nations draft Convention on the Law of the Sea, which provides
internationally accepted definitions of offshore jurisdictional
limits, has been adopted. To review these developments and
make further recommendations, a one-week workshop of 25
delegates from government and industry was held March 15-19,
1982 under the auspices of the Interdepartmental Coordinating
Committee on Offshore Surveying. The Workshop recom-
mended the production of this third edition of Surveving
Offshore Canada Lands for Mineral Resource Development. It
brings the second edition up to date with more emphasis on
arctic aspects. There is a new section on the sequence of events
leading to drilling for hydrocarbons in the offshore and there are
additional chapters which emphasize positioning aspects of
hydrographic surveying, geophysical surveying and sea ice.






Chapter 1

Offshore Mineral Resource
Developments

Today, hundreds of companies are exploring the con-
tinental margins of over 100 countries, and almost 50 countries
are producing or preparing to produce oil or gas from their
offshore regions. Most of this offshore production began after
the year 1970. Well over 30 000 offshore wells have been drilled
to date. Exploration wells have now been drilled in 1486 m of
water off the coast of Labrador, and a production platform in the
U.S. Gulf Coast offshore is standing in 335 m of water. These
are examples of current technology.

In the Canadian offshore, more wells are being drilled in
deeper water and farther from shore. The deep water record for
drilling was set in 1979 by the Texaco-Shell Blue H-28 well. In
Arctic regions of Canada, artifical islands for drilling sites have
been constructed in water up to 23 m in depth in the Beaufort
Sea, while ice-reinforced drilling platforms have been utilized
in water over 550 m in depth between the Arctic Islands.

_ About 28 million km? of the world’s offshore areas lie in
water depths of less than 300 m, which is still about the limit for
offshore production. Of this total, 16 million km? have the
potential for petroleum — a third of the world’s total prospective
area on land — but only a small fraction of this vast offshore area
has been exploited thus far. Nonetheless, world offshore oil
production is about 20 percent of the world’s total output, and
sub-sea oil reserves now comprise more than 20 percent of the
world’s total reserves. It has been predicted that by 1990,
one-third of the world’s total oil production will be obtained
from the offshore. The National Petroleum Council, in March
1975, estimated that 55 to 70 percent of the world’s offshore
petroleum lay in a water depth of less than 200 m, and that 80 to
90 percent lay within the 200 nautical-mile limit.

Exploratory well locations are selected using geological
and geophysical methods as well as information derived from
any previous wells in the region. These selection methods in-
volve a large component of data interpretation and extrapola-
tion. Thus, the success of an exploratory well location is based
on possibilities and only a small percentage of all exploratory
wells are successful.

Furthermore, for most of these successful wells, only
small reserves are discovered. For the remaining wells, in-
creasingly large oil and gas fields are discovered, but with
decreasing probability. Factors such as reservoir size, water
depth, distance from shore, weather, sea states and ice con-
ditions all affect the economics of drilling for, producing and
transporting oil and gas from offshore fields. Moreover, what
could be a viable field on land may be uneconomic in the
offshore.

Figures 1,2, and 3 illustrate the location of Canadian
offshore drilling operations, the expenditures involved and the
cumulative number of wells drilled to 1981.

Offshore Drilling Techniques

Around the world, offshore mineral resource develop-
ment activities are moving to unexplored new and deeper wa-
ters. Advanced techniques and equipment for deepwater drill-
ing, completion and production are being developed so that oil
and gas accumulations at water depths greater than 400 mcanbe
economically exploited. The trend to deeper waters with a
generally more hostile environment,such as that encountered in
the Canadian offshore, has given impetus to the construction of
larger, heavier, semi-submersible types of drilling units with
displacements at drilling draft in the range up to 25 000 tonnes.
Figure 4 shows one of the types of semi-submersible drilling
units. Other types are triangular or pentagonal in plan. The
semi-submersible units which have predominated in recent de-
sign trends have an operating capability in 175 to 275 m
of water; and one or two modified designs, using anchor cables
rather than anchor chains, can drill in water up to 1000 m deep.
Some of the newer units such as the Sedco 709 can be
dynamically-positioned. For severe sea states, the semi-
submersible unit is the most stable type of floating, drilling
platform in service. There are also ship-shaped drilling units
(drillships) such as the Canmar Explorer shown on the cover of
this publication.

Off the west coast, no wells have been drilled since 1969
when the semi-submersible Sedco 135-F drilled 14 wells.

Off the east coast, many semi-submersible units
have been used including the Sedco H, I, J. Sedco 706, 707,
709, Zapata Ugland and the Bow Drill 1. Several drillships have
been used on the Labrador coast including the Pelerin, Sedco
445, Pelican, Glomar Atlantic, Ben Ocean Lancer and the
dynamically-positioned Discoverer Seven Seas which drilled in
the world record depth of 1486 m. In the Gulf of St. Lawrence
and off Sable Island, jack-ups have been used including the
Salenergy 1l, Rowan Juneau, Gulflide, Zapata Scotian.

In Hudson Bay the semi-submersibles Pentagone 82 and
Wodeco 11 drilled in 1974.

In the Beaufort Sea four drillships have been used: the
Canmar Explorer I, II, III, and IV.
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Underwater Completions

The movement of exploratory activity to deeper waters or
more hostile environments, plus the increasing costs of fixed-
production platforms as water depths increase, has accelerated
the development of underwater completion and production sys-
tems (Figure 5 and 14). These subsea systems, such as the one
developed in Canada by Lockheed (Figure 5), permit men to

- a sngn soncept lhai renders its cestf&latrvtﬂy in-

_.—- —sensitiveto water depth. —

are: ".
- - — Wellhead Cellars|
— Manifold Centres|
~ — Production Statiofys |
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work in a shirt-sleeve environment; in air at atmospheric pres-
sure in capsules on the seafloor; and to use standard oil-field
techniques to complete each well and to link it to subsea man-
ifolding and production facilities. Two or three other such
systems under development are becoming available com-
mercially. They may also be used in more shallow waters,
where ice is a threat, where there are shipping lanes or where
warranted for other reasons.

'PRODUCTION| “\&
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Figure 5

An Underwater Completion System Developed in Canada
by Lockheed Offshore Petroleum Service



Manned submersibles of advanced designs are being con-
structed and used for geological exploration of the seafloor,
subsea wellhead connections, pipeline inspection, rescue, and
recovery tasks in hydrospace. They could also be used suc-
cessfully in open Arctic waters to gather bathymetric and shal-
low seismic data; but in far northern waters the endurance,
speed, under-ice position fixing and logistics pose many tech-
nical problems yet to be solved.

For underwater tasks that need no human eyes, the
remotely-controlled submersible is normally used. Compared to
manned submersibles, the unmanned submersibles are safer,
less costly, smaller and simpler in design. They have working
arms or manipulators and a variety of machine tools that can be
attached. They are equipped with underwater camera, televi-
sion, and acoustic devices, and some of the newest models are
now being designed for useful work in depths from 3000 to 7000
metres.

For oil production purposes, enormous underwater oil
storage systems constructed of steel or concrete are now used in
the offshore at Dubai in the Persian Gulf and at the Ekofisk,
Beryl, and other fields in the North Sea. These massive struc-
tures, weighing in the order of 200 000 tonnes, rest on the
seafloor and are held in place by their own weight; and, since
part of the structures are above water, they constitute man-made
islands.

Canada’s Continental Margin

Canada’s continental margin (Figure 6), the part of the
Canadian continental land mass which extends offshore beneath
the sea, is the second largest in the world, exceeded only by that
ofthe U.S.S.R. Extending seaward, the physical components of
the margin include the continental shelf, the slope and the rise
(Figure 7).

The Canadian margin, including Hudson Bay, covers
over 6.5 million km?, an area equivalent to over 60 percent of
Canada’s total onshore area. In some regions of the eastern
margin, for example southeast of Newfoundland, it extends
more than 1000 km from the coast. The geographical distribu-
tion of the Canadian margin is as follows: 2.5 million km? off
the east coast, 1 million km? in Hudson Bay and Hudson Strait,
150000 km? off the west coast, and the remaining 3 million km?
in the Beaufort Sea, Arctic Archipelago and the Baffin Bay-
Davis Strait region.

The physical continental shelf is that submerged portion
of a continent that extends seaward with an average descending
gradient of less than one degree, to a point where it merges into
the continental slope. The world average water depth at the edge
of the shelf is about 130 m, but the Canadian shelf is generally
deeper. This is particularly so off the east coast where the shelf
ends beneath a water depth of 400 to 500 m for the whole extent
of the shelf north of the Grand Banks, and in the high Arctic,
where the shelf off the Arctic Archipelago ends at about the
650 m depth. This phenomenon is thought to be due to the
incompleted rebound resulting from the removal of the weight
of Pleistocene ice cover.

The slope off Canada for the most part dips at angles
averaging three to four degrees, to water depths varying from

2000 to 4000 m. The continental rise slopes more gently away
from the base of the continental slope to the 3000 to 5000 m
abyssal depths of the ocean floor.

Law of the Sea

Prior to the recently concluded Third Conference on the
Law of the Sea, the 1958 Geneva Convention on the Continental
Shelf expressed international law regarding seabed resources
pertaining to a coastal state. Canada ratified the Convention in
1970.

The Geneva Convention on the Continental Shelf pro-
vided that the coastal state .. .exercises over the continental
shelf sovereign rights for the purpose of exploring it and exploit-
ing its natural resources.” The Convention defined the con-
tinental shelf as extending “. . .to a depth of 200 m or, beyond
that limit, to where the depth of the superjacent waters admits of
the exploitation of the natural resources. . . .” The Convention
further provided that the sovereign rights referred to are “exclu-
sive” and “do not depend on occupation, effective or national, or
on any express proclamation.” The limits of national jurisdic-
tion over seabed resources, under the Convention, were there-
fore dependent upon world-wide technological developments.

Canada’s jurisdictional claims to minerals of the juridical
continental shelf have been asserted by the issuance and ad-
ministration of Canada oil and gas permits covering extensive
areas of the continental shelf and slope and portions of the rise;
by the supervision and regulatory control of all mineral resource
activities in this region (Figure 8); as well as by declarations in
Parliament, at the United Nations, and in other forums. These
claims are supported by the 1969 decision of the International
Court of Justice in the North Sea Cases, and by State practice.

The fact that Canada issued permits covering extensive
offshore areas did not, by itself, maintain the nation’s ju-
risdictional claims to the seabed resources of these areas. Uni-
lateral action by a state does not in itself create or even necessar-
ily lead to international law. It is the acceptance of this practice
and the adoption of similar practices by other states that normal-
ly lead to the formulation of international law.

National limits of jurisdiction over seabed resources be-
came an issue of major importance in the United Nations, with
the introduction of a resolution by Malta in 1967. This resolu-
tion called for “Examination of the question of the reservation
exclusively for peaceful purposes of the seabed and ocean floor
and the subsoil thereof underlying the high seas beyond the
limits of present national jurisdiction and the use of their re-
sources in the interest of mankind.” The United Nations Seabed
Committee, and after 1973, the Third United Nations Con-
ference on the Law of the Sea, experienced great difficulty in
resolving the problem of where to draw the line between un-
dersea resources to be covered by national jurisdiction, and
undersea resources to be developed under an international re-
gime for the benefit of all. Canada has been very active in
attempting to resolve this issue.

Since 1967, Canada presented her position on the rights
and responsibilities of coastal states before the representatives
of all States. Canada’s approach has been that coastal States
should exercise sovereign rights to explore and exploit seabed
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resources out to the limit of their adjacent submerged con-
tinental margins.

Partly due to Canada’s influence, wide shelf approaches
were put forward by an increasing number of state members of
the United Nations Seabed Committee, and later, in the many
sessions of the Third Law of the Sea Conference held first at
Caracas, then New York and Geneva. These were, to some
extent, linked with the creation of an economic zone measuring
200 nautical miles from the shore, and within which a coastal
state might exercise its jurisdiction over a range of resources and
activities. However, the wide shelf concept did not achieve
universal support, and compromises were necessary to in-
corporate an appropriate formula into the Draft Treaty. This was
ultimately passed by vote in the final session of the Conference
held in New York in April, 1982. Part VI of the draft convention
(which is reproduced in Appendix C), deals with the Continental
Shelf. It consists of articles 76 to 84.

The basis of Article 76 of the Draft Treaty, which de-
scribes the manner in which a coastal state may define the outer
limits of its sovereign rights over seabed resources, was origi-
nally conceived by Ireland in collaboration with Canada. Sim-
ply stated, it recognizes these rights to at least 200 nautical miles
out from the coast, and beyond this distance to the outer limit of
the margin, where the latter can be demonstrated as extending
beyond 200 nautical miles. The outer limit of the margin is
defined by geomorphic and geological principles, and delimited
by straight baselines,connecting points which are either: 1) no
more than 60 nautical miles beyond the base of the continental
slope, or 2) where the thickness of sedimentary rock beneath the
continental rise is no less than one percent of the distance
beyond the base of the continental slope.

SHELF BREAK

The above limits are further restricted to a distance of no
greater than 350 nautical miles from the coast, or a water depth
of 2500 metres plus 100 km, whichever is greater. The com-
promise required to obtain broad support for the wide margin
formula was an undertaking to share, with the international
commuity, the revenues from mineral resource production from
the continental margin beyond 200 miles, on the basis of up to
seven percent of the value at the wellhead or minesite. The Law
of the Sea Treaty is not yet codified as international law, the next
step being the signing of the Treaty in Caracas in December
1982, after which it will be open to ratification by individual
countries.

Article 76 requires each coastal state to establish the outer
edge of its sovereign rights according to the specified definitions
and instructions,wherever the margin extends beyond 200
nautical miles. The approximate position of this limit is shown
in Figure 6.

In addition to the general international issue of the outer
limits of national jurisdiction over seabed resources, as required
by Article 76, Canada must make specific bilateral agreements
with neighbouring countries. These agreements will be con-
cerned primarily with the delineation of offshore boundaries for
mineral and other resource purposes between Canada and the
United States, in the vicinities of the Gulf of Maine, Strait of
Juan de Fuca, Dixon Entrance and Beaufort Sea. There are also
similar unsettled offshore dividing lines relating to the French
islands of St. Pierre and Miquelon. The offshore dividing line
between the Danish territory of Greenland and Canada in the
Davis Strait and Baffin Bay (Figure 8) was determined by
bilateral agreement in 1973. Agreements must still be negoti-
ated for the section north of 82° 13’ latitude.

SEA LEVEL

CONTINENTAL SHELF

L) E ABYSSAL PLAIN

BASE OF SLOPE ( PROJECTED)

Figure 7

Schematic Profile of Continental Margin
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NOTE
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The Sequence of Events Leading to Drilling

Exploration for oil and natural gas in Canada’s Offshore
depends upon a continuous knowledge of geographic position.
Exploration on land also requires this information. The difter-
ence lies in the total lack of local stationary reference marks at
sea and the complete reliance upon electronic hardware to pro-
duce a numeric coordinate (position fix) which relates the
observer’s position to a consistent reference frame. Section 9 of
the Canada Oil and Gas Land Regulations specifies that this
reference frame should be the 1927 North American Datum
(NAD27).

Successive position fixes, commonly called events, are
bound together by time interval measurements and ship velocity
components. In the early stages of exploration, no positional
reference marks are established.

The activities leading to the production of hydrocarbons
from offshore regions generally exhibit a pattern in the follow-
ing stages.

® Regional Reconnaissance — Deep Seismic Survey Ship Op-
eration

In this preliminary examination of sub-marine sediments, the
purpose is, to look for leads, i.e., something that might
indicate the presence of structural or depositional features.
The geometric layout for such a program will depend on many
factors including budget, and existing knowledge of the area.
The line spacing might be between 5-10 km, and by arranging
the spacing of the hydrophones on the streamers in an appro-
priate relation to speed of travel, a “pop” interval is arrived at.
The “pop” interval is commonly about 25 metres throughout
the whole program. In a moderate size job, some 10 000
shot-points may be activated and each one of these must have
a discrete and consistent position determination.

® Semi-detailed Seismic Study — Deep Seismic Survey Ship
Operation

This is a follow-up to the reconnaisance survey and it provides
a closer look at the anomalies which were detected at that
time. They are measured and plotted so that the geologist can
estimate the entrapment possibilities for hydrocarbons.

To achieve a better appreciation of the reservoir size, the line
spacing must be reduced considerably. An appropriate line
spacing could be 500 m without changing the streamer con-
figuration. Here again a large number of shot-points will be
recorded and since the purpose is to find likely spots to drill
for oil and gas, it will at some time be necessary to return to
certain shot-point positions which are identified as optimum
drilling positions. This points up the importance of survey
system accuracy. The subsequent positioning of the drilling
unit will be done using a different survey system. There must
be no systematic error in either system which would prevent
an accurate correlation of positions.

® Seca bottom Study — Shallow Seismic Survey Ship Operation

Having mapped the outline of a prospective geological fea-
ture, the next logical step is to drill an exploratory or wildcat

well but such a step must be preceded by a thorough study of
the sea bottom around the proposed well site in order to
anticipate subsurface hazards, anchoring problems, and other
factors.

Section 89 (3) of the Canada Oil and Gas Drilling Regulations
requires a prognosis that provides information with respect to
the oceanographic conditions, and the topography and com-
position of the sea floor. Appendix E of Section 89 (3)
outlines in some detail the specific bathymetric, morphologic,
sedimentary, biotic and hazardous conditions to be in-
vestigated and reported on prior to actual drilling.

The garnering of this information generally requires the em-
ployment of a survey ship equipped with echo-sounder, sub-
bottom profilers, sidescan sonar, under-water camera and
light, and an energy source such as sparker or airgun. This
ship is commonly smaller than that used for deep seismic
operations. The process involves running a series of lines at
approximately 400 metres. A minimum area of
2 km X 2 km around the wellsite must be studied but in
practice the area could be much larger to accommodate the
drilling of several holes.

Exploratory or Development Well Location — the Position-
ing of a Drilling Vessel

Objectives

A drill-rig positioning survey should accomplish two princi-
pal objectives: 1) re-occupy the shot-point chosen as a result
of the geophysical surveys as the optimal place to drill and 2),
satisfy the legal requirements set down in the Canada Oil and
Gas Land Regulations (COGLR).

These objectives require the expertise of a survey engineer
who understands the inherent accuracies, error sources, and
types of blunders that occur in the positioning equipment used
for dynamic and static surveys. Such expertise is to be found
within the ranks of the new CLS Commission holders.

Section 18 of COGLR calls for a tentative plan to be prepared
which illustrates the position of the proposed hole. It should
describe the proposed method of survey and the source of its
control. Sections 19 and 20 of COGLR deal with actual well
surveys. Section 19 (1) and 19 (4) require the survey plan to
denote the surveyed position of a suspended or abandoned
well with reference to the control system on shore. A descrip-
tion of the assumed parameters of the survey system and the
shore station markings used must be provided. Should oil or
gas be discovered in quantities of commercial signifiance and
a decision made to “complete” the well with a view to produc-
tion, Section 20 then requires that a plan of legal survey,
approved by the Surveyor General, be submitted to the admin-
istrator of COGLA. This plan must show the legally definitive
location of the well with reference to the unit and section
boundaries within the appropriate grid area.

The word “completed”, with respect to a well, has a particular
connotation in these Regulations. It does not signify merely
the finishing of work required but rather the preparation of the



well casing so that production could be maintained either
immediately or at some future date. It is more specifically
defined in Section 2(2)b of COGLR. Exploratory wells are
rarely completed. Once a commercially viable field has been
discovered and delineated, wells designed specifically for
production are drilled. These are termed Development Wells.
Section 21 then requires a plan of legal survey.

Procedures

Drilling rigs are constructed in various shapes and sizes. They
can be self-propelled, dynamically-positioned or completely
dependent upon work-boats for their propulsion. They can be
ship-shaped, triangular, rectangular, pentagonal or other-
wise. They may stand on the sea floor (jack-ups and sub-
mersibles) or float (semi-submersibles and drill ships).

Rig positioning is a complicated, costly and highly developed
technique. It depends, for its success, not only upon a thor-
ough knowledge of positioning systems but also upon a clear
understanding of the functions and responsibilities of various
personnel involved, (tow-master, surveyor, tool-pusher, the
company drilling supervisor, etc.) and upon adequate com-
prehension of the sea-state and weather conditions. The
approach plan needs careful preparation but should remain
flexible to accommodate possible changes in weather, light
conditions and other factors. Because rig operation at sea can
costupwards of $1 000 000 per week, any delay on the part of
the surveyor must be fully justifiable. The geologist pre-
scribes to the surveyor a target area within which the rig is to
be positioned.

In ordinary cases, the survey vessel references the drilling
position by anchoring a pattern of buoys surrounding the
approximate site. The drilling vessel moves over the site, the
anchors are placed and a static survey is begun. Usually some
adjustment to the position will be required and this is per-
formed by anchor-chain tension manipulation, thruster
activation or work-boat tugging action.

The electrical centres of rig-mounted survey hardware, such
as satellite-receiver and radio navigation antennae (e.g.,
Loran C), are seldom positioned exactly above the well bore.
It is necessary to relate the well bore’s position to the electrical
centre by measurement of the distance and azimuth of the line
joining them. Knowledge of this azimuth is gained by observ-
ing its relationship to the rig heading. Rig heading must also
be determined by the surveyor to conform to the operator’s
pre-assigned favoured direction. This is done to facilitate
helicopter landings and work-boat cargo transfer.

Delineation Wells and 3D Seismic Study

If the exploration well has found oil or gas, the operator will
then assess the extent of the reservoir. At this stage, a three
dimensional (3D) seismic program is initiated to survey the
anomaly; this time at a much greater density. A 3D seismic
program generates a closely related volume of data and this is
processed in a variety of ways to develop an understanding of
reservoir size and characteristics. Line spacing is close (75 m
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is common) and for that reason survey precision must be high.
If evaluation of the 3Ddata indicates that the reservoir may be
viable, delineation wells may be drilled to prove its size and
content.

Engineering Surveys Required for Artificial Islands in the
Beaufort Sea

To ensure stable platforms for drilling that are safe from
moving ice floes, tides and current action, artificial islands are
commonly being built in the Beaufort Sea. The design of
artifical islands is an evolving technology. Hard and fast rules
do not exist. Standards for maximum water depth and mini-
mum island dimensions have not been established. Two main
types of artificial islands have been used:
— Sand Only
This involves the dredging, transport, and dumping into
place of large volumes of sand in up to 20 m of water,
resulting in a cross-section as shown in Figure 9.
— Caisson on Sand Berm
A second technique involves the use of sand-supported
steel or concrete caissons. These reduce the quantities of
sand required and the time needed for construction. Var-
ious caisson designs are being employed but generally a
cross-section such as shown in Figure 10 is used.

For some aspects of this work the primary requirements for a
positioning system are good repeatability and convenience.
For example the dredge must be able to return to the same spot
efficiently and the dredged material deposited without delay
in limited areas. For other aspects, where positions which
may derive from different systems must be correlated, the
prime requirement is accuracy. For example, different sys-
tems might be used for picking the site for drilling, locating
suitable fill material, studying subsequent island erosion,
surveying for pipeline routes ice movement, and location of
pingos. The surveyor must be aware of the capabilities and
limitations of various positioning systems.

Pipeline Surveys

Draft regulations designed to control the laying and the opera-
tion of pipelines in the offshore are being developed but have
not been proclaimed as yet. They have been revised by several
government and industry groups. Those portions of the regu-
lations which relate to surveys govern primarily the approval
and engineering aspects of pipelines and do not address legal
survey requirements.

Positioning capability is essential at every stage of offshore
pipeline development. Reconnaissance, route selection, pipe
lay-down, servicing, twinning and product-accessing all re-
quire the ability to return to the same point. Positional in-
formation must be referred to in public documents and accur-
ately plotted on hydrographic charts. It is important to relate
the position of a pipeline to other facilities and to hazardous
features either natural or man-made.
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It is the practice to protect onshore pipeline installations with
an easement, title in fee simple, lease or other legal disposi-
tion which is based upon a unique and surveyed strip of land or
right-of-way. Problems exist in granting this kind of protec-
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tion over offshore land beyond the limit of the Territorial Sea.
The Law of the Sea agreements will dictate the nature of
protection that can be granted for rights-of-way.
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Chapter 2

Resource Management of the Canadian Offshore

The responsibility for the management of non-renewable
resources in Canada’s offshore areas is shared by the Minister of
Energy, Mines and Resources and the Minister of Indian and
Northern Affairs under two common parliamentary Acts (The
Canada Oil and Gas Act and the Oil and Gas Production and
Conservation Act) and their associated Regulations (The Cana-
da Oil and Gas Land Regulations, The Canada Oil and Gas
Drilling Regulations, the draft Canada Oil and Gas Production
Regulations, and the draft Canada Oil and Gas Pipeline Regula-
tions). The areas of ministerial jurisdiction are defined by a line
of administrative convenience (Figure 8). In order to achieve a
uniform and even-handed administration of the offshore rights,
the Ministers have created the Canada Oil and Gas Lands Ad-
ministration (COGLA). That administration is responsible to
each of the two Ministers for the administration of the non-
renewable resources within the individual jurisdictions, includ-
ing the disposition of rights.

The recently adopted Canada Oil and Gas Act provides a
management regime for oil and gas rights in the offshore areas.
The primary document is an Exploration Agreement which
provides the exploration rights to a specific surficial area and the
exclusive right to apply for a Production Licence. The Produc-
tion Licence provides the exclusive rights to produce and sell oil
and gas under a specific surficial area. Figure 8 shows the areas
of exploratory interest during 1974 when rights were adminis-
tered under permits issued under the previous regulations. As a
result of the new Act, all these rights are now being re-
negotiated. There will be changes in the exact areas held but the
general areas of interest remain as in 1974,

Exploration for oil and gas may be conducted under an
Operating Licence issued under the Oil and Gas Production and
Conservation Act; however, as no exclusive benefits are derived
from the exploration, it is not widely used by industry. The Oil
and Gas Production and Conservation Act provides the basic
industrial regulation in operational activities.

Minerals, other than oil and gas, are administered by the
two Ministers under the Canada Mining Regulations made pur-
suant to the Territorial Lands Acts and the Public Land Grants
Act. The minerals within the jurisdiction of Indian and Northern
Affairs are managed by the Mining Division within the Northern
Affairs Program, while COGLA provides management of
minerals for the Minister of Energy. Mines and Resources.

Exploration Operations

Since 1966 a total of 242 wells have been drilled offshore;
14 off the West Coast, 3 in Hudson Bay, 6 in the Gulf of St.
Lawrence, | in the Bay of Fundy, 155 off the East Coast, 41 in
the Beaufort Sea (19 from drill ships, 22 from artificial islands)
and 23 from ice platforms in the Arctic Islands.

The technology of producing oil and gas in ice-covered or
ice-congested waters, and in waters where icebergs are a threat,

is still at the research and development stage in the oil and gas
industry.

The following is a chronological summary of drilling in
the Canadian Offshore:
1966:  Two wells by Pan Am-Imperial on Grand Banks.
1967:  Mobil Oil Canada’s first Sable Island well and Shell

Canada’s first wells off the west coast.

1968:  Shell’s continuous drilling program off the west coast.

1969:  Shell’s drilling off the west and east coasts. Drilling by
Aquitaine in Hudson Bay.
1970:  Shell’s continuous drilling on the Scotian Shelf. Two

wells by Hudson’s Bay Oil and Gas in the Gulf of St.
Lawrence.
1971:  Drilling on the Scotian Shelf continued by Shell and
commenced by Mobil. Continuous drilling com-
menced by Amoco-Imperial on the Grand Banks. Well
by Tennoco et al on the Labrador Shelf and by Elf Oil
on the Grand Banks.
Drilling off the east coast continued by Shell, Amoco-
Imperial and Mobil.
Drilling off the east coast continued by Shell Amoco-
Imperial-Skelly and Mobil-Gulf. Wells drilled by
Eastcan et al on the Labrador Shelf. One well com-
menced by EIf Oil off the east coast. The first well
Immerk B-45 was drilled from an artificial island, in 3
m of water in the Beaufort Sea.
Continued drilling by Shell, Amoco et al and Mobil et
al off the east coast. Wells by Union and Texaco on the
Scotian Shelf, by Eastcan et al and by BP Canada et al
in the Labrador Sea, and by Aquitaine et al in Hudson
Bay. Panarctic drills first well from reinforced ice
platform off Melville Island.
Continued drilling by Mobil et al off the east coast.
Resumption of drilling by Eastcan et al and by BP et al
in the Labrador Sea. Setting of silos by Dome Petrole-
um for 1976 drilling in the Beaufort Sea.
Dome commences drilling with drillships in the Beau-
fort Sea.
First sub-sea completion in the Arctic Islands, Drake
F-76.
Whitefish, Venture Hibernia and Koponar all dis-
covered. Blue H-28 drilled in world record water depth
of 1 486 m by Discoverer Seven Seas.
Tarsiut, Char, Balaena and Hekja all discovered. Year
round drilling on the Grand Banks.
1981:  Firstcaisson retained island in the Beaufort Sea. Cisco,
Skate and Maclean discovered in the Arctic Islands.

1972:

1973:

1974:

1975:

1976:
1978:

1979:

1980:

Control of Oil and Gas Operations

Comprehensive control over all oil and gas operations in
the Canadian offshore including safety of personnel, the con-
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servation of resources, and the prevention of waste and pollution
is provided for under the Oil and Gas Production and Conserva-
tion Act. The Act’s broad authority covers exploration, drilling,
production, conservation, storage, transmission, distribution,
measurement, processing and other handling of oil and gas. The
Act applies to all areas of the Canadian offshore as well as the
land areas of the Yukon and Northwest Territories. Section 3 of
the Act reads:
“3. This Act applies in respect of oil and gas in any of the
following areas, namely:
a) the Yukon Territory or the Northwest Territories;
b) Those submarine areas adjacent to the coast of
Canada to a water depth of two hundred metres or
beyond that limit to where the depth of the superja-
cent waters admits of the exploitation of the natural
resources of the seabed and subsoil thereof; and
¢) any lands that belong to Her Majesty in right of
Canada or in respect of which Her Majesty in right

of Canada has the right to dispose of or exploit the
minerals therein; but does not apply in respect of oil
and gas in any such area if the area is within the
geographical limits of, or if the administration of
the oil and gas resources in the area has been
transferred by law to any of the ten provinces of
Canada.”
Regulations relating to drilling, the Canada Oil and Gas Drilling
Regulations, have been enacted under Section 12 of the Oil and
Gas Production and Conservation Act. Sections 87 and 104
concern offshore surveying, including the submission by oper-
ators of tentative and final well survey plans, and the require-
ments for legal surveys for development wells and for certain
other wells. Section 10 of the Canada Oil and Gas Land Regula-
tions, which were enacted under Section 54 of the Canada Oil
and Gas Act, provides for access to offshore drilling and produc-
tion locations as well as and assistance from operators for
surveyors on the job.
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Chapter 3

Administration of Offshore Surveys

The management and regulatory control of oil and gas
exploration and development operations by a number of com-
panies, for varying periods over many extensive areas of the
Canadian continental margins, require a system which clearly
defines unique locations and boundaries. Such a system for the
offshore must provide the same services as a land system; that is,
it must facilitate the issuance and maintenance of the mineral
rights granted for a specific area, be designed to prevent disputes
between adjacent holders of rights, and provide a means of
reconciling any disputes that might occur.

For the Yukon Territory, the Northwest Territories, and
the Canadian Continental margins, the same geographically
defined grid system is used to delineate rights relating to oil and
gas exploration or development. The system is defined in Sec-
tions 4 to 9 of the Canada Oil and Gas Land Regulations. For
exploratory rights the basic unit is a grid area which extends ten
minutes (approximately 19 km) in latitude and either 15° or 30’
in longitude depending on the latitude. For assigning develop-
ment rights the grid areas are subdivided into approximately
square sections extending one minute (approximately 2 km) in
latitude.

Other countries which have offshore petroleum de-
velopments also delineate development rights by geographically
defined grids. Regulations relating to surveys are generally
minimal and operators have commonly cooperated amongst
themselves and with the host country to provide more or less
integrated survey systems. Appendix A is a review of regula-
tions for the North Sea developments and a representative sam-
ple of other areas; offshore from Gabon, Tunisia, the United
Arab Emirates, Brazil, and China.

A geographic grid is also used to delineate exploratory
rights for lyard minerals in the Northwest Territories but it is not
the same grid as used for oil and gas. It is defined in sections 29
and 2 of the Canada Mining Regulations and is based on the NTS
(National Topographic System) of 1: 50 000 map sheets. This
grid could be extended offshore if a need arises. However, for
administering mining rights under the Canada Mining Regula-
tions, a geographical grid is not used; the basic unit is a claim,
the boundaries of which must be marked on the ground by stakes
or monuments. For claims near shore, submerged staking pro-
cedures can be used but they are unsuitable for defining rights
more than a few hundred metres offshore. The 1970 Workshop
on Offshore Surveys recommended that a geographically de-
fined grid system be established for defining terminable grants
for mining rights on the Canadian shelf. It is anticipated that if
economically viable hard mineral deposits are discovered
offshore, a geographical system will be established.

Boundaries and Monuments

On land, boundaries are generally defined by physical
monuments placed in the ground, and their positions and de-
scriptions are recorded. However, oil and gas grid areas and

their subdivisions are not monumented but are defined in terms
of geographic coordinates. To establish the position of the
geographic grid, measurements must be made from local control
survey markers; the descriptions and positions (coordinates) are
available from the Geodetic Survey of Canada, EMR or from
provincial authorities. In cases where grid boundaries are
monumented, the boundary monuments would govern; in the
absence of boundary monuments, the calculated distances from
the nearest control monuments define the position of the
boundaries.

The feasibility of establishing a system of offshore control
monuments for resource administration on the Canadian shelf
was a major concern of the first Workshop in 1970. The three
basic requirements for survey monuments are permanance,
clear definition and accessibility. These three requirements are
essential to confirm the position of a boundary or to extend a
survey network as may be necessary to define the position of
other nearby boundaries. In the Offshore there are also signifi-
cant economic and national security aspects to providing
monumentation. Many means of monumentation, including
towers, buoys, transponders, reflectors, abandoned wells, sub-
marine cables, wrecks, seafloor topography, and gravimetric
and magnetic field anomalies were considered by the Workshop
and deemed inadequate. Only survey monuments established on
fixed development platforms (figure 13) satisfy the three basic
criteria of permanence, clear definition, and accessibility.
Corrosion, disturbance by fishing gear, and inordinate cost
preclude the establishment of permanently-monumented control
on the continental margin prior to the establishment of develop-
ment structures. The detailed findings of the first Workshop on
offshore monumentation are reprinted in Appendix G.

At sea, as on land, there is no need to monument the
boundaries of oil and gas rights granted by permit, lease, or
agreement. The survey requirement is that the position of the
theoretical grid boundary be known relative to any well and to
the limits of the field. Providing that all surveys are based on the
same reference frame and that their accuracy is adequate, the
boundaries of rights can be determined and production pro-
cedures regulated without reference to boundary monuments.

Offshore surveying becomes more difficult with increas-
ing distance from shore, largely because of the absence of local
control monuments. The configuration of the coast line, the
depth of water, and the presence of ice add serious difficulties
for offshore surveyors. Other sections in this report provide
information on how to deal with these difficulties.

The absence of monumentation or other devices to make a
grid boundary visible does not inhibit the development of an oil
and gas field, whether on land or offshore. In the event of a
prospect being discovered by geophysical means, in the
neighbourhood of a boundary between different operators,
arrangements for exploratory drilling are usually made on a
cost-sharing basis. At the development stage, wells are normal-
ly positioned to provide for optimum production of the field.
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The well position relative to a grid boundary is important be-
cause it allows the operator to relate the position of the pro-
spective reservoir to the permit boundaries. This information,
along with information on geological structures and properties,
is necessary in the developmental stage to negotiate agreements
on an equitable assignment of mineral rights, royalties and field
costs among the operators. The geological factors are generally
less accurately known than the boundary positions.

Monuments and Datum Considerations

Although a geographically defined grid is used to delimit
rights so as to provide a theoretically perfect system, there is in
practice, more than one geographic grid with significant di-
fferences. A particular reference system must be specified. In
Canada and USA, the established reference system consists of
lists of coordinates for control monuments referred to as “1927
NAD” or “NAD27” coordinates and published by the Geodetic
Survey of Canada. For onshore surveys, the positions of the grid
lines could be established by measuring appropriate distances
from the nearby monuments. However, in the offshore, ties to
nearby stations may not be feasible, and the nearest monuments
may be hundreds of kilometres away from the survey area.
Offshore positions may be determined by satellite based or
hydrographic survey systems, usually based on a reference
system different from the published 1927 NAD coordinates.
There are significant differences, up to about 100 metres, be-
tween the coordinates of the same point with respect to these
datums. Methods of transforming positions on one datum to
positions on another datum are discussed in other chapters.

Because there are significant distortions in the 1927 datum
that are clearly evident using the regular survey methods, a new
datum termed “NADS83” is being developed. It will be based on
a new reference figure which is a better world fit than the one
used for NAD27. Because of this change in the reference figure,
there will be larger changes in coordinates from NAD27 to
NADS3 than would have resulted from a readjustment based on
the original reference figure. Although the initial adjustment of
the primary framework is expected to be completed in 1984 or
1985, the lower order networks will not be completely inte-
grated into the primary control nor will comprehensive coordi-
nate lists become available until approximately 1987. However,
estimates of the changes in coordinates can now be made for
stations in the primary networks. These estimates can give an
accurate assessment of relative errors of stations within a limited
region but there remains an uncertainty of a fairly uniform shift
of up to about 12 metres which is yet to be resolved. Figure 11
shows the distortions in the NAD27 and Figure 12 gives the
difference between the published NAD27 coordinates and the
anticipated NAD83 coordinates for primary control monuments
across Canada. Administrative procedures have yet to be de-
vised to adopt the new datum, maintain the old datum and
handle the boundary discordances between new rights and rights
previously granted.

Positioning Systems

In general, early offshore oil and gas fields were found
relatively close to shore and, as in the Gulf of Mexico, some are
seaward extensions of known fields onshore. Such de-
velopments allowed the use of the same accurate, short-range
survey systems as used on land. In the Canadian offshore,
however, some areas of promise lie beyond the range of land
survey systems; consequently,the less precise hydrographic sur-
vey systems have had to be used. Early Canadian explorations
depended solely upon navigational facilities of a very low order
of accuracy.

Even now, some geophysical surveys use marine naviga-
tion systems which were not designed to provide high absolute
accuracy. Such systems, during their establishment in a locality,
can provide a reliable means of returning to a position or of
relating positions within a limited survey area. These systems
are said to have good repeatability. However, the positions
relative to the reference frame may not be adequately de-
termined, in which case the system is said to have poor accu-
racy. A system with good repeatability but not necessarily good
accuracy may be adequate if the essential requirement is the
ability to return to a point while using the same system. If there
is a possibility of returning to a point using a different survey
system or relating a survey to a grid boundary, then a system
with good accuracy is necessary.

Defining a Well Location

The Canada Oil and Gas Land Regulations require the
position of every well drilled on Canada lands, onshore or
offshore, to be determined by a survey. A well is defined in the
regulations as being an opening in the ground. For a well drilled
on land the definition presents no particular difficulty and, even
after the well has been plugged and abandoned, a permanent
marker remaining at the site can be used by the surveyor. In the
offshore, a more practical point for positioning is the drill string
at the elevation of the drilling platform or, more specifically, the
Kelly-bushing.

If the well is drilled from a fixed platform or a bottom-
supported jack-up unit, any horizontal offset between the posi-
tion of the Kelly-bushing and the position of the well at the
seafloor must be supplied by the drilling engineer. For a floating
drilling unit, the surface position of the Kelly-bushing, relative
to its position over the wellhead on the seafloor, is continually
monitored and adjusted to the vertical.

Furthermore, when an offshore well has been plugged and
abandoned, no trace of its previous existence is normally vis-
ible, and as a rule, no equipment is left on the seafloor to
obstruct other legitimate users of the sea. The positioning survey
for an offshore exploratory well must be undertaken before
abandonment and in practice will be started immediately follow-
ing spudding in.



Downhole Surveys

Section 21 (b) of the Canada Oil and Gas Land Regula-
tions requires that the locus of the drill hole with respect to the
unit and section boundaries be shown on the survey plan. The
measurement of the displacement of the drill bit from the well-
head position is the responsibility of the drilling engineer. If
multiple hole drilling platforms (Figures 13 and 14) are used for
development wells, the accuracy and reliability of the downhole
surveys are of critical concern. Inclinometers and magnetic or
gyro compasses are commonly used for this purpose. With the
decreased accuracy of gyroscopic and magnetic techniques in
the high Arctic, knowledge of the drill bit position becomes less
accurate. This problem may require research in the development
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of alternate methods for downhole surveys. Scott and MacDo-
nald (1979) and Wolf and DeWardt (1980) have done studies
relating to the uncertainty of downhole surveys.

Monuments and Underwater Completions

Oil or gas production from the Canadian offshore has not
yet begun; however, if an offshore oil or gas field is developed
using underwater completion and production techniques
(Figures 5 and 14), the underwater structure could provide a
base for a survey monument. A point on the structure could be
marked or described as the survey monument. To make a survey
tie to such a monument, the position of a surface vessel relative
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POSSIBLE OFFSHORE FIELD
~_—— DEVELOPMENT USING ABOVE
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to that of the monument would have to be determined. The
offshore oil industry has developed a variety of techniques to
accomplish this accurately, while a floating drilling unit is over
a well.

If control were to be extended from the monument after
the drilling unit has departed, a system of adequate accuracy
would have to be devised to relate the monument’s position to
that of a survey vessel substituting for the drilling unit. This
would undoubtedly involve the same techniques used by in-
dustry to locate and return to the subsurface structure. The
surveyor must become familiar with the principles and mecha-
nics of these techniques, in order to assess the various sources of
error and the relative accuracy of the system. Considerable
research is necessary before the survey problems associated
with subsurface completions can be resolved.

Figure 14

STORAGE 8
LOADING SPAR

Positioning Reports for Exploratory Wells

The three essential purposes of the regulations relating to
positional surveys for an exploratory well are: to ensure that
reliable methods are employed to determine the geographic
position of the well; to enable an operator to relocate and return
to a well where operations have been suspended, should the
need arise; and to enable a relief well to be drilled from another
rig in order to intersect the geological formation at the point
where a well may be blowing out of control.

For these reasons, the operator must supply, to the regula-
tory agency, a survey plan and a full report of the position fixing
systems used. The survey methods used must allow for the
positioning to be assessed and repeated, and all shore stations
used to fix the well position must be permanently marked and
described in the survey plan. Specifications for the positioning
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reports of exploratory wells are given in Appendix E. The plan
and report are to be submitted to the Canada Oil and Gas Lands
Administration in Ottawa. These plans and reports are then
forwarded to the Surveyor General for his review and for filing
in the Canada Lands Surveys Records.

These positioning reports (and plans) for exploratory
wells do not carry the status of Legal Surveys and are subject to
revision if more accurate or reliable surveys are subsequently
made. The positions of the boundaries of the grid area or its
subdivisions, in relation to the well, are not fixed by the survey.

Canada Lands Surveyor Qualifications

Recommendations arising out of the 1970 Workshop on
Offshore Surveys were instrumental in the formation of a Com-
mittee on Dominion Land Surveyor qualifications, chaired by
C.H. Weir under the aegis of the National Advisory Committee
on Control Surveys and Mapping (NACCSM). The purpose of
the committee was to seek out procedures to restructure the
profession in its federal aspects in view of technological ad-
vances and a requirement to revise the Canada Lands Surveys
Act, thus providing for a new commission replacing the DLS
and DTS. The Committee recommended a broadening of the
qualifications to include a knowledge of the principles of sur-
veying in the offshore.

As aresult, the Act was revised in 1979 and the previous
DLS commission was changed to a Canada Lands Surveyor
commission which now covers a broader range of expertise
including geodesy, hydrography and photogrammetry. The Sur-
veyor General’s Manual of Instructions for the Survev of Cana-
da Lands, has been modified to include specific sections on
offshore surveys. The initial process of commissioning sur-
veyors from other fields, through the Grandfathering clause, has
now been completed. There are now many Canada Lands Sur-
veyors who have the required skills to do offshore legal surveys.

Legal Surveys

Positioning reports for development wells must take the
form of a legal survey which is normally carried out as soon as is
practical after a drilling structure is on location. A legal survey
may occasionally be required for wells other than development
wells. (Sections 12 and 20 COGLR) The essence of a Legal
Survey is that it provides monumentation and is legally defini-
tive. It provides legally definitive coordinates to monuments (or
wells) and is regulated by the Surveyor General of Canada. The
purpose of a Legal Survey is to identify conclusively the posi-
tion of boundaries relative to local monuments and to wells,
regardless of any survey imperfection. Within a grid area cell
boundaries are defined by the theoretical distances from the
initial well in that area.

Legal coordinates are unchangeable even if future or more
accurate surveys indicate that a more accurate position could be
derived; this is fundamental. In effect, the monuments become
witness monuments to the boundaries and the legal coordinates
correspond to call distances. For scientific purposes or to pro-
vide control for a grid area outside the one in which the monu-
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ment is situated, the Dominion Geodesist or Surveyor General
may assign coordinates different from those that are legally
definitive within the grid area.

During the production stage, there must be a permanent
structure at the wellhead. A point on the structure which can be
clearly and easily defined can be chosen and classed as a survey
monument. This will provide a reference point by which other
wells in the same grid area can be accurately and effectively
related to the first well and to lease boundaries. If underwater
completion structures are used (Figure 14), measurements from
the underwater monuments could be made, but they would be
more difficult than those made from a structure above water
(Figure 13).

Part E of the Surveyor General’s Manual of Instructions

for the Survey of Canada Lands deals with offshore legal sur-

veys under the Canada Oil and Gas Land Regulations.

International Boundaries and Dividing Lines

Canada’s international boundary with the United States is
marked by many types of land monuments. For offshore ex-
tensions of the boundary it has not been possible to erect monu-
ments in the conventional manner. By the treaty of 1908, the
International Boundary Commission required that parts of the
international boundary on the coasts between the territorial
waters of Canada and the United States be demarcated by the
permanent range marks established on land. Two such offshore
boundaries pass through Passamaquoddy Bay to the Atlantic
Ocean and through Georgia, Haro and Juan de Fuca Straits to the
Pacific Ocean. Within the bays and straits, the reference points
were marked by large triangular concrete pyramids which serve
as range marks or cross-range marks for the courses of the
boundaries. Tall, steel range towers have been built on Point
Roberts which allow the line to be determined in Boundary Bay
and in the Strait of Georgia.

Boundary turning points farther from shore are referenced
to monuments, range beacons or lighthouses to define the
boundary for some distance from land. Some of the lighthouses
used have frame structures, consequently their destruction and/
or replacement may occur. To recover their exact location,
witness marks have been established and their distances and
directions from the lighthouses accurately determined.

Canada’s continental shelf adjoins that of the United
States in four separate locations — the Gulf of Maine, seaward
of Juan de Fuca Strait, seaward of Dixon Entrance and in the
Beaufort Sea. As yet, no agreement has been reached between
the United States and Canada regarding the extension of defined
boundaries across the continental margin in these areas, for the
purpose of exploration and exploitation of mineral resources.
And, no agreement has yet been reached between France and
Canada regarding the mineral rights around the islands of St.
Pierre and Miquelon.

In an agreement dated December 17, 1973, the gov-
ernments of Canada and Denmark agreed on a dividing line
between Greenland and the Canadian Arctic Islands beyond
which neither country will extend its sovereign rights for the
purpose of exploration and exploitation of the natural resources
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of the continental shelf (Figure 5). The dividing line is defined
by lines joining turning points which have assigned geographic
coordinates. The agreement does not extend north of 82° 13’
latitude.

In accordance with the Territorial Sea and Fishing Zones
Act of 1964, Canada has issued, from time to time, coordinates
of points based on NAD27 from which straight baselines have
been constructed. The straight baselines, in effect, provide a
simplified artificial coastline by closing off bays and other
indentations while following the general trend of the coast. The
waters enclosed by straight baselines are considered internal
waters of Canada. The outer limit of Canada’s territorial sea is

drawn 12 nautical miles seaward from the ordinary low water
mark, from straight baselines or from certain lands which be-
come dry at low tide and which lie within 12 miles of the coast.
Straight baselines are in effect along the coasts of Labrador,
Newfoundland, Nova Scotia, Vancouver Island, and the Queen
Charlotte Islands.

Norman L. Nicholson (1979) provides further informa-
tion on the acts and regulations pertaining to the boundaries of
Canada, its provinces and territories. A comprehensive list of
maps and charts depicting offshore international boundaries,
territorial seas and fishing zones is included in Appendix F.



27

Chapter 4

Survey Control

Coastal Control

To make economic and effective use of any ranging sur-
vey system in order to provide positions of offshore points of the
required accuracy, shore stations must be tied to coastal control
of at least third-order accuracy. Locations of shore stations must
be based on careful and detailed consideration of local topogra-
phy, and they must be located in such a way as to give satis-
factory angles of intersection (cut-angles) between measured
lines. It is unlikely that monumented control stations in any
particular area will be situated in appropriate locations for shore
stations of offshore positioning systems. Control monument
accuracy and spacing requirements have been met on nearly all
the coastal regions of Canada with the exception of the Southern
shores of Hudson Bay and James Bay, where Aerodist and
Doppler control exists at 100 km spacing; and, the west coasts of
Vancouver Island and the Queen Charlotte Islands, where coas-
tal control is of fourth-order accuracy or lower.

Along much of the mainland coast of northern Canada,
third-order control was established prior to the adjacent first-
order framework. Some of these third-order surveys have not
been subsequently adjusted into the first-order control. Such
existing coastal control could be upgraded appreciably by ties
and readjustments, if the requirement should arise in some
specific area.

Because errors in shore control may be greatly magnified
when used to extend control hundreds of miles offshore, it is
preferable that the shore control for offshore surveys be of
second-order accuracy.

]

National Geodetic Data Base (NGDB)

Since 1971, the Geodetic Survey of Canada has been
developing a computerized storage and retrieval system for
geodetic control information. The computerized data file stores
coordinates (with their order), elevations, marker data, station
data, agency data, identification photography and the text of
descriptions. This constitutes most of the control survey in-
formation normally requested from the Geodetic Survey of
Canada.

The data records for each point are organized by station
number and accessed by a “System 2000 database management
system. This scheme permits relatively rapid retrieval of records
by numerous methods, for example, point number between
specified geographic limits or within a given radius of a speci-
fied position. The output may be printed in several formats;
however,the modular nature of the system allows for easy addi-

tion of new formats. The principal difficulties and costs occur in
the assembling, coding and validating of the data to be filed. By
1982, data on 126 000 points had been put into the system. It is
anticipated that following further development and refinement,
the public will be able to have direct access to the file for needed
information.

To use the NGDB, a participating agency requires a
computer terminal, financial code number, and an access code.
Costs would include changes for the communication line and for
the computer. In addition to retrieving the basic data supplied by
the Geodetic Survey of Canada, an agency may also choose to
store its own information in the NGDB, in which case there
would be a cost charged for the storage of the disc. Codes may
be used to limit access to or to modify specific data.

Scientific Adjustments of Survey Networks

Several large, regional and Canada-wide adjustments of
the primary control nets of Canada have been made by the
Geodetic Survey of Canada using different reference surfaces or
with different types and degrees of constraint. The coordinates
of these adjustments are useful for studies of survey systems or
datums. Figure 13 is derived from such an adjustment. It should
be noted that even if these coordinates are based on the same
reference surface as was used for the original NAD27 adjust-
ment, they are not classed as NAD27 values. In order to reduce
confusion, they are not released to the general public by the
Geodetic Survey of Canada except for specific, limited pur-
poses.

Accuracy Specifications

The orders of control specified in this report are those
presented in Specifications and Recommendations for Control
Surveys and Survey Markers 1978, published by the Surveys
and Mapping Branch, Department of Energy, Mines and Re-
sources, 1978 (see Table 1I). The classification is based on the
maximum dimension of the 95 percent confidence region
(ellipse) between any two points in the network (after adjust-
ment). The formula for the maximum dimension is:

r=C( + 0.2) ()
where:

Il

r
C
d

the maximum dimension (semi-major axis) in cm,

a constant depending on the order,

the distance in km between the points under considera-
tion.
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TABLE I

Relative Accuracy of Published NAD27 Coordinates and Spacing of Monuments

Along the Canadian Sea Coast in 1982

FRAMEWORK CONTROL

SHORE STATIONS

Semi-major Semi-major
axis of 95% axis of 95%
Spacing conf. region Spacing conf. region

AREA (km) (ppm) (km) (ppm) - REMARKS

Nova Scotia, 30 20 15 230

S.E., Shore

S. & E. of Nfld. 15-150 100 10-15 230

Gulf of 30 60 Some third-order breakdown

St. Lawrence in southern part. Local
datum for PEI, NS,

NB is not NAD27.

Labrador Coast 200 60 10 230

Hudson St.- 40 20 10 230 Some coastal control not

Ungava adjusted into the subsequent
high-order geodetic
triangulation.

Hudson Bay-North 50 20 10-15 230 Coastal stations not
adjusted into the subsequent
high-order geodetic
triangulation. The NAD27 is
too narrow by about 30 m
across the North end of
Hudson Bay.

Hudson Bay-South 100 40 Aerodist and Doppler

(inc. James Bay)

Arctic Islands 75 20 10-15 150

Beaufort Sea 0 25 10-15 150 Coastal control is being
upgraded by readjustment and
additional field work in
1982.

Pacific Inshore 50 50 1-5 1250 The basic control is
distorted by about 50 ppm
near Prince Rupert.
Additional field work was
done in 1975.

Pacific Offshore 250 50 8 1250 Some new work was done

on the Queen Charlotte
Islands in 1975.

NOTE: The tabulated accuracy figures for the framework control are derived mainly from an assessment of the discrepancies indicated when

position differences, derived from published coordinates, are compared with measurements made by more accurate techniques. and reflect net
distortions caused by forced closures. They are an attempt to evaluate absolute accuracy of distances between either adjacent points on a net or
points separated by a few hundred kilometres.
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TABLE 11
Accuracy Standards for Horizontal Control Surveys

Semi-major axis of 95% confidence region, r &= Cd+ 0.2

Constant d = 0.1 km d = 3.0 km d = 30 km d = 300 km
(&) cm  ppm  ratio cm  ppm  ratio m  ppm ratio m  ppm ratio
1 2 0.6 60 1/16700 6.4 21 1747000 0.6 20 1/50000 6 20 1/50000
2 5 1.5 150 1/6700 16.0 53 1/19000 1.5 50 1/20000 15 50 1/20000
3 12 3.6 360 1/2800 38.4 128 1/7800 3.6 121 1/8300 36 120 1/8300
4 30 9.0 900 1/1100 96.0 320 1/3100 9.1 302 1/3300 90 300 1/3300
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Chapter 5

Geodetic Reference Systems

For the purpose of determining coordinates of points on
the earth, various coordinate systems have been defined, or
more precisely, have evolved. Traditionally, the location of a
point has been described by two “horizontal” coordinates (lati-
tude and longitude) and one “vertical” coordinate (elevation
above sea-level). The classical methods of determining these
coordinates are triangulation (for latitude and longitude) and
levelling (for elevations). Therefore a separate treatment of
“horizontal” and “vertical” networks was natural. This separate
treatment gave rise to defining two reference surfaces or
datums: the ellipsoidal (or horizontal) datum, to which the
latitudes and longitudes refer, and the geoidal (or vertical)
datum to which the elevations refer.

More modern methods, such as satellite positioning, are
now in use which give three dimensional (3D) Cartesian coor-
dinates. In this case,definition of a datum (reference surface) is
not necessary. It is, however, necessary to determine the rela-
tion of the satellite (3D) coordinate system to the classical
horizontal (ellipsoidal) and vertical (geoidal) reference sur-
faces.

The basic reference systems, their definition and rela-
tionships are described in this section.

The Conventional Terrestrial (C.T.) System

The C.T. system is a three-dimensional Cartesian system
with its origin at the geocentre (centre of mass of Earth). The
Z-axis is taken as the average position of the earth’s rotational
axis during the years 1900 to 1905. The X-axis is parallel to the
Mean Greenwich Astronomic Meridian Plane. The Y-axis is
chosen to form aright handed system. This system is sometimes
called the “Average Terrestrial System” but this name implies
that the Z-axis is the average rotational axis over all time, which
is not, of course, the case. With the advent of modern techniques
such as Doppler satellite we are able to compute 3D coordinates
of points in the C.T. system.

Astronomic Latitude and Longitude and Height Above the
Geoid

These three coordinates constitute one of the most fun-
damental of coordinate systems. The astronomic latitude (P)
and longitude (A) are determined from observations of stars and
time. Their relation to the C.T. system, when they are properly
corrected for the misalignment of the earth’s instantaneous
rotational axis and the C.T. Z-axis, is shown in Figure 15.

The geoid is defined as that equipotential surface of the
earth which would coincide with the surface of the “un-
disturbed” oceans, where “undisturbed” refers to the effects on
the ocean surface which result from tides, currents and
nonhomogenities of temperature, salinity etc. Heights of the
geoid above the Clarke 1866 Spheroid (NAD27) are given in
Table D4. It is possible to estimate the location of the geoid at
the sea-coast by observing the fluctuating water height over

astronomic meridian

.,v_./plone of point P

geocentre

C.T.

C.T.

Figure 15

Relationship between the Conventional Terrestrial
System and the Astronomical Latitude and Longitude

time, and making corrections for the phenomena mentioned
above, using the best information available. Usually, the mean
level of the water height as measured at tide gauges over many
years (corrected only for the tidal cycles) is used as the approx-
imate location of the geoid. This “mean sea level” at various tide
gauges is used as a reference for defining the heights “above
mean sea level” of all stations across Canada by using height
differences measured by spirit levelling. This method has served
well for many years but uncorrected ocean disturbances and
systematic levelling errors are causing increasing concern.
Much effort is now being made to better understand various
systematic effects on both the coastal geoid determination and
the levelling process itself. The geodetic level net of Canada is
now under intensive study in anticipation of a readjustment
entitled North American Vertical Datum 1987. This new datum
should have a negligible effect on offshore surveys.

Ellipsoidal Systems

Since the earth very nearly takes the shape of an ellipsoid
of rotation, this figure makes a convenient choice as a mathema-
tical surface on which computations may be performed. The
ellipsoid is also a convenient model for purposes of modelling
the earth’s gravity field.
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The general relationship of the ellipsoidal system to the
C.T. system is shown in Figure 16, where ¢, A, h denote
ellipsoidal latitude, longitude and height respectively. Note
that, in general, the geometric centre of the reference ellipsoid
(i.e. the origin of the Xg, Yg, Zg Cartesian system) is offset
from the geocentre. This “offset” can be described by three
translations X,,,Y,,,Z, (referred to the C.T. System). Also, the
Xg, Yg, Zg axes may not be parallel to the Xc 1, Yo, Ze T,
axes which can be expressed by three small rotation angles wy,
wy and wy as indicated in the figure. In practice however these
rotations are usually defined to be zero and in this case the
mathematical relationship between &, A, hand X¢ 1, Yo r. and
Ze 1. is given by:

Xer. = X, + (v + h) cos & cos A (2)
Yer. = Y, + (v + h) cos & sin A (3)
Zer, = Zo + (vb%a? + h)sin d (4)

where a and b are the major and minor semi-axes of the ellipsoid
respectively and v is the radius of curvature of the ellipsoid in the
prime vertical, given by:

v = a(l-e? sin’$p )" (5)
where e? = (a’ - b?/a’
The transformation from X¢ 1, Yer, Ze 1. tod, A, his

as follows: First the C.T. coordinates are transformed to Xg,
Yk, Zg by;

Xg = Xer. — X, (6)
Ye = Yer - Y, (7N
ZE = ZC,T. - Z() (8)
Then, with €2 = (a? — b?)/b?,
p = (Xg® + Y~
and u = arctan ((Zg.a)/(p.b))
21 w3
we have, ¢ = arctan M 9)
p—e’acos’u
A = arctan (Yg/Xg) (10)
h = Zg/sin ¢ — v-b¥/a’ (11)

Realization of the Various Reference Systems

The term “realization” is used to mean locating, to the best
of our ability, the reference system with respect to the physical
earth. Any such realization is based on observations. For ex-
ample, to realize the geoid in coastal areas, mean sea level
observations are made at tide gauges. The observations at each
tide gauge can be corrected by out best estimate of the departure
of mean sea level from the geoid, at that locality, and heights of
nearby bench marks can thus be derived. These heights indicate
the location of the geoid reference surface relative to bench
marks on the physical earth.

In the classical approach to the realization of ellipsoidal
systems, we define three more quantities: N, &, and m to show
the relationship of the astronomic latitude and longitude to the

ellipsoid

YEe
w 3 e
> Z : a YC'T
2 o)! .
xe /o i ¥ Xo
Yo
Xeor.
Figure 16

Relationship between the Conventional Terrestrial and
Ellipsoidal Reference Systems

ellipsoidal system. For simplicity, consider a geocentric refer-
ence ellipsoid as shown in Figure 17.

The geoidal height N is the height of the geoid above the
ellipsoid and the deflection of the vertical 0 is the angle between
the zenith and the normal to the ellipsoid which can more
usefully be represented by its north-south component £ and its
cast-west component 1. We can see that the ellipsoidal height h
is given to a very high degree of accuracy by:

h=H + N, (12)

where H is the height of the point P above the geoid measured
along the plumbline through P. The relationship between the
ellipsoidal coordinates &, A, and their astronomic counterparts
®, A, when the axes of the ellipsoidal system are assumed
parallel to those of the C.T. system, can be given in terms of the
deflections of the vertical as;

E=0-¢ (13)
n=(A-Ncoso (14)

The astronomic azimuth A and geodetic azimuth « are related as
follows, again assuming that the axes of the ellipsoidal system
are parallel to those of the C.T. system,

A—a =mtand + (§sina—mcosa)cotZ (15)

where Z is the zenithal angle between the zenith and the target.
Equation (15) is called Laplace’s equation; it is sometimes used
in its truncated form, since Z is usually close to 90°.

A—-oa =mntand = (A—N) sin (16)

surface of reference
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Relationship of the Geoid to the Ellipsoidal System

The derivation of equations (13), (14), (15) and (16) is
implicitly based on the ellipsoidal and C.T. axes being parallel.
When these equations are used in computations of geodetic
networks the parallelism of these two systems is enforced within
the limits of observational and systematic errors.

The definition and positioning of a reference ellipsoid
with respect to the earth can be accomplished in two different
ways. Both methods define the size and shape of the reference
ellipsoid by adopting values for the semi-axes a and b (or
equivalently a and the flattening f = (a-b)/a , or a and the
eccentricity €). In the classical approach one of the stations in
the geodetic network is chosen as the “initial point”. The posi-
tion of the ellipsoidal system can be defined by adopting equa-
tions (13) to (15) and specifying values for ¢,,, A, and N, at the
initial point. The observed astronomic latitudes, longitudes and
azimuths at many network points, through the use of the Laplace
equation, effectively sets the three rotational constants to be
zero. The selection of ¢, and A, is made so as to keep the values
of deflections small at all network points where astronomic
latitudes and longitudes have been observed. This was the
process used to position the Clarke 1866 ellipsoid
(a = 6378 206.4 m,b = 6 356 583.8 m) for use as the 1927
North American Datum (NAD27).

The more modern method of positioning a reference ellip-
soid is to specify three translation components X, Y,, Z, and
the three rotational angles wx, wy, wz. This is now feasible
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since satellite techniques now provide three-dimensional Carte-
sian coordinates for survey stations in the Naval Weapons Lab-
oratory (NWL) reference systems, such as the NWL 9D, which
are very close approximations to the C.T. system. With small
corrections, these coordinates are brought into the C.T. system.
In 1979, in Canberra, the International Union of Geodesy and
Geophysics (IUGG) adopted an ellipsoid, which best fits the
world and can serve both as a gravity model and as a horizon-
tal datum for all nations. It makes sense to adopt the size and
shape of this ellipsoid (a = 6378 137.000 m, b =
6 356 752.314 m) and to set the translations X,, Y,, Z, and
rotations wx, Wy, wy all to zero to define a new reference surface
for geodetic networks.

Within the next few years a rigorous readjustment of the
North American geodetic networks will take place referred to a
geocentric ellipsoid termed NAD83. The positioning of this
ellipsoid will probably be accomplished by setting X,,, Yo, Z,
wy, wy to zero and allowing the observed astronomic azimuths
and longitudes to define the longitudinal origin. The Laplace
equation will not be used explicitly; a new mathematical model
which implicitly carries the Laplace equation in a more general
way will be used in the adjustment.

Datum Transformations

It is often necessary to transform ellipsoidal coordinates
referred to one datum to the corresponding ellipsoidal coordi-
nates referred to a another datum (i.e., a different reference
ellipsoid with different defining constants). For the case in
which the wyx, wy, wy rotations are zero for both datums, a
general method of performing this transformation is described
below.

Suppose the coordinates ¢y, Ay, and h;, of a point referred
to datum 1 whose defining parameters are a;, b, (semi-axes)
and Xy 1, Yo.1, Zo1 (translations) are to be transformed to the
corresponding coordinates &,, A, hy of that point referred to
datum 2 whose defining parameters are a,, b, and X5, Yo.2,
Zy .

The first step is to transform ¢, Ay, hy, to C.T. coordi-
nates using equations (2), (3) and (4) i.e.;

XC‘TA = Xo.l + (V] + h]) COS d)[ COS )\1
Yer = Y, + (v; + hy) cos ¢, sin \,
Zer. = Zoy + (vi'bi%a? + hy) sin &,

where

ar (1 —e,? sin’d,)™”
(alz - blz)/alz

Then, using these C.T. coordinates in equations (6), (7) and (8)
we can compute Cartesian coordinates X, Yg, Zgs (referred
to datum 2) i.e.;

Xpr = Xert. - Xo2

Ye: = YC.'Iﬂ - Yo
Zey = Zer —Zoo

Vi
and e

2

Finally, using these coordinates, along with the semi-axes a,, b,
of datum 2, we can compute ¢,, A,, h, (referred to datum 2)
using equations (9), (10) and (11), ie;
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ZEZ + €22b2 Sin3U2

¢, = arctan
P2 - 82282 COSSU2
N, = arctan (Yg»/Xgs)
h = ZEz/Siﬂ ¢2 - Vz‘bgz/azz
where, €° = (a2 — by?)/b,?

|

P, = Xg® + Y2
U, arctan ((Zgz-a3)/(P5+b,))

and %) dp (1 - 622 sin2 ¢2)—‘/z

1927 North American Datum (NAD27)

As mentioned earlier the 1927 North American Datum
(NAD27) has been defined by the classical method as a Clarke
1866 ellipsoid positioned at an arbitrary initial point and with
axes oriented parallel to the C.T. system by the adoption of
equations 13 to 16, (e.g. see Mitchell 1948, Bomford 1971).
Station MEADES RANCH in Kansas U.S.A. was chosen as the
initial point with coordinates ¢q, Ag. The geoid height was
assumed to be zero. The eight definitive constants necessary to
specify the shape and position of the reference ellipsoid and the
orientation of its axes are:

a = 6378 206.4 m
b = 6356 583.8 m

Wy = 0
Wy = 0
Wy = 0
bo = 39° 13’ 26.686” North
Ao = 98° 32" 30.506” West
No =0

Between 1927 and 1932, the existing first order geodetic
networks in Canada and the United States, along with a few
second order networks were adjusted. The adjustment, based on
the above-defined reference system, produced a system of coor-
dinates which has since then been held fixed for control pur-
poses. There were only a few networks in Canada that could be
incorporated at that time. These consisted of triangulation net-
works in southern Quebec and Ontario and along the southern
boundary of the western provinces. Subsequently, first order
trangulation networks were extended northwards from stations
in the original networks and were adjusted, based on the same
reference system, holding the coordinates of the original net-
works fixed. The determined coordinates for the new nets were
termed “NAD27 values” or sometimes “on the 1927 NAD” and
were in turn held fixed when further extensions were made from
them.

As Canada developed, requirements for control increased
faster than the first order network could be extended. Second
and third order nets and traverses were extended hundreds and
thousands of kilometres north from the first order networks. The
coordinates established were designated NAD27 values if the
net was connected to, and thus based on, the system of coordi-
nates derived by the original adjustments. These surveys were
and are subject to revision as they are densified and/or are tied to
more accurate framework control.

With the advent of EDM equipment, electronic computers
and doppler-satellite survey techniques, substantial distortions
have been found in the first order survey networks. Since there
has been a requirement for stability, it is only in areas where
distortion has greatly exceeded the inherent accuracies of the
surveys that the Geodetic Survey of Canada has derived new
revised coordinates, also designated NAD27. Where this has
happened the new adjustment has been fitted into the surround-
ing network.

The published lists of coordinates which are being held
fixed are being used as a datum, in the general sense of an
assumed reference, by those who need a stable reference system
of coordinates. For practical purposes the published lists are
considered by many surveyors and scientists fo be the NAD27
(e.g., National Academy of Sciences, 1971). The term is un-
derstood in this sense by the Geodetic Survey of Canada when
dealing with requests for NAD27 control coordinates.

The NAD83 Adjustment Project

The 1983 North American Datum (NAD83) project is an
international co-operative project to adjust all North American
geodetic horizontal control networks together, using a new
geocentric ellipsoid as a reference surface. The project involves
Canada, United States, Mexico, Greenland and several Central
American countries.

In the late 1960’s and early 1970’s several areas of distor-
tion in the Canadian primary network became evident and it was
apparent that, because of distortions in the Canadian primary
network, a comprehensive adjustment was needed to improve
accuracy to meet modern requirements. In 1972, the Geodetic
Survey of Canada began a systematic evaluation of the primary
framework. The distortions are shown in Figure 13. As a result,
the framework has been strengthened by additional scale control
and Laplace azimith control and has been further constrained
and complemented by a network of 170 basic Doppler satellite
stations.

Present plans call for the NAD83 adjustment to be com-
puted on the world best fitting ellipsoid as adopted by the
International Association of Geodesy and Geophysics at Can-
berra in 1979, and oriented by the Laplace azimuth observa-
tions, with the Final datum orientation parameters being derived
in the continental adjustment.

The continental adjustment is scheduled for completion in
1985 with the integration of secondary networks to follow
immediately. It is expected that comprehensive lists of coordi-
nates of primary and secondary control will not be completed
before 1987; however it is possible to estimate the differences
which will exist.

For the framework points, absolute coordinate differences
between existing published values, termed NAD27, and new
values derived by the NADS83 adjustment will range up to about
100 metres on the west coast and up to 70 metres on the east
coast (an apparent expansion of NAD83 compared to NAD27).
Differences will be small in Ontario. Figure 12 shows the
differences as vectors. For secondary points, the coordinate
differences have not been analyzed and could differ significant-
ly from those predicted for the framework stations.



Local Datum Shifts

For any point with known NAD27 latitude, dyap27, lon-
gitude, Ayap27, and elevation above the ellipsoid, h, it is possi-
ble to derive the 3D Cartesian coordinates relative to the centre
of the reference ellipsoid.

Xg = (v + h) cos dnap27 €OS Anap2r
= (v + h) cos dnap27 Sin Anap27
Zg = (v-b%a’ + h) sin dyapar

At that station we may also observe, by Doppler satellite,
coordinates relative to the origin of the C.T. system (Xc T,
Ycor., Zer.)- It can be seen from equation (2) to (4) that the
differences between the corresponding coordinates will com-
prise the offset (X,, Yo, Z,) to the centre of the reference
ellipsoid from the origin of the C.T. system. When derived in
this manner they are termed the Local Datum Shift.

Xo = Xer. — Xe
Yo = YC.T. - YE
Xo = ZC.T. - ZE

If there were no distortions in the 1927NAD network (and
the Doppler satellite position was perfect), the offsets or Local
Datum Shifts for all NAD27 points would be the same. Because
of the distortions, variations of some tens of metres have been
found for determinations at different localities across Canada.
Rough mean values for this datum shift are:

Xo = -15m
Y, = 165m
Z, = 175 m

The Geodetic Survey of Canada has derived and tabulated
predicted Local Datum Shifts for a selection of points across
Canada. Tables and graphs are given in Appendix D. These
tables can be useful in computing geographic coordinates from
Doppler satellite observations, which will be consistent (within
about 10 metres) with the local published NAD27 system of
coordinates. Mean values of X, Y,, and Z, from the nearest
station are used in equations (6) to (8). Where higher accuracies
are required a simultaneously observed Local Datum Shift must
be used as described in the following sample computations.

Techniques have been developed (Lachapelle and Main-
ville, 1981) to model in two dimensions the distortion between
two coordinate systems. This technique could be used to derive
NAD27 coordinates from a Doppler satellite position, given the
relationship between known Doppler satellite and NAD27 posi-
tion values at a surrounding network of points.

Sample Computations

The following computations of a local datum shift and
position difference survey illustrate the use of these formulae.
From the geodetic data bank, the NAD27 coordinates and
elevation above sea level for geodetic station “House” near Fort
McMurray, Alberta are:
¢ = 55° 55’ 00.48330” North
A =112° 04" 48.00740” West
H, =695.879 m
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The height of the geoid (sea level) above the NAD27
reference ellipsoid, scaled from Figure D4, is 7.1 m, and the
measured height of the electrical centre of a Doppler receiver
antenna above the monument was 2.007 m. The sum of these,
704.977 m, is the ellipsoidal height of the electrical centre.
(Note that, while the scaled geoid height is not precise, derived
position differences will be only slightly affected if consistent
geoid heights are used for a local area). The derived NAD27
Cartesian coordinates for House are:

Xg, = — 1346 869.377 m
Ye, = — 3320263.362 m
Ze, = + 5259 639.012 m

Doppler satellite observations at House yielded Cartesian
coordinates in the C.T. system for the electrical centre of the
antenna:

Yerr = — 3320 096.40 m
Zem = + 5259 814.26 m

Thus the local datum shift, derived by subtracting the
NAD27 coordinates from the corresponding C.T. coordinates,
was

X, = — 22.44m
Y, = + 166.96 m
Z, = + 175.25m

At a second station nearby, where NAD27 coordinates were
required, Doppler observations were taken simultaneously. The
solution of the Doppler equations which yielded the above C.T.
coordinates for House incorporated the observations at both
stations (termed a translocation) and also yielded C.T. coordi-
nates for the second station:

Xcera = — 1346 534.95 m
Yers = — 332100033 m

These can be converted to NAD27 Cartesian coordinates
by subtracting the local datum shift derived above yielding:

i

Y, = — 3321 167.29 m
Zes, = +5259645.43 m

These Cartesian coordinates may be converted using
equations (9) to (11) to yield NAD27 geographic coordinates for
the second station:

by = 55°45 41.763”
Ay = ~112° 04’ 09.417”
h, = 1104.586 m

If the local geoid height is subtracted from the derived h
we have the height above sea level of the electrical centre of the
antenna at the second station.






37

Chapter 6

Offshore Positioning

Positions on the continental margins must be related to the
currently recognized datum as defined by the nearest coastal
control. At the time of writing, this is defined in the COGLAR to
be the 1927 North American Datum (NAD27).

Zones

Line-Of-Sight Zone

This zone is the continental shelf area extending from
shore to the limit of unobstructed direct radio or optical-signal
transmission, within which positions can be determined using
many commonly used microwave or optical survey systems.
Second-order or even first-order accuracy can be achieved in
positioning fixed or floating platforms, by a surveyed connec-
tion to coastal control. The common on-land survey techniques
using electronic distance measuring equipment and theodolites
can also be used to position a ship or drilling rig close to shore.

Over-The-Horizon Zone

This zone is the continental shelf area extending beyond
the limit of unobstructed direct radio wave propagation, where
certain microwave systems continue to provide reliable
measurements because of enhanced signal processing, ‘ducting’
of the radio waves or increased power. Signal quality usually
decreases as distances extend past the line-of-sight-zone.

Remote Zone

This zone is the continental shelf and margin area beyond
the line-of-sight zone. The less accurate, longer wave radio
surveying and navigation systems must generally be used in this
zone. Off Canada’s east coast, on the Tail of the Bank and the
Flemish Cap, it is particularly difficult to achieve adequate
accuracy using the common radio systems.

Accuracy and Repeatability

The absolute (geographic) accuracy of a position fix is a
measure of the ability to relate the position of the fix to any other
point on the earth’s surface. The repeatability of a fix is the
ability to relate position fixes over a limited distance, or to return
to the point fixed. Repeatability is important in making closely
spaced observations, determining the shape of seabed features
and measuring the ship’s course and speed. Absolute accuracy is
important for mapping related to coastal features or when it is
necessary to know a position relative to a geographically defined
point or grid. It is also important in cases where a survey
overlaps work positioned by a different system, or in cases when
the surveyor is positioning by two or more systems integrated
together.

To achieve absolute accuracy, systematic biases such as
pattern-zeroing errors and uncertainty of propagation velocity
must be eliminated. For repeatability, constant systematic errors
can be tolerated, but when these errors vary slowly with time,

the ability to return to a position is lost. Since it is impossible to
eliminate entirely systematic errors, repeatability is always bet-
ter than absolute accuracy; although with some systems such as
microwave and Doppler satellite positioning, systematic errors
are small and absolute accuracy and repeatability are practically
equivalent.

Survey accuracy is expressed relative to a datum or to
fixed survey control monuments which define a datum locally.
Offshore surveys of Canada Lands can be classified according to
specifications of the Department of Energy, Mines and Re-
sources (1978).

Measurement Accuracy

The usual method of assessing the accuracy of survey
measurements is to repeat them many times under widely differ-
ing circumstances, to eliminate systematic errors, and then
calculate the standard deviation of the measurements. A fun-
damental difference between land and sea surveying is that at
sea it is difficult to repeat an observation because of ship move-
ment.

At sea, accuracy can be expressed as a standard deviation
of repeated measurements only at bottom-mounted or stabilized
drilling platforms where movement is minimal. Accuracy es-
timates are normally obtained by: estimating magnitudes of all
known error sources; combining the estimated errors; and
checking the result, when possible, by comparison with simulta-
neous measurements made with an independent system having
different types of error sources. It is important to realize that
most error estimates for radio-positioning systems are very
much in the ball park variety; the time and money required to
make an accurate assessment are rarely available. Error es-
timates tend to be biased toward the best interests of the es-
timator.

A common model used to analyze the accuracy of length
measurements is to divide error sources into two independent
groups: those causing errors independent of length, and those
causing errors directly proportional to length. The standard
deviation, or of a measured range, is then given by:

or = VP2 + (IR)? (17)

r = the standard deviation of the combined factors which are
independent of length (expressed in length units),

f = the standard deviation of the combined factors which are
dependent on the length (expressed as a ratio).
R = the length of the range.

Where measurements are being made onshore or to stable
platforms in the line-of-sight zone, using on-land type survey
systems, both r and f add significantly to the value of og. Thisis
also true for two-range hydrographic systems when an arbitrary,
uniform signal velocity is selected. In these circumstances, a
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value for f = 1/10 000 has been accepted as a reasonable
estimate for the standard deviation of the combined error
sources depending on the range. But if corrections are applied,
taking into account the measured properties of the air and water
along the range, the proportional part is not a significant part of
the overall accuracy of the systems now used.

There are many ways of expressing accuracy of measure-
ments. The standard deviation is a measure of the dispersion of
observations and is based on the Gaussian or normal distribution
of errors (see Table III). For repeated measurements of a quan-
tity, it is the square root of the sum of the squares of the residuals
from the mean, divided by one less than the number of measure-
ments.

Despite the fact that measuring systems do not produce
measurements exactly in conformity with the theoretical dis-
tribution of errors, the theory provides a close enough
approximation to reality to be a useful tool in error analysis. In
particular, radio-positioning or EDM systems tend to give a
slightly higher proportion of large errors than the theory pre-
dicts. There is, theoretically, a 33 percent probability of a
measurement having an error greater than the standard deviation
(one o level); but there is only a five percent probability of the
error exceeding the two o level. This level is commonly used as
an expression of the accuracy of hydrographic survey systems,
because it corresponds more closely to the popular feeling that
the accuracy is the maximum error one could expect.

Positional Accuracy

The positional accuracy attained with respect to shore
control by various survey or navigation systems depends mainly
on the type of system. The three main types are:

a)  Those by which a position is derived from a pair of ranges
to two shore stations: such systems are known as range-
range if the signal is transmitted from the master on board
the ship, and is re-transmitted from the slave shore sta-

TABLE III

Gaussian (Normal) Distribution of Errors

Accuracy Error
Expression Level *(%) Remarks
Two Sigma 20 95 Only a few errors are larger

One Sigma, Std. lo 67
Deviation, RMS

Sometimes a deceptive
method of expressing
accuracy

0.80c¢ 58 Most errors are smaller
than the average

0.670 50 As likely as not to be
' exceeded

Average Error

Probable Error

*Probability of a Measurement with an Error less than the
Error Level

tions to the master; or rho-rho if the signal is transmitted

one way from the shore stations to a shipborne receiver.
b)  Those by which a position is derived from a pair of range

(or phase) differences between signals received from the

ends of two baselines between shore points; known as

hyperbolic systems.

¢)  Those which are basically designed to provide position
differences derived indirectly from non-linear measure-
ments, e.g., Doppler shift of known frequencies or accel-
erations.

Most hydrographic systems can be operated as either type
A or B. For these systems, the positional accuracy attained
depends not only on the accuracy of the range or range differ-
ence but largely on the geometry of the fix. The United States
Navy Navigational Satellite System (NNSS, commonly called
the Doppler satellite system, Navsat or Satnav), and inertial-
navigation systems are examples of type C. For the latter sys-
tems particularly, the positional accuracy attained depends on
the techniques and procedures used.

The accuracy of a position fix for most systems is general-
ly different in different directions. For example, for most of the
area covered using a two-range system (range-range or rho-rho),
there is a minimum uncertainty in the direction towards the pair
of shore stations, and a maximum uncertainty in a direction
perpendicular to the minimum (see Figure 18). To express the
fix accuracy, the standard deviations in the maximum and mini-
mum directions are taken to be the semi-major and semi-minor
axes of an ellipse. The ellipse is known as a standard-error
ellipse. For a two-range system a fair approximation of the
semi-major axis a of the standard-error ellipse is given by:

a = cosec B Vo2 + o5° (18)
where:

o and o, are the standard deviations of the two ranges, and {3 is
the angle of intersection of the ranges.

if o = o, = o, this becomes:
a= \/-2_ o cosec 3 (19)

Using this model, Figure 18 illustrates the deterioration,
as the length of the ranges increases, of the fix accuracy of a
typical two-range hydrographic survey system for different base
lengths and cut angles.

The standard-error ellipse describes an area around the
computed, most probable fix position, within which there is a 39
percent probability of the true position being situated; the
assumption being that the standard deviations of the measure-
ments are valid descriptions of the differences between
measurements and true values. If the dimensions of the axes are
multiplied by 2.45, this probability increases to 95 percent. This
level is used to classify survey accuracy in EMR’s Specifica-
tions and Recommendations for Control Surveys and Survey
Markers (1978). Table 1V illustrates the variation in probability
of a fix being within ellipses for other multiples of the standard-
error ellipse axes.

Some survey adjustment programs such as GALS
(McLellan, 1970) have a design mode which will produce



standard-error ellipse dimensions, given estimated measure-
ment accuracies and the design of the network. This may pro-
vide a more rigorous and descriptive method than using equa-
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TABLE IV

Probabilities for Various Error Ellipses

tions (17) or (18) to analyze or classify a survey tie, because the
shape and orientation of the error figures are given. But it should
be realized that both these methods depend on estimated
measurement accuracy and the extent of correlation between the

Multiple of a
standard-error

Probability of a fix
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Chapter 7

Ground-Based Radio Positioning Systems

Classification

Radio navigation systems are allotted narrow bands with-
in the frequency spectrum as shown in Figure 19. The systems
are grouped according to their transmitted frequency: super high
frequency (microwave), medium frequency (MF), low frequen-
cy (LF) and very low frequency (VLF); since frequency de-
termines the range, accuracy, and size of the shore transmitter
and, hence, the cost of logistics. From Table V it can be seen
that, as a ship moves farther from shore, a lower frequency
system must be used to obtain the required range; consequently,
accuracy deteriorates and larger, more powerful transmitters are
required.

Within a group of systems, the difference in the perfor-
mance of systems constructed by various manufacturers is
generally slight. System prices, suppliers, and optional features
change each year as new design concepts emerge. An extensive
listing of these details is given by C.B. Jeffery, and A.G.
Andrews in “The Position Finder” (1971) or by R. Adm. R.C.
Munson in “Positioning Systems” (1977).

Accuracy of the lower frequency systems decreases, part-
ly because it is technically difficult to measure more accurately
than about 1/100 of a wavelength, and partly because it is more
difficult to estimate the mean propagation velocity of a radio
wave over a long range. The system size and power increase for
two reasons: the signal has to travel further, and a radio wave
can only be propagated efficiently from an antenna which is at
least one quarter wavelength long. Shorter antennas require
additional power. A medium frequency system operating at
2 MHz has a wavelength of 150 m, thus a 10 m antenna (1/15
wavelength) is very inefficient. Table V shows typical values
for the repeatability of range measurements at the two-standard
deviation level, but does not indicate fix accuracy. The figures
for fix accuracy are generally several times larger than those for
range accuracy, depending on the intersection angle of the
ranges and on the characteristics of the positioning system. The
figures for range accuracy are larger than those for range
repeatability, and depend on the care taken in calibration and on
measuring factors which affect the signal’s velocity of propaga-
tion.

Modes of Operation

Range-Range

Signals from a shipborne transmitter are received at two or
more transponders (or slave transmitters) on shore and retrans-
mitted to a receiver on the vessel. The round-trip travel time of
the radio wave is measured and converted to a distance, and two
such distances define the ship’s position as the intersection of
two-range circles. This is the most accurate mode, due to the
strong geometry of the pattern of intersecting circles. The num-
ber of vessels that can use the same shore stations si-
multaneously is limited to one for some systems, or, by time-
sharing techniques, up to a maximum of four for others. Micro-

WAVELENGTH REGIONS FREQUENCY
icm 30 000 MHz
xg-ng : MICRO
¢ ban
10cm sband I 3 000 MHz
WAVE
im 300 MHz
10m 30 MHz
100 m 3 MHz
1 km 300 kHz
10 km 30 kHz
VLF
100 km 3 kHz

Figure 19

Regions of the Frequency Spectrum
Used for Navigation

wave systems are always used in the range-range mode; most
MF and LF systems can also be used in this mode. The one
weakness of range-range, from a rigorous point of view, is that
the pattern cannot be monitored; whereas, for hyperbolic or
rho-rho, the pattern can be monitored and thus changes in zero
adjustments and other systematic errors can be detected.

Rho-Rho

The ship carries a receiver. The shore transmitters and the
receiver on the ship are controlled by precise atomic-frequency
standards. Once the frequency drift (differential clock rate)
between the shore and shipborne frequency standards has been
established and accounted for, the shipborne receiver shows no
phase change until the ship moves. Any phase change indicating
ship movement can be converted to a change in range and can be
added to the initial range to the shore transmitter. The pattern
geometry is the same as range-range, except that a one-cycle
change in phase indicates a full wavelength change in range,
instead of half a wavelength as in a two-way measurement of the
range-range mode. Measurement accuracy is slightly inferior to
range-range because of very small (a few parts in 10'?) dif-
ferences in the frequency of the atomic standards. The advan-
tage of the rho-rho operation is that no transmitter or large
antenna is needed on the vessel, and the greater range of a larger,
more efficient shore antenna can be fully exploited. In addition,



TABLE V

Offshore Positioning Methods

Representative Measure- Range Repeatability Shore Station Approximate Characteristics
Systems ment (2 o Level) Cost (1982)

MICROWAVE

RADIO

(LOCAL):

Trisponder Pulse match 50 km, given 10 m 10 kg Transmitter $ 80 000 Extremely accurate,

and Autotape phase com- height to get 2m 30 kg Battery $120 000 minimal-calibration, easy
parison line 10 cm Antenna to deploy and operate.

of sight Unambiguous

Syledis Pulse match 300 km 5 m, line 16 kg Beacon $150 000 Limited testing in Cana-
pulse com- of sight, 47 kg Amplifier da, useful beyond line-of-
parison 30 m 30 kg Batteries sight.

beyond Generator
MICROWAVE
RADIO
(GLOBAL):

Doppler Frequency Worldwide, 240 m $ 50 000 Worldwide negligible

Satellite comparison,  intermittent (see systematic error. 2-hour

Navigation range fixing Doppler- intervals. Ship’s velocity
difference System) must be known.

GPS, Navstar Time Worldwide, 10 m Under development, only
signals, continuous (being partial satellite constalla-
pseudo tested) tion available.
ranges

MEDIUM
FREQUENCY
RADIO:

Hi-Fix Phase com- 300 km 10 m 100 kg Transmitter $300 000 Very good relative
parison (less at 100 kg Generator accuracy. Considerable
range or range night) 10-30 m Antenna calibration required for
difference geographic accuracy.

Acute ambiguity prob-
lem.

Hi-Fix/6 Phase com- 300 km 10 m 50 kg Transmitter $300 000 Requires calibration,
parison 10-30 m Antenna acute ambiguity problem.
range or range Generator
difference

Argo Phase com- 400 km Sm 30 kg Transmitter $300 000 Has some lane identifica-
parison 30 m Antenna tion

range or range
difference

Generator

capability, requires
calibration.
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Offshore Positioning Methods
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Representative Measure- Range Repeatability Shore Station Approximate Characteristics
Systems ment (2 o Level) Cost (1982)
LOW
FREQUENCY
RADIO:
12f Survey Phase com- 650 km 25 m 300 kg Transmitter $300 000 Good relative accuracy.
Decca parison (less at night) 300 kg Generator Very expensive to de-
range or range 50 m Antenna ploy, calibration req’d.
difference
Main Chain Phase com- 350 km 40 m Not supplied Receivers Good relative accuracy.
Decca parison by user Rented Calibration required
range Ambiguity problem.
difference
Main Chain Pulse with 2 000 km 50 m Not supplied $ 50 000 Very long range. Margi-
Loran-C phase com- by user (rho-rho) nally less accurate than
parison. $ 4000 Decca. Calibration req’d.
Range or (hyperbolic) Less ambiguous than
range diff. Decca. Convenient.
Accufix Pulse with 700 km 50 m $300 000 Low powered version of
phase com- Loran-C
parison.
Range or
range diff.
VERY LOW
FREQUENCY
RADIO:
Omega Phase com- 10 000 km 500 m Needs a shore $ 20 000 Worldwide, only stopgap
parison monitor within (2 receivers) survey technique.
500 km to
achieve this
repeatability
ACOUSTIC
Seabed Pulsed: 10 km 10 m 100 kg trans- 50 000 Very accurate. Used any-
Transponders ranging ponder (1975) where. Takes time to lay
(moored just and recover transponders.
above seabed) Very short range.
Doppler-Sonar Frequency 200 m — — Measures ship
comparison depth velocity.
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the number of users is not limited. Loran-C, Decca Lambda,
Toran and Omega are being used in the rho-rho mode, and there
is no reason, in principle, why other systems should not use the
same mode. The pattern can be monitored at an onshore station-
ary receiver.

Hyperbolic

The master transmitter is located onshore. Ideally, it
should be placed roughly midway between the two slave
transmitters so that the master-slave baselines form a shallow V
concave to the service area. The shipborne receiver measures
the difference in arrival time between the master signal and the
responding signal that the master signal elicits from the slave
transmitters. Different frequencies (Decca, Raydist, etc.) or
time delays (Hi-Fix, Loran-C), are used to avoid confusion over
the origin of each signal. The time differences are converted to
range differences, which plot as hyperbolic lines of position
(LOP). The pattern can be monitored at a stationary receiver
onshore. The pattern geometry is weaker than rho-rho, but there
is no limit to the number of users and the receiver is much less
expensive. All MF, LF and VLF systems can be used in the
hyperbolic mode.

Line of Position (LOP)

A line of position (LOP) is the locus of points on the
earth’s surface having a constant measurement by a radio-
positioning system. It is either a range circle (as in range-range
or rho-rho systems), range difference hyperbola, or a bearing.
Two intersecting LOPs give a position fix.

Modes of Transmission

Continuous Wave (CW)

This mode provides continuous transmission on one fre-
quency. The advantages of a CW positioning system are derived
from the fact that the continuous information enables the most
accurate cycle-match measurement. In cycle matching, the time
interval is measured between the zero crossing of cycles re-
ceived from master and slave transmitters. Many CW systems
include a form of time-sharing in which the continuous broad-
cast of the measuring frequency is interrupted briefly to transmit
a different frequency. This different frequency can be used for
lane identification (Hydrodist, Decca, Omega).

Pulsed Transmission

This is a transmission made in short pulses or groups of
pulses, with the transmitter silent most of the time. Measure-
ment may be to the leading edge of the pulse (Pulse Match) or to
a specific cycle within the pulse (Cycle Match). By this tech-
nique, ambiguity is eliminated at microwave frequencies and
alleviated at low frequencies. As well, skywave interference
problems are virtually eliminated at low frequencies (Loran-C).

Time-Shared Transmission
The transmitter is switched off at intervals to allow an-
other transmitter to use the same frequency. This allows a

hyperbolic or multi-user range-range chain to operate on one
frequency, thereby saving on equipment cost, economizing in
frequency spectrum and reducing susceptibility to interference
(Hi-Fix, Omega).

Propagation of Radio Waves

Modes of Propagation

The various modes of signal transmission are illustrated in
Figure 20. At microwave frequencies, there is almost no curva-
ture of the signal path; if one cannot see the transmitter one
cannot receive the signal. By signal enhancement, over-the-
horizon transmissions are available with some systems. The
direct wave provides the most accurate measurements. For
lower frequency systems, which generally have the receiver
below the horizon of the transmitter, the groundwave which
follows the earth’s surface (and is thus following approximately
along a geodesic) is used for measurement. Skywaves and
reflected waves are nuisance interference.

There is one radio positioning system which receives
microwave signals at long ranges, much beyond the line of
sight, because of the ducting of the signal between layers of the
atmosphere. In this ducted mode, signal waves reflected from
the sea interfere by either reinforcing or diminishing the ampli-
tude of the ducted wave. Surveyors have reported dead zones
where no signal could be received, presumably because of
destructive interference. There are other microwave radio posi-
tioning systems that achieve over the horizon ranges by using
signal enhancement techniques.

At medium and low frequencies, the groundwave follows
the earth’s surface, extending into the atmosphere to a height of
about a wavelength. It also penetrates sea water about one metre
and considerably deeper into low conductivity land. The signal
travels to the receiver by skywave reflection from the iono-
sphere as well as by groundwave. This skywave is particularly
strong at night, when an absorbing layer just below the iono-
sphere disappears. The strength of the skywave generally in-
creases with distance from the transmitter, whereas the ground-
wave loses strength (Figure 21). When the skywave reaches a
significant proportion of total signal strength, the interference as
described in the subsection entitled “Radio Noise and Skywave”
occurs. One way of getting around this problem is to transmit
pulses, as is done with Loran. The groundwave, because it has
the shorter path to travel, arrives first; if the measurement is
made on the initial part of the pulse (before the arrival of the
skywave), the measurement is free from skywave interference.

At very low frequencies (VLF), the signal of the Omega
system travels through the duct formed between the earth’s
surface and the ionosphere with the duct acting as a waveguide.
The width of the duct varies as the reflecting layer of the
ionosphere moves diurnally up and down. Somewhat inaccurate
skywave corrections must be applied. These may vary by as
much as 5 km in an hour. A more accurate corrective measure is
to monitor the changes at a stationary receiver, on shore nearby,
and apply corresponding corrections to a receiver at sea.
However, the best position-line accuracy of the Differential
Omega technique is probably about = 500 m.
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Radio Wave Propagation

Primary Phase Lags

All electronic positioning systems are dependent, in some
way, on the time integration of the speed of propagation of
electromagnetic radiation in the atmosphere. In September
1975, the International Union of Geodesy and Geophysics re-
commended that: the value of 299 792 548 m/s with a standard
deviation of 1.2 m/s (Bulletin Géodésique, No. 118, Dec.
1975), be used whenever the most precise speed of propagation
in a vacuum is required. For EDM calculations, the less precise,
previously accepted value V, = 299 792.5 km/s is generally
used. The velocity of propagation in the atmosphere, V. de-
pends on the refraction index:

Ve = Vo /m

The index of refraction of the atmosphere is dependent on
the air pressure, temperature, and the amount of various gases
(water vapour, carbon dioxide, etc.) in the air. Normally, dry
bulb and wet bulb temperatures and total air pressure are the
only three parameters measured. Using a formula such as that
given by Essen and Froome (1951), the index of refraction can
be computed. The primary phase lag signal delay is dependent
on the index of refraction, and is directly proportional to the
distance. It should be noted that the correction is independent of
the carrier frequency (see also, the section on computation of
primary and secondary phase lag).

Secondary Phase Lags

For medium and low frequency radio waves travelling
directly over the earth’s surface, there is a second factor often
called the secondary phase lag. It is dependent upon the electri-
cal properties of the top portions of the surface material down to
the signal penetration depth, and on the vertical rate of change of
the index of refraction. The penetration depth of signals at

STRENGTH

Decca frequencies is less than a metre in seawater. The secon-
dary phase lag over a distance is a non-linear function involving
the distance, frequency, conductivity of the surface, permitti-
vity of the air and surface, and the curvature of the radio wave;
the first three factors being the most important in offshore
surveying.

Formulas and procedures described by Johler (1956) are
the accepted method to compute the secondary phase lag over a
smooth surface of a homogeneous medium. Since the equations
are complex and the computations extensive, it is usually advan-
tageous to replace the rigorous formula with a polynomial
approximation. P. Brunavs (1977) developed polynomials to
replace the total phase lag computation for the Loran-C carrier
frequency over sea water and land. The Canadian Hydrographic
Service has extended the use of the polynomials to include
Loran-C over fresh water and an Agro carrier frequency over sea
water. The polynomial takes the form:

GROUNDWAVE

SIGNAL
SKYWAVE

(db)

4  e—— NOISE

DISTANCE (LINEAR SCALE)

Figure 21

Strength of Signals as a Function of Distance
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= CS +C+CyS+ (CyS+Cye €59
4 Co
14+C7:S +Cq8* (20)

where: P = Total Phase Lag (metres),

C,, C|, C; — Cg are given in Tables VI and VII for
specified frequencies, conductivities, and permittivities, and

S = Distance in metres / 100 000.

For Loran-C frequencies, the polynomials are valid for
distances from 3 km to 4 000 km to an accuracy better than 2.5
metres with respect to the rigorous equations given by Johler
(1956). For the Argo frequency polynomial,the accuracy is
better than 1.3 metres and the applicable distances are from
2 km to 500 km. The use of the polynomials for other medium
frequency systems operating elsewhere in the 1600 — 2000 kHz
frequency band would incur an additional loss of accuracy up to
one metre.

The assumed primary phase lag used in the polynomials is
the index of refraction of 1.000 338. To change the index of
refraction in the total phase lag polynominal, subtract 33.8 from
C, and add (m-1) X 100 000 where v is the desired index of
refraction.

® Tests of Johler Model

The Canadian Hydrographic Service conducted several tests
at different frequencies to determine the secondary phase lag.
Sea trials off the Nova Scotia coast in 1973 showed an agree-
ment of approximately 5 m between observed ranges mea-
sured by Hi-Fix and predicted ranges calculated from survey
observations after corrections for secondary phase lag. The
Johler model was thus confirmed for phase lags at 1700 to
2000 kHz over sea water off the Atlantic coast.

Extensive tests were made in the Gulf of St. Lawrence in 1969
to determine the accuracy of the Decca Lambda system when
used in the range-range mode and with phase lag corrections
applied (Brunavs and Wells 1971). These tests confirmed the
Johler model for Decca Lambda frequencies (70 to 170 kHz)
in commonly encountered east coast conditions.

The model has also been confirmed for open water conditions
in the Arctic. During April and August 1973, the Canadian
Hydrographic Service, in cooperation with the Geodetic Sur-
vey Division and the Polar Continental Shelf Project of the
Department of Energy, Mines and Resources, carried out a
comparison test using Decca frequencies to determine the
phase lag in Amundsen Gulf for sea-ice conditions, by com-
paring it with the phase lag for open-water conditions. The
August test was conducted over open sea water, the primary
and secondary phase lag effects were computed and an effec-
tive velocity was derived. The result agreed with the observed
velocity, thus confirming the Johler model for Arctic open
water (Gray, 1975).

® Sca Surface Conductivity

The Marine Environmental Data Service (MEDS) of the De-
partment of the Environment made a statistical study of
21 173 sea-surface conductivities measured on the Nova Sco-
tia coast, Gulf of St. Lawrence, Grand Banks, and Labrador
coast (Forester, 1973). The area was divided into blocks,
usually 5° squares of latitude and longitude. Data was
accumulated for each block for each calendar month. The
statistics produced for each block, for each month, included
the mean conductivity, standard deviation of the observa-
tions, maximum and minimun observed values, and a number
of samples. Figure 22 gives five curves from this data which
describe the average conditions off Canada’s east coast.

Three of the curves are: the conductivity, the average of the
mean conductivities for all blocks for each month, and the
maximum and minimum mean conductivities for any block
during that month. The maximum and minimum monthly
mean values should be considered with caution because no
extensive efforts were made to eliminate blunders from the
large mass of data. Also given for each month are the lowest
monthly mean values for any block in the study area minus
three standard deviations for that block, and the highest
monthly mean value for any block in the study area plus three
standard deviations for that block. These last curves should
indicate a better than 99 percent confidence band for the
observations. Sea-surface conductivities of the water off the
east coast should rarely be outside the limits shown by these
two curves.

The MEDS study indicates that no appreciable variations exist
with respect to different areas on the Atlantic coast. This
indication may have resulted from the fact that block areas
were delineated strictly by geographic coordinates. No at-
tempt was made to relate block boundaries to shorelines or the
boundaries of the Labrador current or the Gulf stream. Never-
theless, these curves are representative of sea-water con-
ductivities in the areas adjoining the eastern Canadian coast-
line. Since the study was done in an area where there are large
disturbing influences including the cold Labrador current, the
warm Gulf stream, and the fresh water influx of the St.
Lawrence River, it is reasonable to assume that surface con-
ductivity in other areas may not be more variable.

A study of the total phase-lag polynomials indicates the mag-
nitude of errors in range which would result from various
errors in conductivity. If we assume a mean conductivity of
3.2 Siemen per metre (S/m), and the actual conductivity is
within the range 2.0 to 5.5 S/m (the approximate outside
limits of the 99 percent confidence region shown in Figure
22), the maximum errors for Loran-C would be:

at 10 km, 1.0 m or 100 ppm or /10 000
at 100 km, 3.0 m or 30 ppm or 1/33 000
at 1 000 km, 11.4 m or 11 ppm or 1/88 000.

Mean monthly values taken from Figure 22 would reduce the
errors slightly. Conductivity measurements taken at the time



TABLE VI

Coefficients for Computing Groundwave Phase Lags
For Loran-C (100 kHz)

for: distances over 200 m,
permittivity of the atmosphere, E1 = 1.000 676
vertical lapse rate of the atmosphere, o = 0.75
datum velocity, ¢ = 299 792.5 km/s
permittivity of the surface, E2 in e.s.u.

Surface
Conduc-
tivity
(Siemen/m) C() C 1 Cz C3 C4 C5 C(, C7 Cg
SEA WATER (E2 = 81)
5.5 2.277 -111.0 98.08 -13.75 112.8 -0.254 0.0 0.00 0.
5.0 2.277 -111.0 98.20 -13.51 112.8 -0.254 0.0 0.00 0.
4.5 2.277 -111.0 98.35 -13.23 112.8 -0.254 0.0 0.00 0.
4.0 2.277 -111.0 98.53 -12.90 112.9 -0.254 0.0 0.00 0.
3.5 2:277 -111.0 98.75 -12.50 112.8 -0.254 0.0 0.00 0.
3.0 2.277 -111.0 99.01 -12.00 112.8 -0.254 0.0 0.00 0.
2.5 2.277 -111.0 99.35 -11.36 112.8 -0.254 0.0 0.00 0.
2.0 2.277 -111.0 99.80 -10.50 112.8 -0.254 0.0 0.00 0.
LAND (E2 = 15)
0.03000 2.277 1.9 126.77 43.7 36.9 -0.600 -30.3 13.64 310.
0.02500 2.277 15.4 129.63 43.9 29.2 -0.600 -35.2 14.08 310.
0.02000 2.277 31.0 133.49 45.1 18.4 -0.600 -40.0 14.30 310.
0.01750 2.277 42.1 135.98 45.7 11.0 -0.600 -43.9 14.47 310.
0.01500 2.277 55.7 139.05 46.6 2.1 -0.600 -48.1 14.42 290.
0.01250 2.277 73.6 142.94 47.0 -8.9 -0.600 -54.3 14.13 270.
0.01000 2.277 98.0 148.11 47.0 -24.0 -0.600 -60.8 14.00 245.
0.00750 2.277 133.7 155.47 49.0 -47.0 -0.600 -72.5 13.20 226.
0.00600 2.277 166.0 161.67 49.2 -66.7 -0.600 -83.3 12.67 167.
0.00500 2.277 195.5 167.04 48.9 -83.9 -0.598 -94.3 12.26 151.
0.00400 2:207 236.2 173.89 47.5 -105.9 -0.587 -108.7 10.76 96.
0.00300 2.277 297.1 182.95 48.3 -143.1 -0.556 -127.7 10.42 74.
0.00250 2.277 341.3 188.62 47.5 -163.8 -0.534 -146.4 9.16 56.
0.00200 2.277 402.7 195.13 48.8 -195.3 -0.508 -169.3 8.29 31.
0.00175 2.277 442.6 198.63 51.4 -218.0 -0.496 -183.5 8.02 28.
0.00150 2.277 492.2 202.13 54.3 -236.5 -0.457 -208.2 7.16 21.
0.00140 2.277 515.5 203.43 55.3 -241.1 -0.433 -223.2 6.62 17.
0.00130 2:.277 541.1 204.70 57.6 -249.7 -0.415 -237.4 6.36 14.
0.00120 2.277 569.1 205.82 61.6 -263.1 -0.406 -249.3 6.25 13.
0.00110 2.277 599.8 206.75 67.3 -280.2 -0.402 -259.7 6.22 13.
0.00100 2.277 633.3 207.42 75.0 -299.4 -0.400 271.4 6.30 13.
0.00090 2.277 669.3 207.73 85.3 -319.7  -0.399 -285.7 6.48 13.
0.00080 2.277 707.5 207.58 98.9 -339.9 -0.401 -302.3 6.74 4.
0.00070 2.277 746.5 206.87 118.2 -361.1 -0.409 -316.9 6.97 16.
0.00060 2:277 785.1 205.45 145.8 -382.5 -0.426 -328.0 1.3} 20.
0.00050 2.277 819.4 203.26 182.6 -392.5 -0.450 -347.2 7.78 25.
0.00040 2.277 845.8 200.16 216.5 -357.8 -0.473 -401.6 7.58 16.
0.00030 2.277 855.7 196.04 219.5 -217.3 -0.488 -523.4 5.64 7.
0.00020 2.277 832.2 190.58 190.3 -8.7 -0.498 -685.7 5.23 6.
0.00010 2.277 717.7 183.06 164.2 132.0 -0.510 -690.6 7.25 19.
0.00005 2.277 573.3 178.07 158.7 165.4 -0.516 -568.4 9.61 55.
0.00001 2.277 393.6 173.46 155.7 186.4 -0.522 -402.8 11.29 111.
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TABLE VII

Coefficients for Computing Groundwave Phase Lags
For Hi Fix and Argo (1702 kHz) Over Water

for: distance over 200 m,
permittivity of the atmosphere, E1 = 1.000 676
vertical lapse rate of the atmosphere, a = 0.75
datum velocity, ¢ = 299 792.5 km/s
permittivity of the surface, E2 is e.s.u.

Surface
Conduc-
tivity _
(Siemen/m) CO C| C2 C3 C4 C5 C(, C7 Cg
SEA WATER (E2 = 81)
5.0 0.00773 0.1 46.5497 -2.2933 4.6154 -0.5 -4.0968 6.0 0.
4.0 0.00776 2.2 46.7871 -2.7977 3.1919 -0.5 -4.6779 6.0 0.
3.0 0.00766 2.9 47.4754 -2.5022 3.4076 -0.5 -5.5516 6.0 0.
2.0 0.00744 3.1 48.7884 -1.3986 4.5915 -0.5 -6.6647 6.0 0.
1.0 0.00711 6.0 50.8178 -0.5671 4.4715 -0.5 9.1115 6.0 0.
BRACKISH WATER (E2 = 80)

0.75 0.00694 94 52.2567 -0.3049 3.5038 0.5 -11.2025 6.0 0.
0.50 0.00655 12.5 54.1506 0.7259 3.3363 -0.5 -13.7614 6.0 0.
0.25 0.00593 18.0 57.9187 4.2427 4.4423 0.5  -19.5047 6.0 0.
0.10 0.00461 23.7 62.0038 14.7811 -31.1729 6.0 0.

2.0696 -0.5

of the range measurement would give the most accurate re-
sults.

Additional Secondary Factor (ASF)

® Overland Path

In conditions where medium and low frequency transmissions
have overland paths between the transmitter and receiver,
there is a substantial change in the secondary phase lag from
what it would be with total sea-water conditions. This change
is caused by the very different electrical properties of the land
as opposed to those of the sea. There are significant changes
with regard to different types of land, i.e., rocky, wooded,
cultivated, or swampy, and fresh-water lakes present their
own electrical properties. Seasonal changes caused very pro-
nounced variations in the electrical properties. Under these
conditions, the Johler (1956) model is quite unsatisfactory for
estimating secondary phase lag. To avoid overland paths,
most transmitters for offshore surveys have been situated
close to the coast.

Loran-C is a long-range positioning system capable of being
used at ranges up to 2000 km. Consequently, the area of good
geometric coverage is quite large and it is inevitable that some
overland path must exist. The trend in the past few years has

been to establish more Loran-C stations inland, so that the
chain can be used for both marine and air navigation.

However, the inland locations involve long overland paths
from the transmitter which may range from a dry plateau to
a rain forest. Extensive testing of the overland path charac-
teristics of the secondary phase lag would have to be carried
out in order to predict the secondary phase lag accurately
enough for surveying purposes.

If the overland correction was constant over the survey
area, the correction would be relatively simple to measure.
One method is to compare a Loran-C fix with a more
accurate fix, but in some cases the correction varies rapidly;
for example, the Canadian Hydrographic Service found that
when steaming around Scaterie Island (east point of Cape
Breton Island), the correction to the Loran-C range meas-
ured to Nantucket changed by 2.4 microsec (700 m) in
46 km (25 nautical miles), as the overland path increased.

For navigational purposes, the disadvantages of overland
paths are minimal when compared to the advantages
obtained by good geometry; however Loran-C chains will
also be used for surveying; when so used the effect of
secondary phase lag due to overland transmission will have
to be considered.
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For January the mean conductivity is 2.82,
the observed range of conductivities is 2.07
to 4.46, and there is a 99% probability

that the conductivity is within the range
from 1.59 to 3.44 siemens/metre.

Figure 22

Variation in Sea-Water Conductivity off Canada’s

The modified Millington’s method (Bigelow, 1965) of de-
termining the secondary phase lag correction of composite
paths is not precise enough for most survey work, but can
provide a rough estimate of the ASF or, if used in connec-
tion with observed ASFs, the method can provide an im-
proved estimate of the ASF in the area of the observations.
A sample computation for the line shown in Figure 23 is
given in Table VIIIL.

East Coast

® Over Sea Ice Path

Early experience with Decca indicated that its accuracy was
significantly reduced if the area of operation was ice covered.
During April and August 1973, the Canadian Hydrographic
Service, in cooperation with the Geodetic Survey Division
and Polar Continental Shelf Project of the Department of
Energy, Mines and Resources, carried out tests using Decca
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equipment to determine the characteristics of the secondary
phase lag over sea ice in comparison with those over open
water. The tests showed (Gray, 1975) that by assuming a
uniform velocity of propagation and accepting a linear
relationship between secondary phase lag and distance, the
velocity observed over sea ice in April was 2.9951 x 10® m/s,
and the velocity observed over open water in August was
2.9961 x 10® m/s, a difference of 1 part in 3000.

The observed velocity over open water confirmed the theore-
tically determined primary and secondary phase-lag com-
putations, using observed meteorological and oceanographic

properties.

Gray’s (1975) report confirmed that at Decca frequencies (84
to 130 kHz), the effect of even 2 m of sea ice, on one range,
was significant (of the order 1:3000). It showed that the
magnitude of the effect would be very dependent on the
thickness and conductivity of the ice, and indicated that the
thickness and conductivity of the ice could be variable within
an operational area. There was not enough data to establish a
model adequate enough to estimate an ASF for sea-ice con-
ditions.

Several surveys have been made using Hi-Fix frequencies
(1700 to 2000 kHz) over different types of sea ice in the
Canadian Arctic; the maximum operating range was reduced,

TABLE VIII

Sample Millington’s Method Computation for Loran-C

Total Phase Total Phase
Distance from Lag at Start Lag at End Total Phase
Transmitter Conductivity at of Section of Section Difference
km Siemen/m m m m
Forward
0
.001 1499.0 679.2 -819.8
100
4. 67.3 219.9 152.6
300
.002 978.1 1183.8 205.7
400
3.5 307.3 584.9 277.6
700
TOTAL -183.9
Reverse
0
3.5 1499.0 221.2 -1277.8
300
.002 978.1 1183.8 205.7
400
4. 305.8 488.3 182.5
600
.001 1891.8 2099.3 207.5
700
TOTAL -682.1
MEAN -433.0
Total Phase Lag over Sea-water
of Conductivity 5 Siemen/m = 579.8 — 1499.0 = -919.2 m
Additional Secondary Factor = -433.0 — (-919.2) = 486.2 m

= 1.62 microsec.
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Phase Lag Components

and in some cases there was a complete loss of signal well
within the normal range of the system. In addition, the pro-
pagation velocity varied considerably depending on the thick-
ness and age of the ice. With even a small amount of rapidly
melting ice in Northumberland Strait, the Canadian
Hydrographic Service observed a change of one part in 3300
in the effective velocity. Sea ice has a much greater effect on
propagation velocity at Hi-Fix frequencies than at Decca
frequencies.

Computation of Primary and Secondary Phase Lags

The atmospheric index of refraction at the ship and shore
stations can be readily measured using barometers and wet and
dry thermometers, but the value may not represent conditions in
the intervening distance. Depending on the accuracy required, it
may be necessary to sample or estimate conditions along the
intervening distances. For microwave systems, the nomograms
supplied for tellurometers are convenient for deriving 1y, from
measured temperatures and pressure.

The primary phase lag incorporated in the total phase lag
polynomials was derived using a nominal index of refraction,
Nnom = 1.000 338:

Primary Phase Lag = (npom — 1)d 2n
For an observed value s, the C, term of the polynomial
must be corrected:

C, (corrected) = C, (nom) + 100 000 (Mops — Mnom)  (22)
Locking Constant

For a range-range system, giving readings in lanes, the
general expression for the computation of distance from

observed lane readings is:

d= (nobs - nl.)')\ (23)
2
where:
nens = observed lane reading,
n. = locking constant,
A = wavelength for the effective velocity V.

and comparison frequency f., (A= V./f.).
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Using phase-lag values, the expresion is:

d = (Nops — NL) Ay — Py (24)
2
where:
N\, = wavelength for vacuum velocity (A, = V,/f.),

P, = the total phase lag value for distance d.

In determining the locking constant we have to compute
the correct lane number for a known distance d.
Using phase-lag values, we have:

n= 2 (d+Py, (25)
Ao
and N = Ngps — N (26)

Effective Phase Velocity

When using the total phase lag polynomials it is useful to
consider how the tabulated values can be related to an effective
radio-wave propagation velocity (correctly known as phase
velocity). If, at a distance d, the phase of the actual signal lags
by Py behind what it would be if the signal has travelled at the
velocity in a vacuum V,, the corresponding effective phase
velocity V. is:

Ve = Vo (1 - &) (27)
d

Assuming a signal path derived from the total phase lag
polynomial completely over sea water, the values are a reason-
able approximation to P4. For example, for a Loran-C signal
travelling through air with an index of refraction 1.000 338 over
sea water with conductivity 3.2 S/m, the computed total phase
lag is 307.5 m for a distance of 400 km. The corresponding
effective velocity is:

V, = 299 792.5 (1 — 2975

400 000

) = 299 562.0 km/s

A fictitious wave travelling with a constant velocity of
299 562.0 km/s would arrive at the 400 km mark at the same
time as the actual wave travelling with a velocity which varies
depending on location along the path.

Inspection of sample phase lag computations would show
that the phase lag increases steadily outside the range of the
induction field, but the corresponding effective velocities are
relatively constant, decreasing only slightly with increasing
range.

Because the effective velocity is relatively constant for
each frequency range, an approximate value can be chosen to
derive ranges if the accuracy required does not warrant the use of
the phase lag polynomial.

Changing of Reference Velocity
The tabulated phase lags are all referenced to the vacuum
velocity. The use of the vacuum velocity is a convention, and

the main advantage is that the phase lags are always positive.
There is, however, the drawback that numerically, the phase lag
corrections are quite large, therefore in certain cases it is more
convenient to use some other reference velocity.

The conversion can be made as follows:

1 — V) - VI
P =P (28)
V()
where
p' = phase lag, referenced to velocity V',
p = tabulated phase lag, referenced to vacuum velocity
V, = 299 792.5 km/s,
d = distance, to which p' and p refer.
Example:

For Hi-Fix, Conductivity 3.2 S/m, and d = 100 km, the phase
lag from polynominal is 49.7 m,

For the velocity, V', = 299 650 km/s.

p' =497 2997925299 650 x 100 000 = 2.2 m.
299 792.5

If the selected new reference velocity were lower than
299 650 km/s, more of the derived phase lags would have a
negative sign, indicating that at these particular distances there
is a phase advance with respect to the nominal value. It is fully
appropriate to use phase lags as positive and negative values
provided no mistake is made when they are inserted in the
required formulae. In case of doubt, a check using effective
velocity may also be made since the latter does not vary with a
change in reference velocity.

The velocity of 299 650 km/s has special significance
because it has been widely used as an approximation for average
phase velocity over sea water. If the phase lags are converted to
this velocity as a reference, it is found that, for an average
sea-water conductivity of approximately 4 S/m, this velocity is
quite suitable for Hi-Fix frequencies, but is somewhat too high
for the Decca frequency band of 70 to 170 kHz. At these lower
frequencies the effective velocity varies between 299 500 and
299 610 km/s; thus, the adoption of a single best-fitting velocity
is less suitable at low frequencies.

It is evident that the phase lag data could be used to derive
a best-fitting constant velocity for different system frequencies
and expected ranges from the transmitters.

When automatic computers are used, the main criterion is
that the phase lag function is accurate and simple for computing,
therefore it is convenient to use the vacuum velocity V,,.

Numerical Examples

For the different systems there are different simple equa-
tions (30) and (31) for deriving a nominal range from the
instrument readings supplied. For all systems, where the accura-
cy requirements warrant, this nominal range can be corrected
using equation:



d = dn - (Pd + MNobs — T]nom) dn (29)
where:

d = corrected range;

d, = nominal range (derived differently for different
systems);

P, = Total Phase Lag as computed for the range by the
polynominal, for the appropriate frequency, conduc-
tivity and permittivity;

Mobs = Observed index of refraction;

Mnom = hominal index of refraction of the phase lag polyno-
minals

Hi-Fix

In this system, the readings are expressed in lanes. Since
the signal makes a two-way trip, the effective lane width is one
half the signal wavelength. The nominal range is given by:

dy = (Ngps — ) -)i(l (30)

2

where:

Nuns = observed lane reading;

n,. = locking constant;

A, = nominal wavelength, for vacuum velocity

(A, = Vo/fc);

V, = vacuum velocity of electromagnetic waves;

fe = comparison frequency.

Field Data:

range |, nop = 1500.0 lanes
(locking constant, ny,
2000.0 lanes
(locking constant, n. = 0).

0),

range 2, Nyps2 =

Accepted Constants:

vacuum velocity V: 299 792.5 km/s.

sea surface conductivity: 3.0 S/m.

comparison frequency f.: 1702 kHz.

index of refraction n: 1.000 338 (correction to computed total
phase lags from polyminals = 0).

Computations:
nominal lane width A\, /2 = V/2f. = 88.0707 m
From equation (30):

= (1500-0) 88.0707
132 105.0
nominal range d,, = (2000-0) 88.0707
176.141.3

nominal range d,

From equation (15):

range d; = 132 106.0 + 65.
85

1 =132 171.1 m.
range d, = 176 141.3 + 85.4

176 226.7 m.

I
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Loran-C (Rho-Rho)

In this system, the readings are given in microseconds of
travelling time. Since the signal travels only one way, the
nominal range is given by:

d, = (L -E)V,, (3D
where:
L = Loran-C reading;
E = emission delay = coding delay + baseline travel time;
V, = vacuum velocity of electromagnetic waves.
Field Data:
Loran-C reading for Cape Race Lg =50 201.50 us.
Loran-C reading Angissoq La = 3598.42 us.
Emission delay for Cape Race Er =18 212.24 us.
Emission delay for Angissoq E, = 0.00 us.

Accepted Constants:

vacuum velocity V,: 299 792.5 km/s;

sea surface conductivity: 4.0 S/m;

signal frequency f: 100kHz

index of refraction n: 1.000 338 (Correction to tabulated phase
lags = 0).

Computations:

from equation (31):

nominal range to Cape Race,

d,r = (0.050 201 50 — 0.048 212 24)299 792 500
= 596 365.2;

nominal range to Angissoq,
d.,a = (0.003 598 42 — 0.000 000 00)299 792 500
1 078 779.3.

From equation (29):

range to Cape Race, dg = 596 365.2 — 484.9
=595 880 m

1078 779.3 — 950.6

1077 829 m.

ol

range to Angissoq, da

Phase Lags in Hyperbolic Systems

In hyperbolic systems, the introduction of specific phase
lag corrections is a rather cumbersome process and the addition-
al accuracy obtained is seldom warranted. It is usually satis-
factory to use a reasonable estimate of the average velocity for
the particular conditions.

Accuracy of Radio Positioning

The positioning accuracy of any radic positioning system
depends on two factors:
® The accuracy of an individual measurement, which depends
on instrumental accuracy, knowledge of the. propagation
velocity, care taken in calibration, etc.
® The Fix Geometry Factor, or Geometric Dilution of Position
(GDOP), that is, the ratio of the position error to the measur-
ing error. It depends on the angle at which the LOPs intersect,
and it includes the lane expansion or error magnification of
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hyperbolic systems (see Figure 24). At point P, the GDOP is
the same as the ratio of the long diagonal of the diamond
formed by the intersecting LOPs at P, to the width of the lanes
at the baselines between shore stations. The geometric pattern
set up by the intersecting LOPs depends on how the transmit-
ting stations are located relative to the survey area, therefore
the geometric pattern is, to some extent, under the control of
the surveyor. The error in position, resulting from a given
measurement error, depends critically on the location within
the pattern.

From an examination of the diamond-shaped figures
formed by the lattice of LOPs, one can see the error in position
which would result from a measurement error of one lane. For a
hyperbolic system (Figure 24), the long axis of each diamond is
the positional error which would be a result of each hyperbolic
measurement being too large by one lane. For a range-range
system (Figure 25) in localities distant from the shore stations,
the short axis of the diamond is the positional error which would
result from range measurements that are too large by one lane for
each range. Clearly, the same ratios of measurement error to
position error are valid for smaller measurement errors in the
same general vicinity.

The lattice pattern indicates that in most areas, there exists
a “worst” direction for fix accuracy. Within the area of coverage
of a range-range system, this “worst” direction is normal to the
baseline in the part close to the baseline, and parallel to the
baseline in the part far from the baseline. When using a
hyperbolic system far out in the area of coverage, the “worst”
direction is towards the master.

In a hyperbolic system, the average errors in measuring
the phase difference at a point P, between the signals received
from the master and slave transmitters, is a small fraction of a
cycle of each of the transmitted frequencies. Each of these
fractions of a cycle can be expressed in length units, by multi-
plying the fractions by the wavelength of the appropriate trans-
mitted signal. The average errors, expressed in metres, for each
of the slave frequencies, are not generally the same. However,
they are close enough in magnitude to characterize a system.

If, in a given system, the error of both red and green phase
differences is e,, metres, the error in the red position-line
measurement for a point on the baseline between the master and
red slave is e, metres. Similarly, the error in the green position-
line measurement for a point on the green baseline is ¢,,, metres.
But, for an arbitrary point P within the area covered by the
system, the errors, expressed in metres, in each of the position-
line measurements are not in general e, metres; it is only along
the baseline that the wave-length of the transmitted signal is
equal to the distance between position lines of the lattice. In
general, the position-line errors, in metres, corresponding to
phase-difference errors of e,, in both the red and green measure-
ments are given by:

(32)
(33)

er = €, cosec p/2 (metres),
e en cosec y/2 (metres),

where:

er 1s the error in the red-position line,
eg is the error in the green-position line,

p is the angle subtended by the baseline between the master and
red slave.

+ is the angle subtended by the baseline between the master and
green slave.

If the errors in the measurement of the red and green
position lines at a point P (Figure 18) are eg and eg respectively,
and the angle between the position lines at P is 8, the resultant
error in the position fix d o is given by:

dya = cosec 0 Veg® + eg® + 2erecos 0 (34)
note that by the properties of a hyperbola:

0 =(p + v)2. (35)
Combining equations (32), (33) and (34) we have:

d s = e, cosec O (cosec’ p/2 + cosec® y/2 +  (36)

2 cosec (p/2) cosec (y/2) cos 6)”

Equations (34) and (36) are valid only if the errors in the
red and green position-line (or phase difference) measurements

Figure 24

Intersecting Position Lines
for a Hyperbolic Triad



Figure 25

Intersecting Position Lines
for a Range-Range Pair

are fully and positively correlated; that is, a large positive error
in the red-phase difference is invariably associated with an
equally large positive error in the green-phase difference; a
situation unlikely to occur. The normal situation is that only a
few of the error sources are common to both measurements.
Some method of taking into consideration the extent of correla-
tion must be introduced in equations (34) and (36).

If the measurement errors e are replaced by the respective
measurement standard deviations o, and a correlation coeffi-
cient is added to the term which involves both range measure-
ments, we have:

dims = cosec 8 Vog? + o5 + kg o oG cos 0 (37)
and,
dims = Om cosec 0 (cosec? p/2 cosec? y/2 + (38)

2krg cosec (p/2) cosec (y/2) cos 0)*
where:

krg is a correlation coefficient between the measurements of the
red and green-phase differences;

og and og are standard deviations of the red and green-phase
difference measurements;
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o, is a mean standard deviation of phase-difference measure-
ments and, d,ms = Va? + b? is the square root of the sum of
squares of the semi-major and semi-minor axes of the standard-
error ellipse describing the accuracy of the resulting position fix.

In range-range or rho-rho systems, the corresponding
intersection angle 8 between position lines at point P (Figure 25)
is given by:

6 = 180°-B (39)
where 3 is the angle between the range lines at P.

Substituting equation (39) into equation (37) we get a cor-
responding expression for d, s in the two-range situtation;

d;ms = cosec 0 \/O'RZ + O'Gz - kRG * OR "O¢g COS B (40)
where:

og and o are the standard deviations of the two-range measure-
ments, rather than two phase or range-difference measurements.

Where there is no correlation (kgg = 0), equation (40)
reduces to equation (18) (see Chapter 6, Positional Accuracy).
Where there is high positive correlation krg approaches 1 and
d,ms becomes very small. Since the more usual situation is that k
has a small positive value, equation (18) may give a slightly high
value for the standard deviation of the position error. The value
of dyms is V2 times the semi-major axis of the standard error
ellipse when the fix accuracy is the same in all directions (i.e.,
semi-major and semi-minor axis equal), but only slightly larger
than the semi-major axis when there is a large difference in the
two axes. For most of the area covered by a system, particularly
those areas where the accuracy is lowest, d,,, is a good
approximation for the semi-major axis of the standard-error
ellipse.

The Circle of Equal Probability (CEP) is a less meaningful
but frequently used term. It is the circle within which there is a
50 percent probability of the true position being situated. The
radius of the CEP is a less-stringent error estimate and may
sometimes be used to give an impression of higher accuracy.

Accuracy Contours

Having estimated the reading errors of this system, the
surveyor often wants to find contours of constant-fix accuracy to
define areas within which he can work to a required tolerance.
There are two approaches: 1) calculate error ellipses at a grid of
points over the survey area, and then interpolate accuracy con-
tours between the points; 2) plot contours of fix Geometry
Factor or Geometric Dilution of Position (GDOP).

For a hyperbolic system, from equation (38):

GDOP = 9ms = cosec B(cosec? p/2 cosec? y/2 +

m

2kgrg cosec (p/2) cosec (y/2) cos )% (41)

Once the master and slaves are plotted, the contours can
be plotted as described by Bigelow (1965) using a three-arm
protractor. The accuracy contours for a navigational hyperbolic
Loran-C chain are shown in Figure 26. In deriving these curves,
the correlation coefficient kg is taken either as plus one or
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minus one, whichever gives the largest value of GDOP; thus,
the contours represent the least advantageous case. For ex-
ample, if the standard deviation of the phase-difference
measurements is 50 metres, the contours in Figure 26 indicate
locations where d,,,¢ is no more than 250 or 500 metres with full
correlation in the least advantageous case.

For a two-range system, from equation (40) and assuming
OR = O0g = O
GDOP = Yrms

(2

\/O'Rz. =+ ()'G2 = kRG * Or * Og COS B (42)

= 2 cosec B

As with the hyperbolic system, the value of kg is taken
either as plus one or minus one so that the contours represent the
least advantageous case. Accuracy contours (Figure 27), are
circles subtending a constant angle at the baseline, and indicate
locations where d,,, is no more than the indicated multiples of
the standard deviation of the measurements. Note the rapid
increase in GDOP close to the baseline. The low accuracy
“football” is fairly narrow. It may be possible to maintain
reasonable accuracy through the contours if a ship crosses them
at approximately right angles, and has an accurate distance-
measuring log to reduce the larger along-track errors near the
base. In general, the two-range geometry gives better accuracy
than hyperbolic geometry.

Error Ellipses
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