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INTRODUCTION

This study was undertaken at the request of the Canada
Centre for Remote Sensing, Department of Energy, Mines
and Resources as part of the H-series on the Beaufort
Sea Project. The broad objective of the H-series is
to investigate methodologies for the detection and
clean-up of o0il which may be released as a result of

exploration activities in the Beaufort Sea.

Philip A. Lapp Limited was contracted to undertake the

H-2 project within this series. The objective of the

H-2 project is ''to evaluate and develop a scenario of
remote sensing methods and procedures of oil spills in

the Beaufort Sea under three separate conditions: a) 100%
ice cover (no open water); b) ice infested waters;

c) totally ice free water. To accomplish this

objective, Philip A. Lapp Limited was requested:

1. to assess specific remote sensing technologies
including, but not limited to, multi-spectral
scanner, microwave and radar methods.

2. to evaluate the application of these technologies
under the following three conditions:
a) o0il under 100% ice cover
b) o0il in ice infested waters
c) oil in ice free, Arctic waters.

3. to consider the logistical problems of a remote
sensing operation in the Beaufort Sea area
including,

a) limitations imposed by the environment.

b) criteria for evaluating the suitability
of types of aircraft.

c) availability of airstrips to accommodate
aircraft equipped with remote sensing
instrumentation.
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d) communications systems and alerting
procedures.

e) potential role of the Long Range
Patrol Aircraft (LRPA) of the
Department of National Defence (DND) .

4. to develop realistic scenarios for the application
of remote sensing technologies to contingency
planning for the Beaufort Sea.

5. to identify and present recommendations for the
improvement or development of systems or procedures
applicable to the detection and surveillance of
potential oil spills in the Beaufort Sea.

This statement of work called for a broad range of
disciplines. To meet this requirement, Philip A. Lapp
Limited brought together a team of scientists and
engineers with backgrounds and broad experience associated
with remote sensing technology and with the environment

of the Beaufort Sea area. The team consisted of:

1. Philip A. Lapp Limited
Toronto and Ottawa, Ontario

2. SED Systems Limited
Saskatoon, Saskatchewan

3. W. R. McNeil and Associates Inc.
Toronto, Ontario

4. Norcor Engineering and Research Limited
Yellowknife, N.W.T.

SED Systems Limited were requested to evaluate the use of
radio frequency methods. Prior to this project, SED
completed several theoretical and instrumentation studies to

evaluate radar sounding of sea ice, acoustic sonar for snow



depth measurement, and radiometric sensing to determine

ocean salinity and the thickness of arctic sea ice cover.

W. R. McNeil and Associates are engaged in a study for

the Canada Centre for Inland Waters (CCIW) to investigate
the application of remote sensing technologies to water
quality monitoring. The extensive background of this
company in electro-optics was applied to the consideration
of optical techniques for the remote sensing of oil

spills in the Beaufort Sea environment.

Norcor Engineering and Research Limited brought to the
project direct experience and knowledge of the physics

of 0il and ice interactions, measurement programs being
conducted by Canadian and US agencies and the logistical
aspects associated with operations in the arctic environ-
ment, particularly in the Beaufort Sea area. Furthermore,
Norcor were conducting one of the major studies in the
G-series of the Beaufort Sea Project - the interaction of
0il with Arctic sea ice.

An initial planning meeting was held in Toronto on January 16,
1975 to develop a schedule and consider the elements of the
project in detail.

During the study, several meetings and conversations were
held with the scientific authority, or his designate, to
report on the progress. An interim report addressing the
status of the several concurrent investigations of potential
remote sensing technologies was forwarded to the scientific
authority in March, 1975. Throughout the study, contact



was maintained with other contractors on H series projects
to prevent duplication of effort on areas which might
juxtapose.

The project team convened again for a workshop held

between July 7 and July 10, 1975. At this workshop, each
member was asked to present a summary of activities and
conclusions for their particular responsibility. With

this information, a framework for the final report was
drafted, and conclusions and recommended action debated.

A draft report was written based on material and discussions
from the workshop. This draft report was circulated to
participants in the project for their comments. These
comments were incorporated to produce the final report.

During the workshop, it became evident that the role of
remote sensing in the surveillance and mapping of oil
spills in the Beaufort Sea would be limited. As we shall
demonstrate, there are several sea/snow/ice/oil states
which can occur over significant parts of the year to
which no remote sensing technology presently is applicable.
Because of this conclusion, we extended the investigation
to permit, if possible, the consideration and proposal of
a viable and feasible system, incorporating both remote
sensing and other technologies, for the surveillance and
monitoring of o0il spills in the Beaufort Sea.

Therefore the objective of the project was expanded to
encompass:
"the investigation of systems for the sur-

veillance and monitoring of oil spills at
the Beaufort Sea'.



This investigation included a scientific and technical
assessment of the remote sensing instruments including
consideration of the hardware specifications, software,
operator skills required, data acquisition, data handling
and data interpretation, and the interface with command
and control operations. Most of this information is not
provided for the other technologies; the discussion is
limited to introducing them. Therefore specific equip-
ments have not been recommended for the systems proposed.
In several cases, there are a variety of equipments
available. An assessment of the relative merits of each
would be required, including operating characteristics
and costs, before specific recommendaticns could be made.
We concluded that such an assessmenf was outside the
scope of this project.

For convenience, the appendices to this report have been

bound as a separate document.



2.0 THE CONDITIONS

2.1 The Operational Phases

From December, 1972 to March, 1975, the United States Coast
Buard tested an integrated multisensor surveillance system
installed on a Grumman Albatross aircraft. The system
included side-looking radar, infra-red line scanner, low
light level television, and passive microwave imager and

was developed to assist in the enforcement of antipollution
legislation through the detection, mapping, quantification
and classification of o0il spills. Because of the array of
sensors mounted in the aircraft, the system also was assigned
to other Coast Guard missions including ice reconnaissance,
and search and rescue. The multisensor approach demonstrated
by the U.S. Coast Guard system was considered in this study
as a model from which to develop a surveillance and mapping
system applicable to operations in the Beaufort Sea.

However, we are not faced with the occurrence of accidental
spills or the dumping of o0il over thousands of miles of
coastline. The location of planned operations in the
Beaufort Sea area for 1976 will be known precisely and
therefore the location of any potential oil discharge.
This significantly reduces the operating theatre to be
defined for any.proposed system. For the purposes of this
report, we have evaluated each system within three opera-
tional phases. The first phase covers the initial
exploratory drilling program up to two exploratory wells
with no planned production. Phase two covers the possible

continuation of this exploration program and an expansion

&



in the number of sites. The third phase covers the
jnitiation of the production stage and the expansion

to extensive operations in the Beaufort Sea.

OPERATIONAL PHASE 1 - PRELIMINARY EXPLORATION PROGRAM
OPERATIONAL PHASE 2 - EXTENDED EXPLORATION PROGRAM
OPERATIONAL PHASE 3 - PRODUCTION

In all phases, the location of the sites, and therefore
the location of potential discharges, will be known.
This will be an important factor in considering the

surveillance mode of any proposed operating system.

2.2 Possible 0il/Ice/Water States

Another important factor to consider in the assessment

of technologies for the detection and mapping of oil
spills in the Beaufort Sea is the possible interactions
between 0il and ice, water and snow. For this report,

all ice-water states are grouped into three zones:

the shorefast ice zone, the seasonal pack-ice zone and the
polar pack-ice zone. The occurrence of open water, snow,
and ice openings, including fractures, leads and polynyas
are considered within each of these zones.* Norcor
Engineering and Research Limited prepared a report for
Philip A. Lapp Limited describing the three ice zomes

and the interaction of o0il with the ice/water states
within each zone. This report is attached as Appendix A.
Due to the extreme variability, as well as the general
lack of data for the three ice zones (shorefast, seasonal
pack-ice, and polar pack-ice), it is impossible, as noted
in the Norcor report, to predict with any degree of certainty,

* The sea-ice terminology used in this report has been
selected to conform to that stated by the World
Meteorological Office (W.M.O. No. 259 T.P. 145).



the ice conditions which are likely to prevail at a given
time of year for most locations. The descriptions in
Appendix A are included solely as an aid to the assessment
of remote sensing technologies in conditions which might
prevail at any given time in the Beaufort Sea. They are

not intended as a definitive statement on the meteorological
or oceanographic conditions of the area.

Because it is impossible to predict the ice conditions at
a specified time of year with any degree of certainty, we
have divided the calendar year into four periods, not
necessarily of equal length. These periods represent the
time of open water, the freeze up, the period of solid
cover, and the melting process. For each of these periods,
and each of the three major ice zones (shorefast, seasonal
pack, and polar pack), we have summarized the changes that
take place in the ice/water states, the changes and normal
limits on ice thickness, and comments on features such as
ice openings, ridging, and snow cover. This summary is
presented in Figure 1 and is used as the base against
which the technologies for surveillance and monitoring are
assessed.

The descriptions in Figure 1 are not intended to be a
definitive statement on the ice climatology of the Beaufort
Sea. We recognize that the data from the region is sparse,
that many unknowns still exist, and significant variations
can occur from one year to the next. For these reasons,

we have divorced any time element from the descriptions

of the ice/water states; they are presented solely for the
purpose of defining the conditions under which a surveillance
and monitoring system must operate.



FREEZE-UP

ICE COVER
(9/10 - 10/10)

FIGURE 1

DESCRIPTION OF THE ICE ZONES

SHOREFAST ICE

slush ice forms
in protected
areas.

pancake ice on
rough seas

ice cover
increases to
5/10; thickness
to 15 or 20cm.
open water
along shear
zone.

ice cover
increases to
9/10 and 10/10
ice thickness
grows from
approximately
75cm to 165cm.
some ridging
and rafting.
often snow
covered.
predominantly
1st year ice
at shore.

SEASONAL
PACK ICE

ice cover
increases to
6/1C or 7/10
still large
sections of
open water.
ridging §
rafting of
new ice
large leads
& cracks.

polar pack
intrudes.

ice cover grows
to 9/10 § 10/10.
ice thickness
increases to
about 200cm.
leads less
frequent.
Bathurst polynya
extends into the
area as leads §
fractures.

POLAR
PACK ICE

ice growing to
7/10 and 9/10
leads constantly
opening. .
cracks parallel to
the movement of
the pack.

1st year ice
predominant.
large leads west
from Banks.

10/10 ice cover.
pack moving with
the Beaufort Sea

anti cyclonic drift.
ice thickness grows

to over 200cm.



BREAK-UP

OPEN WATER

FIGURE 1 (Page 2)

DESCRIPTION OF THE ICE ZONES

SHOREFAST ICE

Snow cover
becomes
glazed.

flow leads
appear.

ice cover

from 10/10

to 3/10;

large areas

of open water.
few large floes.

may be occasional
small floes.
frazil ice may
appear late in
the period.

SEASONAL
PACK ICE

- westerly drift
accelerates.

- large leads
present.

- Snow cover
melting.

- melt ponds; 1st
year ice thin.

- open water.

- ice cover
decreasing thru
7/10 and 4/10.

= st . CECe goHe
- groups of floes.

POLAR
PACK ICE

SNOwW cover
deteriorates.
lst year ice
softening.
leads common.
melt ponds
cover large
areas.

2nd year and multi-

year ice present.
floes present.
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3.0 INTRODUCTION TO THE TECHNOLOGIES

The application of any system to the problem under
consideration can be defined in one of two modes -

surveillance and monitoring. The surveillance mode

defines the role of detection of any oil discharge in
the Beaufort Sea. The result from the surveillance mode
would be a simple yes/no response to the presence of oil.

The location of any potential o0il discharge would be well
defined in any of the three operational phases identified
previously since the occurrence whether a blowout or
seepage would almost certainly occur in the vicinity of
the drill site. The surveillance mode would involve
checking the known exploration sites in operational
phases one and two, plus the production sites which may
be introduced in operational phase three.

Three parameters are important in the monitoring mode -
areal extent of the discharge, points of concentration,
and drift, or tracking. This information is required

by the command and control function to direct the crews
charged with the clean-up. Knowledge of the areal

extent is required for the placing of containment booms
and distribution of holding structures; the identification
of points of concentration ‘assists in the placing of
removal equipment. The oil spill also must be tracked

to give early warning of change of direction, particularly
if towards the coastline, and any split of the spill into
smaller segments.

]



4.0 CONSIDERATION OF THE TECHNOLOGIES - REMOTE SENSING

For the purpose of this report, remote sensing is defined
to encompass all instrumentation for measurement '"at a
distance". In assessing the application of remote sensing
technologies for the surveillance and monitoring of oil
discharges in the Beaufort Sea environment, the various
systems under consideration were divided into two groups
covering the electromagnetic spectrum: passive and

active radio frequency methods, and optical methods
jncluding photometric, intensified photometer systems

and thermal devices.

4.1 Radio Frequency Techniques

A complete assessment of the radio frequency techniques
was completed by SED Systems Limited of Saskatoon; the
results of their investigation are included with this
report as Appendix B. Only a summary of the results
will be presented in this section; many of the comments
and conclusions are extracted verbatim from the SED
report.

4.1.1 Passive Radio Frequency Techniques

After considering all availablé information on passive
microwave detection of oil spills, SED concluded that
nradiometric detection, mapping and possibly thickness
measurements are possible in open Arctic waters'". In

the surveillance mode, antenna scanning is possibly

near the 20 GHz frequency - the optimum operating
frequency to provide a-compromise between target contrast,
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surface resolution, and atmospheric attentuation. The
result would be a brightness temperature map of the
ocean. Such a map could also prove beneficial in the
monitoring mode.

The dielectric properties of oil at microwave frequencies
are nearly identical to those of snow. Therefore, with
only passive detectors operating in the microwave region,
no reliable conclusions can be reached regarding either
the detection of surface o0il in the presence of snow.

In ice-infested waters, the separation of a change in
brightness due to oil on the water compared to a changing
fraction of ice in the field of view of the instrument

is unlikely. An additional technique would be required
to separate first the fractions of ice and water.

To detect oil under an ice canopy, radio frequences must
be selected which can penetrate the expected ice thick-
ness. On the other hand, the wavelength must not be too
long compared with the scale sizes of the o0il pools being
sought. O0il in the bottom 4 or 5 centimetres of the ice
layer would create a discontinuity in the vertical profile
of the dielectric constant and make possible a change in
the emission from the region.

No UHF radiometric measurements of this phenomenon in real
situations are known, although the technique would appear
to be potentially useful since a UHF radiometer should

exhibit a brightness temperature decrease of tens of degrees
Kelvin. Since the bottom salinity gradient is expected to
be most important to the radiation properties of sea ice

o]
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once o0il becomes frozen into the ice and a substantial
amount of new sea ice has grown below the oil, little
effect is anticipated upon UHF or microwave properties
of the ice emission.

4.1.2 Active Radio Frequency Techniques

Three types of instruments were evaluated within this
category:

1. Scatterometers
2. Side-Looking Airborne Radar (SLAR)
3. Impulse Radar

Scatterometer - Scatterometers measure the return of a

burst of energy radiated from a transmitter and scattered
back from the target of interest. The received return
signal is proportional to the average scattering coefficient
of the target. When the time from transmission to reception
of the signal is measured, the instrument is more properly
referred to as a radar. Therefore, consideration of
scatterometers was deferred to the consideration of radar
systems.

Side-Looking Airborne Radar (SLAR) - There are two funda-
mental types of SLAR instruments: real aperture and

synthetic aperture. The real éperture system uses only
the forward motion of the aircraft and the along-track
beamwidth to provide spatial resolution parallel to the
flight direction. The synthetic aperture system utilizes
the differing phase relationships between the signals
received from target positions ahead of the aircraft and

#
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and those perpendicular to, oT behind, the aircraft to
obtain fine spatial resolution in both the along-track and
cross-track directions. Images are obtained during flight

from the computer processed return signals.

Three instruments are currently available outside the
military classification. The Motorola APS 94 (D) and

the Westinghouse PAQ97 are real aperture systems; the
Goodyear PAQl102 system is a synthetic aperture system.

In open water, the o0il damps the small scale waves and
produces an area of diminished radar return (the radar
cross section of the waves covered with oil is reduced).
The resulting contrast between oil-covered and oil-free
sea permits the contaminated regions to be mapped and the
extent of the discharge determined.

The SLAR views the surface at an angle to the vertical.
Therefore strong reflections from the edges of ice floes
are observed. Since SLAR is essentially a surface imaging
system, the potential use of this system in observing the
effects either of oil under ice or ¢f 01l in dce infested

waters would appear to be severely limited.

Probing Radars - Probing radars overcome the limited ice

penetration of SLAR. While no experimental investigations
using probing radars for detecting oil under ice have been
reported, two basic approaches are being investigated for
sea ice thickness measurement: wide-band frequency modu-
lation of the transmitted signal (FM/CW) and short time
duration modulation of the radio energy (pulse and impulse
jnstruments). A commercial FM/CW is available for

)



measuring sea ice thicknesses greater than approximately
one meter, although no information has been published
regarding its ability to detect oil under ice. It is

a contact sensor.

Research is being conducted using a UHF impulse radar

(a narrow pulse of DC energy is used to produce wideband
transmission) to measure sea ice thickness. The contamina-
ation, by oil, of the electrical properties near the ice-
water interface would be expected to decrease the bottom
surface reflection coefficient. However, the presence of
0il may be detected only as a change in bottom reflection
from one horizuntal position to another on similar ice,

or as a change in bottom reflection at the same location

at different times.

4.1.3 Conclusions - Radio Frequency Technigques

From the consideration of radio frequency techniques, SED
*
concluded that:

1. the useable radio frequency range for all-weather,
all-day oil spill reconnaissance in the Arctic is
from 400 MHz to 40 GHz. Ice penetrating sensors
will be restricted to operate between 400 MHz and
3 GHz. 1Ice or ocean surface scanning Sensors
should operate below 20 GHz ( 40 GHz for clear
sky operation).

* extracted from the conclusions from Appendix B -
report from SED Systems Limited.
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No experimental tests have been taken to verify
that oil can be detected under sea ice. From
theoretical considerations, it appears that UHF
(.3 to 3 GHz) impulse radars and radiometers
could detect oil spilled under first year sea
jce if the oil is observed when it is frozen into
the bottom few centimeters of the ice sheet.
UHF radiometers should exhibit a brightness
temperature decrease of tens of degrees Kelvin
under similar conditions. Insufficient data is
available to estimate if o0il is detectable under
multiyear ice. Although there is no evidence
to preclude such detection at present, after oil
spill has been frozen into or has migrated to
the center of the ice sheet, it would be difficult
to detect by RF techniques. Although 0il under
ice may be detected by radio methods it is not
certain that actual oil thickness can be deter-
mined since radiation of wavelength short enough
to be comparable to the oil thickness is strongly
attenuated in sea ice.

Surface o0il in ice free waters can be detected,
mapped, and possibly quantitively measured by
scanning radiometers at = 20 GHz or by side looking
radars (SLR's). O0il spilled on ice infested waters
can be easily determined only for small fractional
jce cover. O0il cannot be easily identified by type
at microwave frequencies.
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4. 0il spilled on surface ice will be difficult to
detect by microwave remote sensing techniques
as it is predicted to impedance match the ice
to the air in a manner similar to snow. At
frequencies above 20 GHz replacement of surface
brine by o0il may sufficiently alter ice dielectric
properties to create a characteristic surface
emissivity change. Experimental measurement would
be required to verify this effect.

5. Airborne thickness measurements of sea ice are
immediately possible at UHF frequencies. Further-
more, ice structure and typing are also immediately
possible using radiometers and dual polarized radars.

6. With the possible exception of side looking radars,
microwave sensors suitable for sea ice and oil spill
reconnaissance in the Arctic can be carried by
light aircraft, helicopters, or surface vehicles
such as snowmobiles and trucks. State of the art
equipment has been proven to operate satisfactorily
in the Arctic environment subject to unusual condi-
tions imposed by handling and storage, cold, and
minimal training of operators.

7. A microwave imaging radiometer would be a useful
adjunct to a SLAR system since the imager would
cover that region below the aircraft, outside the
field of view of the SLAR. The imaging radiometer
would prove particularly useful during break-up,
freeze-up, and open water when conditions were
unsuitable for visual or IR observations. The

instrument could be mounted on light aircraft*.

* from further correspondence received from SED Systems
Limited. 1Included after the SED report in Appeiidix B.



4.2 Optical Techniques

The assessment of remote sensing technologies operating
in the optical frequency was conducted by W. R. McNeil
and Associates Limited of Toronto; their report is
incorporated as Appendix C. As with the investigation
of radio frequency techniques, only a summary of the
results is presented in this section. Many of the
comments and conclusions are extracted verbatim from
the appendix.

The optical techniques were considered in three cate-
gories: photometric systems, intensified photometric

systems, and thermal systems.

4.2.1 Photometric Systems

This class of instrumentation includes a broad category

of conventional imaging and non-imaging systems operating
in the visible (UV to near-IR). Representative devices
include conventional television, multi-channel photometers,
multi-spectral scanners, image dissector cameras and multi-
band photography. The common characteristic of each of
these' systems is that they are all passive devices capable
of daytime operation only.

The most essential element in any anticipated detection/
mapping function for the operational phases in the Beaufort
Sea is real time display. Data from conventional multi-
spectral scanners are intended for processing at a later
time and therefore the output is usually recorded in

analog form on magnetic tape. Real time displays can be

$
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incorporated with the addition of a method for scan con-
version but this invariably jeads to a severe loss in

image quality.

Multi-spectral systems are available which incorporate
image dissectors at the scanmner and detection stages.
These instruments offer a superior combination of both
spectral and spatial characteristics but are limited

to one channel registration and therefore are unable to
provide thermal information. The image dissector camera

can be installed in a small aircraft.

4.2.2 Intensified Photometric Systems

This class of instrumentation includes all types of
instruments listed in the previous category but which
have in some way been modified for low light level
applications (i.e. LSTV) or by use of some form of
artificial illumination as with active systems (i.e.

laser fluoresensors).

Intensified Optical Multi-channel Analyzers are non-
imaging devices capable of storing up to 500 channels of
spectral information over a wide spectral range (200 nm -
1.1u) and at input signal levels comparable to starlight
jllumination under clear moonless skies. These devices

are physically small, require little power, are relatively
inexpensive and can incorporate several systems for real
time data output (CRT,x-y plotters, paper tape or real time

video.

)
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Field experience with low light level imaging systcms
has demonstrated that they are able to extend the range
of useful real time effectiveness of TV reconnaissance
systems down to jllumination regimes equivalent to

ndeep twilight". To extend operations to COVEr all
possible degrees of illumination some form B dotittacial
jllumination must be introduced. The U.S. Coast Guard
recommends a commercial wing-mounted searchlight operating
in the continuous wave mode from 28V DC at 60 amperes.
The unit weighs less than 50 pounds and, equipped with a
variable beamwidth, can operate over a wide range of

altitudes.

4.2.3 Thermal Systems

This class includes a broad range of both imaging and
non-imaging infra-red sensing devices such as the IR
radiometer, IR line scanner and the forward looking IR
scanner (FLIR). Most of these systems operate in the
8§-14 u region of the spectrunm. Some lower resolution

systems also operate in the 3-5 u region.

Thermal IR line scanners operate in a very similar manner
to multi-spectral scanners except that the incoming
radiation is split into both visible and thermal regions.
These sensors are not dependent on ambient illumination
but cannot penetrate rain or substantial cloud cover.
False alarms may be produced from localized thermal

structures in the water.

Forward looking infrared thermal imaging systems (FLIR)

are passive remote sensing devices; the image can be
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presented as a TV display. There are FLIR systems
available for both aircraft and helicopter operations.
The instruments combine quality images with real time
display and more extensive coverage with forward looking

capability.

4.2.4 Conclusions - Optical Techniques*

It is not possible at present to infer directly the
presence of oil under ice using optical techniques.
Under some conditions, possibly shorefast ice or snow
cover situations, it may be possible to detect oil
under ice or snow from thermal imagery. Meteorological
and metric considerations will limit the applicability

of passive optical techniques.

Ice conditions will severely 1imit the range of optimum
effectiveness of optical techniques for oil on water
detection to the open water period (basically the three
month Summer period). Even the most sophisticated optical
techniques will be ineffective for at least five months of
the year. The only exceptions may occur when o0il intrudes

into ice openings.

During open water and ice infested periods, thermal and
intensified optical devices operating at low altitudes
will be significantly more effective than conventional

photometric instrumentation.

For oil on ice, all optical sensors would be applicable
during any period except November or February. The greatest
potential would be achieved by combining a thermal and

jntensified photometric instrument.

¢ summarized from the conclusions in Appendix C.



4.3 Application of Remote Sensing Technologies to the
Ice Zones

Many of the remote sensing technologies in the optical
and radio frequency range have application in both the
surveillance and monitoring roles. However, in almost
every case the sensor is limited to detection in the
presence of open water. Figure 2 summarizes the sensors
considered in the assessments with an indication of the
operating limitations, the operational status (range
from conceptual, through the research and development
stages to commercial product), availability (classi-
fied to "off-the-shelf'" procurement), and practical
considerations (comments on cost and complexity). The
operating characteristics of the sensors can be applied
to the ice/water states identified in Figure 1 to high-
light the conditions under which present remote sensing
technologies can be applied to the surveillance and
mapping of oil discharges in the Beaufort Sea.

Some of the sensors are applicable to the detection of
0il, under certain conditions, but not to the mapping

of the spill (such as non-imaging sensors in the optical
range). In some cases, particularly in open water, there
are several remote sensing instruments which could be
applied to the roles of surveillance and monitoring.
However there are ice/water states, and considerable
periods of time during the year, when no remote sensing
technology is applicable. This includes remote sensing
technologies, or new applications of current systems, in
the conceptual stage. Further, the application of remote
sensing technologies to the surveillance and monitoring



FIGURE 2

ASSESSMENT OF REMOTE SENSING TECHNOLOGIES

PRACTICAL
SENSOR OPERATING LIMITATIONS OPERATIONAL STATUS AVAILABILITY CONSIDERATIONS
Microwave Detect and map oil on water Built for the U.S. Built to $100 - $200k
Radiometers & under 1St year ice, if Coast Guard USCG
oil in bottom cms. specifications
SLAR Detect oil in ice free Commercial Off-the-shelf High cost;
waters; must be minimum Complex
ice
Impulse Detect and map oil on water Development No
Radars & under 15% year ice, if
0oil in bottom cms.
Intensified Non-imaging; usual optical Development Off-the-shelf Reasonable ‘'
OMA constraints Cost e
Laser Non-imaging; power Development 18 months High cost '
Flourometer requirements high
Image Daytime operation Commercial Off-the-shelf Reasonable
Dissectors cost
MSS Daytime only Commercial Off-the-shelf Reasonable
cost
L3TV Blooming problems; may Commercial Off-the-shelf Reasonable
require illumination cost
Thermal IR Limited coverage Commercial Off-the-shelf Reasonable
Line Scanner cost
FLIR Power reguirements Commercial Off-the-shelf High cost

high
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roles was considered under ideal environmental conditions.
When the physical and operating limitations are applied

the actual coverage from the sensors will decrease.

The ability to operate a remote sensing system in the
Beaufort Sea will be very dependent on the following

conditions:
1. probability of IFR/VER constraints
2. hours of daylight
3. cloud cover
4. precipitation
5. fog
6. blowing snow

The probability of IFR/VFR constraints would affect the
actual flying of the instruments; the probability of any
of the other five conditions could affect the operation
of any selected instrument. Charts jllustrating the
comparative probability of flying VFR and IFR missions
are presented in Appendix A*. The probability of flying
a VER mission from Inuvik, Cape Parry oOr Sachs Harbour
exceeds 50% for only 5 months of the year, from April
through August. The probability of flying IFR missions
from Inuvik exceeds 80% over the whole year. From Cape
Parry, the probability of IFR varies between 60 and 85
percent; from Sachs Harbour the probability varies
between 70 and 95 percent for most of the year but
decreases to between 55 and 70 percent from mid-June

through August.

Except for the condition of blowing Snow, sensors operating
in the radio frequency can be considered "all weather sensors''.
Their operation is not affected by the level of illumination
- (hours of daylight), cloud cover, precipitation, or presence

*+ Prepared by Norcor Engineering and Research Limited.



of fog. If the aircraft can fly the mission, the system
will be capable of operating. The same conclusion is
not valid for the optical sensors. Their operation is
severely limited by level of illumination, cloud cover,
fog, precipitation, and blowing snow.

In Appendix C, W. R. McNeil and Associates calculated
that the probability of effectiveness of optical and
thermal techniques as a function of ambient illumination,
cloud cover, precipitation, fog, and blowing snow would
be less than 10% from the end of November to the end

of April. The probability would rise rapidly after the
end of April and exceed 50 percent from the beginning of
July to approximately the end of September.

Therefore, the operational role for remote sensing would

be severely restricted outside the three month span from

July through September (basically the open water case)

and it does not appear that any new developments will
become operational within the next two or three years.
If we consider each ice zone during each period separately,
then with the introduction of remote sensing approximately

50 percent still would not be covered in the surveillance

role (Figure 3) or the monitoring role (Figure 4). (and

50% of the periods covered in the surveillance role could
be done by visual siting from the drill ship).

4.4 Introduction to a Multi-Sensor System

From the preceding discussions, it is obvious that a
combination of sensors will be required to satisfy the
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FIGURE 3

APPLICATION OF REMOTE SENSING TO THE SURVEILLANCE ROLE
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FIGURE 4

APPLICATION OF REMOTE SENSING TO THE MONITORING ROLE
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need for a surveillance and mapping system capable of
operating throughout the year under all weather conditions
and in any ice zone. Except for the criteria imposed by
operations in an arctic environment, the multi-sensor
approach was the direction followed by the United States
Coast Guard in their development of the AOSS system -
Airborne 0il Spill Surveillance System.

The AOSS system contained a SLAR, a passive microwave
imager, a multi-spectral low light level television, a
multi-channel line scanner, a position reference system,
and a real processor display console. W. R. McNeil and
Associates reviewed the AOSS system in *their report
(Appendix C) and emphasized the following pertinent
conclusions:

1. Static and dynamic "controlled'" oil spills

were reliably detected and mapped at
ranges up to 12 nautical miles.

2. An integrated multi-sensor system 1is
required for effectiveness over a wide
range of operating conditicns and to
reject potential false targets.

3. The system is effective day and night,

from clear to dense undercast, for wind

speeds up to 26 knots, and wave heights

up to 13 feet.
Each of the sensors in the system was selected because of
its unique advantages and limitations in terms of sensitivity,
resolution, areal coverage, potential false alarms, and
dependence on operating conditions. The SLAR system is
used primarily because of its long range detection and
mapping capabilities, (swaths of 25 nautical miles) and
operation during adverse weather conditions. The passive
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microwave imager is used for the "radar hole'" beneath
the aircraft. It also serves as a redundant system for
the SLAR. 0il film thicknesses also can be approximated
for larger spills - a useful parameter for cleanup opera-
tions. The sensor is limited by its coarse resolution
(180 feet for the prototype). '

The line scanner has a resolution of approximately six
feet from an altitude of 2500 feet. Thin films are
ijnvisible to the thermal IR sensor and therefore it
produces a system to check the SLAR which can react
to 0il as minimal as a monomolecular layer secreted by
fish. The low light level television is used for close

range, high resolution work.

To cover operations in the Beaufort Sea using such a
system, several tests would be required to evaluate the
capabilities of the instruments in ice covered periods.
One combination could incorporate an imaging radiometer
(40 GHz) for detection and measurement in open water

and ice coverage data; a UHF radiometer (400 MHz to

2000 MHz) to observe oil under ice soon after a spill,

an impulse radar operating between 100 MHz and 1 GHz

for detailed mapping of a spill under the ice and perhaps
estimate the quantity; a SLAR to detect the presence of
0il in ice infested water (if the signal can be separated
from the return.from large floes); an imaging radiometer
to cover the area under the aircraft; a FLIR to assist in
detection and mapping, and L3TV to provide the close range

visual.

Unfortunately none of these systems have been tested in the

Beaufort Sea environment and certainly not in this configur-

$H
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ation! Also, only a large aircraft could carry such a
payload and support the power requirements. The AOSS
system alone weighs almost 3,000 pounds. Certainly such
a system could not be assembled, tested and be ready for
operation with two years. Finally, the cost of such a
system, easily $1,000,000 for the instruments alone, may
not be justified when compared with other technologies.



5.0 CONSIDERATION OF THE TECHNOLOGIES - OTHER

With many of the ice zones and much of the year not covered by
remote sensing instrumentation, we turned our attention to
the consideration of other technologics which might be
applied to the integration of a system capable of
satisfying the assigned surveillance and monitoring roles
throughout the year. The technologies considered covered
a wide range - from submersibles equipped with the latest
electronic equipment to men on the ice equipped simply
with ice augers. In this section, we shall explore

these technologies discussing the role they might play,
and, as with the remote sensing instrumentation, assessing
the operating limitations, the operational status, the
availability, and practical considerations related to the
acquisition and operation of the particular instrument.

The technologies discussed in this section include:

1. underwater systems
- submarines
- submersibles
- unmanned underwater vehicles

- remote packages (in situ sensors)
2. acoustical techniques

resistivity measurements
gas analyzers (sniffers)

ni &~ W

manual and other techniques (e.g. ice augers)

These technologies are introduced in this report to indicate
their potential role in a surveillance and monitoring system.
It is not possible to complete a detailed scientific and
technical assessment of each, in fact, most of the instru-

ments have never been applied to the task of detecting oil



in the Arctic. They are presented here because there
is a possibility that they might work. If some can
perform the tasks, then in all likelihood a system can
be developed to meet the objective:

"a viable and feasible system for the

surveillance and monitoring of o0il spills
in the Beaufort Sea"

5.1 Underwater Systems

Underwater systems have the advantage of being almost
independent of weather conditions. For this report, we
considered five categories of underwater systems ranging
from the submarine to remote surveillance packages
operating from the ocean floor.

Submarines - Submarines have the advantages of long-range

and independence from any tender ship. In fact, it is

this independence which differentiates a ''submarine'" from

a "submersible" which cannot operate without some form

of tender platform. While submarines equipped with
instruments such as side-scan sonar may be able to satisfy
the surveillance role in under-ice conditions, they would
represent a costly alternative. In addition, the submarine,
which would amost certainly be diesel electric, would

have to surface to snort and charge the batteries. Since
this must be done for two or three hours every day, consider-

ation of a submarine may be excluded.

Submersibles - While submersibles are independent when in

the operating mode, their limited range causes them to be
dependent on a support vessel for transportation to and
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from the site. The Pisces I, for example, contains life
support for 72 hours; Pisces II, II1I, IV and V for 200
hours which appears to be the maximum limit for submersibles

now operating in the world*.

Submersibles usually can carry an array of electronic
equipment including side-scan sonar and low light level
television. While it would appear that submersibles have
a very limited role, if any at all, in surveillance or
monitoring because of the necessity for a support ship
(not to mention access through the ice), the operation of
Narwal, a submersible designed for Arctic Canadian
Continental Shelf Exploration (ACCESS) of Toronto by Perry
Oceanographics, should be investigated since the vehicle

is designed specifically for operations under arctic ice*®.

Unmanned Underwater Vehicles - Unmanned underwater vehicles

can be considered in two categories: sea bed vehicles and
self-propelled submersibles with at least neutral buoyancy.
Sea bed vehicles have been used mainly for bottom profiling,
survey work, photography, and salvage work. In 1969, Troika,
an unmanned towed sled designed by J. Y. Cousteau, success-
fully located the wreck of the Caravelle, a ship lost in
7,216 feet of water. With the sea bed rover acting as a
base, it is possible to envisage a system composed of a
rover and a "daughter" vehicle. The rover would contain

the power system, the main propulsion unit, navigation and
control systems, and the data transmission or storage
equipment. The daughter vehicle would contain the oil
detectors. The daughter would be released on a tether

to perform a spiral search pattern controlled by the

tether release. The information either would be stored

* Jane's, Ocean Technology, 1974-75", edited by Rohert L.
Trills, Jane's Yearbooks, London, England, 1975.



on the rover or retransmitted by some form (e.g. cable

or underwater transmitter). One concept considered, but
then rejected, was the release by the rover of a buoyant
aerial capable of penetrating the ice and permitting
normal radio frequency transmission. .In the final assess-
ment, while they can carry a vast array of instruments,
the through-the-ice penetration required for sea bed
rovers makes them totally impractical.

However, there are self-propelled unmanned submersibles
which may have a role in surveillance and monitoring.
Some are extremely cumbersome and can be discounted
immediately. These would include vehicles such as the
CURV series (Cable-Controlled Underwater Recovery Vehicle)
designed for the U.S. Navy to recover ordnance at their
underwater test ranges. CURV III, the latest model,
measures 6.5 by 15 feet and weighs approximately 4,500
pounds. On the other hand, the unmanned submersible
vehicle (U.S.V.) commissioned and used by the United
Kingdom Ministry of Defence resembles a large torpedo -
11 feet in length, 13 inches in diameter and weighing
520 pounds. By 1974, 27 of these vehicles had been

built for military uses, mainly as targets. Designs
have been produced for commercial application incor-

porating instrument packages such as side-scan sonar, photo-
graphic site inspection, magnetometry, physio-chemical
analysis, bottom profiling and seismic sonar, and tele-

vision*.

A vehicle, such as a U.S.V., could be employed for both
surveillance and monitoring when the ice cover reaches
10/10. A hole of sufficient size could be augered in

* Ibid
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the ice and the U.S.V. lowered through. In this case,

a vehicle, rather than a ship, would act as the support
vessel. The U.S.V. then could be directed to the drill
site for inspection. If oil discharging from the area
was noted, the vehicle could be directed to monitor the
areal extent (the U.S.V. can operate to depths of 1,200
feet with a range of 13.5 miles). In addition to these
roles, a U.S.V. could be employed for regular inspection
of the drill sites over the long winter months.

Remote Packages - For the surveillance of sites in the

seasonal pack and polar pack zones, a detection system

was envisaged which could be mounted on the ocean floor

in the immediate vicinity of any drill site. This

system could be installed as the drilling season 1is

drawing to a close and the drill ship is preparing to

leave the site. The system would consist of a simple
device for detecting the presence of oil (perhaps some form
of turbidity meter) transmitting information to a command and
control station on the shore. Cable would be an extremely
expensive communications liunk but some type of VLF trans-
mitter to a geophone could be employed. This would trans-
mit a signal at least to the shorefast zone. The receiver
on the ocean floor coupled with a retransmitter and an
aerial through the ice would provide the final link.

This would be a simple GO/NOGO detector, triggered by the
first sign of oil. Once it had been triggered, it would
have no further role to play in the monitoring phase.

While conceptual in nature, the equipment necessary to
assemble such a system is available and might prove to be



the least expensive system considered to this point.
Any number of sensors, including a television, for site
inspection as well as surveillance, might be incorporated

into the package.

5.2 Acoustical Techniques

During the past year, Bannister Pipelines of Edmonton,
Alberta tested an echo sounder off Byam Martin Channel
for measuring the bottom surface through the ice. In
this system being investigated by Bannister, the "jugs",
or geophones, are placed in contact with the ice
surface (note: it is necessary to sweep the snow away
from the ice surface). Though not yet published, the
results apparently exhibit close correlation with

core samples.

One of the apparent benefits, although not yet inves-
tigated, is a profile of the ice. If this profile is
altered significantly by the presence of 0il, then the
acoustical technique could hold great promise for the
surveillance and monitoring of oil discharges from
above the ice cover. This technique should be pursued
to the next stage of assessment.

5.3 Resistivity Measurements

Late in the course of this study, contact was made with
Huntec (70) Limited in Toronto. Give ice approximately
six feet thick and an ice/oil conductivity contrast of
at least two orders of magnitude, the scientists at



Huntec felt that a simple resistivity survey would be
capable of mapping the boundaries of puddles to within
one or two feet. The method would be based on induc-
tively-coupled resistivity.

The technique was not pursued further but the concept
sounds interesting and may prove very worthwhile. The
next stage in the investigation of a system based on
this technique would be to conduct a technical assess-
ment followed by a field trial if that should show
promise. To conduct the technical assessment, infor-
mation would be required on the electrical conductivity
of sea ice and its variation with ice thickness, age,

et cetera.

5.4 Gas Analyzers (Sniffers)

Gas analyzers operate on the principal of detecting

the decrease in energy in the incoming radiation due to
the presence of an absorbing target gas. Barringer
Research of Toronto have developed correlation gas
analyzers suitable for aircraft mounting. However,
because of the low concentrations that would be involved
in this particular situation, a system mounted in a
fixed wing aircraft does not appear practical.

One alternative would be to lower an instrument near

the ice surface from a helicopter. The advantage of this
technique is that men and equipment would not have to be
transferred onto the ice surface. The instruments also

do not rely on any ambient illumination.
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Norcor Engineering and Research Limited employed a
vgniffer" on the ice surface during their 1974/75
experiments. The system apparently performed very

well. A '"personal" type of sensor such as this could

be considered as an alternative to a system operated
from a helicopter. Gas analyzers are available commer-
cially but the particular application we have postulated

in this section remains conceptual in nature.

5.5 Manual and Other Techniques

Perhaps the most economical, and certainly the simplest,
technique for checking the underside of the ice is to
auger a hole through the ice mantle. "A two man crew
with a portable power head could auger over 10 holes

per hour through ice up to 2 metres ERick!

In the surveillance mode, men and equipment would be
transferred to the ice surface in the vicinity of the
site. A predetermined search pattern, based on the
maximum likelihood of detecting oil from a discharge
given the plume characteristics, currents, and under
ice profile, would establish the locations for coring.
This procedure would be repeated at regular intervals
throughout the period of solid ice cover.

If oil is detected in the shorefast zone, then a
second search pattern would be put into affect to
determine and monitor the extent of the containment

*  Appendix A



under the ice. This monitoring probably would

continue until the melting and break-up process begins.
Assuming a static condition with a relatively smooth
underside to the ice, the absence of currents, a stable
lens thickness of 2 cm, and an initial discharge of 2500
barrels a day decreasing linearly to 1000 barrels a day
after one month, the entire discharge over 280 days
could be contained within a radius of 2850 feet, or
about half a mile.

In the seasonal pack and polar pack zones, exact deter-
mination of the areal extent and tracking would be
difficult because of the ice movement. If oil is found
in these regions during the coring, a simple radar
reflector, such as a cube or pyramid mounted on a
standard, could be imbedded in the ice. These reflectors
could be installed over the site at regular intervals.
The spill could be tracked using the drift of these
reflectors.

An alternative would be a series of beacons, or trans-
ponders each with their own internal power source.

This would enable any aircraft to "home'" on the signal
or interrogate the transponder rather than limiting the
tracking aircraft to one equipped with suitable radar

instrumentation.

5.6 Conclusions - Other Technologies

In this section, we have introduced technologies which
might have application to the surveillance or monitoring
of oil discharges in the arctic environment. Some of
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these techniques, while they may produce the desired
results, are obviously impractical. A summary of the
technologies which should receive further consideration
as possible elements in any proposed system is presented

in Figure 5.



FIGURE 5

ASSESSMENT OF OTHER TECHNOLOGIES

PRACTICAL
OPERATIONAL CONSIDERATIONS
OPERATING LIMITATIONS STATUS AVAILABILITY OR LIMITATIONS

UNMANNED UNDERWATER to be determined; application to purchéser's weight (500 1b.)

VEHICLE . wvehicle available; is concep- specifications
technical assessment taal.,
required.

REMOTE PACKAGE to be determined; conceptual concept only; no operator
concept only; may components required on the
operate under exten- available site
sive ice cover.

ACOUSTICAL to be determined; conceptual concept only; large number of
concept only; oper- equipment at data points

“ated from on the ice R & D stage. required.

RESISTIVITY to be determined; conceptual concept only; large number of
concept only; oper- equ@pment data points
ated from on the ice. available required.

GAS ANALYSER hand device operates use as a commercial demonstrated
over lst yr. ice; "remote" success with
operation from plat- Sensor hand systen.
form concept only. conceptual

MANUAL AND environmental condi- commercial commercial relatively inex-

OTHET TECHNIQUES tions for manual pensive; demon-

operation. strated success.

s
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6.0 A PROPOSED SYSTEM

In proposing a system for the surveillance and monitoring
roles, we have considered two stages of development. The
first is to propose a system which can be implemented when
the exploratory drilling commences and which can cover as
much of the year and as many of the ice/water states as
possible. While some elements of the proposed system are
conceptual in terms of the selected application all involve
equipment or components now available commercially. This
stage is termed Surveillance (1976) and Monitoring (1976).

The second stage in the development inccrporates potential
improvements to the initial operating system. In each

case, the proposed change requires some level of develop-
ment. Some changes would require only field testing and
evaluation under actual operating conditions; in fact,

some of these modifications could be incorporated before

the commencement of the drilling program if plans were
established to conduct the necessary test and evaluation
program over the 1975/76 season. Other changes or modifica-
tions to the initial system would require a significant
research and development effort and still others would
benefit first from a preliminary technical assessment.

For the purpose of categorization, this stage is referred

to as Surveillance (Beyond 1976) and Monitoring (Beyond 1976).

One of the most important criterion used in the selection -
of equipments was that they be available to-day and in
addition,for any remote sensing instruments, that they be

mounted in an aircraft in Canada at the present time. If
the sensors are not already mounted then we considered that
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they must be available as off-the-shelf items and that
suitable aircraft can be modified by the time the explor-
atory drilling program commences.

Some of the remote sensing instruments, such as LSTV oT.d
passive microwave imaging device, can be mounted on light
aircraft. Others, such as SLAR or pulsed laser systems,

are either too heavy or require too much power and must be
mounted on larger aircraft. It is unlikely that any large
aircraft, such as an Electra or Hercules, would be dedicated
to the surveillance and monitoring of oil spills in the Beau-
fort Sea. Therefore for any element of the proposed system
which requires remote sensing instrumentation, we have
considered two packages - remote sensing package (light)

for use with light aircraft and remote sensing package
(major) for use only in larger aircraft. The allocation

of specific instruments to either of the sensor packages

is determined in the particular system and role under

consideration.

In some cases, both a'primarz and secondary system are
recommended. This was done for the open water case because
the federal government may wish to invoke some check during
the drilling season to supplement reports from the industry.
Secondary systems are recommended for the period of total
jce cover because of the severe environmental conditions

which might prevail at that time.

6.1 Surveillance (1976)

The proposed instrumentation for incorporation into a system
for undertaking the surveillance role in 1976 is listed in
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Figure 6. It should be emphasized that the instruments
for the proposed systems labelled (1976) must now be

available as off-the-shelf items. During the freeze-up

and break-up periods, areas of open water would permit
the utilization of thermal IR line scanners and low

light level television operated from a light aircraft.
These systems could be operated over any of the three ice
states. However, the system would not have all weather
capability, but our condition that any recommended
instrument must be available off-the-shelf precludes

the addition at this stage of any microwave system (the
thermal IR would be limited only by rain or substantial
cloud cover). With the onset of complete ice cover, these
techniques would only operate over ice openings-leads,
fractures, and polynyas. Becuase of the low probability
of VFR conditions during this period, we have added a
SLAR to the sensor package thereby upgrading the system
to "remote sensing package (major)". For the assessment
of remote sensing technologies, we noted that SLAR would
not be effective in the presence of ice due to strong
reflections from the edges. Since fractures and polynyas
can be wide (large fractures can exceed 500 metres in
width), the SLAR may have an operational role in this
condition, particularly with the thermal IR line scanner
and L3TV as support.

Without question, the operation of remote sensing instru-
ments will be limited during the period of virtually total
ice cover. Therefore we have introduced the manual tech-
nique of ice coring as a primary system. Crews would be
dispatched to the site, or sites, at regular intervals to
remove ice cores and check for oil. The coring pattern
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would be established as a result of the analysis of
expected plume characteristics, currents, and under side
profile of the ice.

The SLAR on the remote sensing package also could be used

to map the ice surface in the vicinity of the drill site.
The output from the SLAR could provide an early warning
device for the intrusion of large sails (and therefore
correspondingly large keels) near the drill site. If

an exceptionally large sail, or floe, passes near the

site then the crews could be dispatched to run an additional
augering program.

In the open water case, the primary surveillance role
would be filled by the crew on the drilling ship.
Occasional flights using SLAR, or the remote sensing
package from the light aircraft (thermal IR scanner and
LSTV) depending on what systems were available, would
provide additional surveillance coverage.

6.2 Surveillance (Beyond 1976)

Beyond 1976, we look forward to improvements, particularly
for the 9/10 - 10/10 ice cover period. The proposed
instrumentation for the surveillance role beyond 1976 is
summarized in Figure 7. The system presented in Figure 7
is considered the "first priority'". Some secondary systecms
are proposed but again these are mainly to provide support
during adverse weather conditions or to supplement infor-
mation supplied by the oil industry. However, the system
of "first priority" consists of some elements which require
testing or are simply conceptual at this time. None of

I
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FIGURE 7
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the elements which are "improvements'" to the (1976)
system can be considered "off-the-shelf'" procurement.

Technical assessments or test and evaluation programs
may indicate that the changes proposed are not feasible.
Therefore, in some instances, elements which might be
considered second, or even third, priority have been
considered. If these also prove not to be feasible
then the appropriate element from the (1976) system
should be inserted.

The major change for the surveillance (Beyond 1976) system
would be the introduction of in situ sensor packages
located on the ocean floor in the vicinity of the drill
sites. These packages would form the primary surveillance
role for both the 9/10 - 10/10 ice cover period, and the
freeze-up and break-up periods.

The sensors in the array would include some form of oil
detector and perhaps a television system for visual
inspection of the drill site. The packages, which would
be placed prior to the drill ship leaving the site, either
could transmit continually or respond only to signals from
the command and control centre.

The communications link would incorporate a transmitter
from the array to an underwater geophone located in the
shorefast zone. The required antennas at the drill site
could be laid on the ocean floor. The antenna for trans-
mission from the receiving station in the shorefast zone

to the command and control centre could be similar to the
Arctic Data Buoy designed by the University of Washington.*

* Jane's, '"Ocean Technology, 1974-75", edited by Robert
L. Trills, Jane's Yearbooks, London, England, 1975.
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These buoys cost approximately $5,000 and are designed to
be left unattended for up to two years (eight had been
built by early 1974).

For the seasonal pack and polar pack ice zones the second
priority system would be the remote package (light) from
the 1976) system but with FLIR replacing the thermal IR
line scanner, (a combination of FLIR and low light level
television), and augmented by a passive microwave imager.
This would increase the capability to include all

weather coverage.

The microwave radiometer also is recomm:nded for testing in
the shorefast zone during the 9/10 - 10/10 ice cover
period as a second priority system. In addition, the
acoustical and resistivity techniques should be evaluated
for possible application in the seasonal pack and polar
pack regions. If successful, this would reduce the fre-
quency with which crews must be dispatched to the drill
site to conduct a surveillance program. Provided that
the in situ sensors remained operable, investigation by
the acoustical or resistivity techniques would not be
required.

The proposed ﬁrimary and secondary systems for the open
water situation remain unchanged. The proposed secondary
system for the 9/10 - 10/10 ice cover would benefit by

the addition of a passive microwave imaging radiometer.
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For those elements where alternate systems are proposed,
the second and third priority elements are summarized

below:
FIRST PRIORITY SECOND PRIORITY
in situ sensors acoustical or restivity
(9/10 - 10/10 ice techniques.
cover)
in situ sensors passive microwave imaging
(freeze-up § radiometer added to the
break-up) remote sensing package.
in situ sensors passive microwave imaging
(shorefast zone) radiometer added to the

remote sensing package.

6.3 Monitoring (1976)

The monitoring program would be put into affect only after
the detection of o0il from the surveillance program. The
purpose of the monitoring program will be to provide the
following information to the command and control centre
charged with the containment and clean-up operations:

1.  areal extent

2. points of concentration

3. tracking
A system proposed for implementation by 1976 to provide
these data items is summarized in Figure 8. The system
covers the four periods for each of the ice zones.

A sensor combination incorporating a thermal IR line
scanner and a low light level television (remote sensing
package - light) would be the primary system in all cases
except for the 9/10 - 10/10 ice cover. This system would
provide information on the areal extent of the spill and
points of concentration, and assist in the tracking.

I {
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PROPOSED INSTRUMENTATION FOR A MONITORING SYSTEM IN 1976
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Because the system does not have all weather capability

a SLAR could be incorporated for the open water case
(thereby upgrading the system to a remote sensing package -
major). Except for the exclusion of the imaging micro-
wave radiometer, this would be similar to the AOSS system.
However, the imager has not been considered here because

jt is not an "off-the-shelf" procurement. It was a proto-
type built to U.S. Coast Guard specifications. The major
system is not considered in the freeze-up or break-up

since the effectiveness is questionable.

For the case of 9/10 - 10/10 ice cover in the shorefast
zone, a program involving the manual task of dispatching
men and equipment to the ice surface and taking core
samples would be instituted. The main objective of the
program would be to monitor the extent of the discharge
under the ice surface in preparation for the clean-up
phase. Gas analyzers would be introduced to support and
direct the coring program.

Gas Analyzers have not been proposed for the seasonal
pack or polar pack regions since their effectiveness
over multi-year ice and ice of considerable thickness
is unknown. For these regions we have proposed the
jnstallation of radar reflectors, or beacons, placed

at regular intervals over the drill site. These
reflectors, or beacons, would assist in tracking at
least one dimension of the extent of the spill. An ice
coring program could be introduced to provide some
indication of the spread if required.
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A sensor package incorporating SLAR, thermal IR line
scanner, and L3TV could be flown over ice openings to
jnvestigate possible drift of the spill into leads,
fractures or polynyas.

6.4 Monitoring (Beyond 1976)

An improved system for the monitoring role beyond 1976 is
proposed in Figure 9. Because the clean-up operation
would take place during the open water period, two sensor
packages are recommended. The major system, incorporating
at least SLAR, microwave imaging radiometer, and FLIR,
would provide an overview of the compie:e spill area and
surrounding water and would act as the primary tracking
system. The lighter package, incorporating at least FLIR,
LSTV, and an imaging microwave radiometer, would be
mounted on a light aircraft, or preferably a helicopter,
to provide specific information directly to the clean-up

crews on exact areal extent and points of concentration.

If clean-up operations continue into the freeze-up period
or commence during break-up, the same remote sensing
systems are proposed for these two periods. However, 55
clean-up operations cease, monitoring activities from
only one of the systems would be required.

The proposed system (Beyond 1976) still names the radar
reflectors, or beacons, as the first priority system in
the seasonal pack and polar pack zones during 9/10 -
10/10 ice cover. These will provide data on areal extent
at least in one dimension which should be sufficient
information to track the spill. This would be augmented



FIGURE 9

PROPOSED INSTRUMENTATION FOR A MONITORING SYSTEM BEYOND 1976
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PROPOSED INSTRUMENTATION FOR A MONITORING SYSTEM BEYOND 1976
(Equipments of First Priority)
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by acoustical or resistivity techniques to map, at
regular intervals, the extent of the oil spill in the
second dimension. All of this information would be
stored and analyzed for use during the clean-up opera-
tion. The sensor package incorporating SLAR, microwave
imaging radiometer, FLIR, and L3TV would be flown over
ice openings as a secondary system to check for oil
drifting into leads, fractures, or polynyas. The
remote sensing system would be operated over all three
1ce zZones.,

The unmanned underwater submersible is proposed as a
second priority system in case the evaluation or testing
of the acoustical and resistivity techniques indicates
that the required information cannot be obtained using
these techniques or the submersible can provide additional
support by surveying and inspecting the drill site.

The primary system in the shorefast zone would be a microwave
radiometer operating between 400 MHz and 2000 MHz. As

a second priority system, this could be replaced by, or
supported with, an impulse radar operating from 100 MHz

up to 1 GHz. These systems would be used to produce
detailed maps of the distribution of oil beneath the ice
surface. The first and second priority systems may be

summarized as follows:

FIRST PRIORITY SECOND PRIORITY

radar reflectors/ unmanned submersible
beacons and acoustical

or resistivity tech-

niques.

microwave radiometer impulse radar

$



7.0 IMPLEMENTATION OF THE PROPOSED SYSTEM

Not all of the instruments or technologies identified in

the proposed surveillance and monitoring system are
currently available for implementation in 1976, particularly
the suggested improvements. In some cases, only field
testing in the Beaufort Sea environment is required; but,
for others, which are only conceptual, several steps must

be completed before the instrument or system reaches
operational status.

In this section, we present a scenario of how the system
might be managed and operated, including commentary on
the availability of resources for use in implementing
the systems described.

7.1 Operational Considerations

1t is not sufficient to limit consideration of an operating
system to its elements. Consideration also must be given
to the logistical support and management of the operation.
For the surveillance and monitoring of oil spills at the
Beaufort Sea, we have assumed the existence of a command
and control function charged with no less than surveillance
of the exploration, and later production, programs and, in
the event of an o0il spill, the containment and clean-up
functions. With this background, we then are concerned
with information flow from the command and control centre,
in the form of command decisions, and the flow from the
surveillance and monitoring system in the form of data

and real time imagery, whenever possible.



-_'59...

The surveillance and monitoring program requires
logistical support for the instrumentation previously
recommended. This support must include:

available instrumentation and systems.
airstrips

aircraft (including modified)
communications

navigational aids

(SRR - PN SR

We have attempted to indicate the availability of the
logistical support whenever possible.

Not all the elements of the surveillance and monitoring
system are required on the 24 hour clock. Some elements
will be required only in case of emergency, others will
be required periodically, while still others will be
required on a year round basis.

Surveillance (1976) - During the open water period, the

surveillance role would be a function for the crew and
observers aboard the drilling ship. Occasional flights

over the sites with SLAR would provide a secondary system.
Because of the cost for a SLAR (between approximately
$500,000 and $1,000,000, depending on the instrument) and
the aircraft requirements for carrying the instrument, it
would be impractical to consider a dedicated system for

this role. However, aircraft from the Department of National
Defence equipped with SLAR may be tasked for this purpose.

At present, DND are flight testing a SLAR aboard an Argus
aircraft and have given serious consideration to civilian
tasking of the long range patrol aircraft (LRPA). The

LRPA would not require airstrips in the area and therefore
some thought would have to be given to the communications
link between the aircraft and the command and control centre.



T 60 -

The Department of the Environment also are expected to
acquire a SLAR in the near future, mounted on a Lockheed
Electra. The Electra, with a payload of 26,500 pounds,
requires a runway of at least 4,700 feet for takeoff.
Runways capable of handling the Electra exist at Inuvik
and Cape Parry (Appendix A).*

Surveillance in the freeze-up and break-up periods would
be covered with a thermal IR line scanner and low light
level television. Both instruments could be mounted on
a light aircraft. Inotech which recently assumed
responsibility for the airborne operations of the Canada
Centre for Remote Sensing operates a C47 (Dakota) and a
Falcon. The Dakota carries, among other sensors, a
Daedalus IR scanner and low light level television.

This aircraft could be tasked with the surveillance role
jdentified for this period. Inotech also flys a Falcon
equipped with an RS14 IR scanner but not with L3TV. The
Falcon would be preferred over the Dakota because of its

speed and therefore better flight time to the task.

During the period of 9/10 - 10/10 cover, the primary

surveillance role would be undertaken by crews transferred

to the ice cover at the drill site. These crews would
complete a predetermined coring program. They could be
moved to the location by helicopters from the wintering
drilling ships. Again, the role of a secondary system
would be filled by a SLAR but augmented in this case by
a thermal IR line scanner and L3TV. This role could be
assigned to the DND LRPA.

* Data on logistical support in the Beaufort Sea area
provided by Norcor Engineering and Research Limited.
Incorporated in Appendix A.
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Satellite imagery, from NOAA or one of the two ERTS
satellites, would be reviewed to indicate the location
of leads, fracturcs or polynyas in the vicinity of the
drill site. The aircraft equipped with the sensor
package then would be directed to search the ice openings
indicated from the satellite imagery. During the
flight, the SLAR would survey the ice sheet for the
presence of large sails. If there are any in the
vicinity they should be tracked and an addition made

to the coring program if a sail passes close to a drill
SIES,

Surveillance (Beyond 1976) - The surveillance system would

remain unchanged for the open water period. For the other
three periods (freeze-up,9/10 - 10/10 ice cover, and break-
up), the primary surveillance system would be an in situ
sensor array. This sensor array would be installed on

the ocean floor in the vicinity of the drill site shortly
before the drill ship leaves the site. The receiver and
retransmitter would be installed in the shorefast zone

and all communications links checked.

If these packages could not be developed then for the
freeze-up and break-up in the seasonal pack and polar
pack regions, the system would be similar to the primary
system described for the surveillance (1976) role - a
thermal IR line scanner and LSTV.

The Inotech aircraft equipped with these sensors again
would be tasked to perform this surveillance role. For
surveying the shorefast zone, a UHF radiometer could be
added to the sensor package, either mounted on the
Dakota or preferably the Falcon.
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For the 9/10 - 10/10 ice cover situation, the second
priority system would incorporate either acoustical or
resistivity techniques. In the shorefast zone this
would be a redundant system to a UHF radiometer. As
with the ice coring program, crews would be transferred
to the ice surface to conduct the acoustical or the
resistivity tests. The necessary equipment for this
system would be stored and maintained in the Beaufort
Sea area.

A sensor package comprising SLAR, thermal IR line scanner
and L3TV would continue to be flown from the LRPA to
survey ice openings and search for excessive sails in

the pack ice regions.

Monitoring (1976) - The monitoring systems would be put

into affect after the presence of oil has been detected.
During the open water period the major monitoring system
would consist of a sensor package comprising SLAR, a
thermal IR scanner and low light level television (LSTV).
The SLAR and LTV would be used to map the areal extent
of the spill and track the direction of the spill. The
thermal IR line scanner would be used to map the concen-
trations within the spills to assist in the placing of

clean-up equipment.

The sensors could be part of the LRPA of DND tasked for
civilian use. The aircraft would have to be dedicated to
the task of monitoring the spill throughout this period
and this could create some problems. One alternative
would be to task the Dakota or Falcon from Inotech
(formerly located at CCRS). Both of these aircraft

£
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could operate from the airstrip at Inuvik (the Falcon
requires a paved runway). Using these aircraft would
mean that SLAR would not be part of the sensor package.
In the AOSS (Airborne 0il Surveillance System) operated
by the U.S. Coast Guard, the SLAR is used primarily as
the first step in the detection of oil spills because of
its significant area coverage. Its main function in the
multi-sensor approach advocated in this report is to
provide all weather capability. The probability of
adverse weather conditions would be least likely at this
time of year.

Because of the emergency situation that would be created

by the containment and clean-up operations, it might be
feasible to consider requesting assistance from the U.S.
Coast Guard system, particularly if the LRPA of DND did not
have the appropriate sensors mounted at that time. The
A0SS tested by the U.S. Coast Guard consists of a SLAR,
passive microwave imager, line scanner and L3TV mounted

in a Grumman Albatross. This aircraft has completed the
hours on the airframe and the sensor package has been
removed. U.S. Coast Guard plans now call for mounting

the system into a C-130, or Hercules, aircraft. This
aircraft has an exceedingly long range (5,000 miles with
maximum fuel load) and the U.S. Coast Guard has considerable
experience operating these aircraft from Fairbanks, Alaska.
Finally, they do have crews already trained in operating
the equipment and interpreting the results.

A third alternative would be to consider the Electra to be
acquired by Atmospheric Environmental Services. This air-
craft will probably carry a SLAR and possibly most of the
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other sensors identified in the system. The multi-sensor
system would be used in the case of 9/10 - 10/10 ice cover
to track the oil spill if it came in contact with fractures,
leads or polynyas. In this case it would not be necessary
for the aircraft to be dedicated to this task. Flights over
the area of interest would be required only when satellite
imagery, or surveillance flights of the ice using SLAR,
jndicated the presence of ice openings. If crews were
dispatched to the open water area, lighter aircraft
(including helicopters) could be used to provide the
definitive information on the location of the spill within
the ice opening. The sensor package in this case could be
limited to a thermal IR scanner and LSTV (the aircraft

from Inotech might be considered for this role).

The primary monitoring system in the shorefast zone during
9/10 - 10/10 ice cover period would involve crews dispatched
at regular intervals to the ice surface to conduct a coring
program and map the extent of the spill under the ice
surface. The crews could be transferred to the site using
the helicopters from the drill ship. Hand-held gas
analyzers also could be employed to assist in establishing

the coring program.

On the seasonal pack and polar pack ice, the coring program
could be more limited. The important element in these
areas would be the planting of radar reflectors or beacons
over the site at regular intervals during this period of
the year. Reconnaissance flights then could be flown to
track the reflectors and, by inference, the spill. Several
of these reflectors could be stored in the area, ready for
immediate use.

F)
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Dhring the freeze-up and break-up periods, the monitoring
would be undertaken using a thermal IR scanner and L3TV.
Again, the aircraft from Inotech could be tasked with this
role. Alternately, a DND aircraft might be assigned the

task.

Monitoring (Beyond 1976)

Beyond 1976, the major improvements to the remote sensing
packages could be the addition of a microwave imaging
radiometer, and a forward looking IR (FLIR).

If field trials proved the instrument reliable, the microwave
radiometer could be used to map the spill under the shore-
fast zone during 9/10 - 10/10 ice cover (if required, crews
occasionally could be sent to the site to check the results

using gas analyzers, or coring through the ice).

In the seasonal pack and polar pack regions, the major
tracking system would continue to be the placing of radar
reflectors or beacons. However, while these were being
placed, mapping of the extent of the spill under the ice
could be conducted using acoustical or resistivity tech-
niques. This probably would require only limited coring

of the ice.

If a scientific and technical assessment of the acoustical

or resistivity techniques, or later field trials, demonstrated
that these techniques were not feasible then the unmanned
underwater submersible might be considered. The submersible
which might weigh approximately 500 1bs with full instrument
package could be transported to the location by helicopter.

An ice hole approximately 2 feet in diameter should be
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sufficient to lower the submersible into the water. The
submersible could be used both to map the extent of the
spill and inspect the drill site.

A similar sensor package to that proposed for implementation
in 1976, except for the addition of FLIR, and microwave
imaging radiomater would be used for tracking oil which
might flow into leads, fractures or polynyas.

The final elements to consider adding in the improved
monitoring system is a SLAR and a FLIR, to replace the
thermal IR line scanner. The SLAR might improve the
information on areal extent and tracking of the spill
during the freeze-up and break-up periods and certainly
could increase the probability of operating the system
during poor optical conditions. On the other hand, the
system then could not be flown on a light aircraft thereby
reducing its versatility. Only a flight test of a SLAR
in this capacity could enable a proper decision to be
reached.
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8.0 RECOMMENDATIONS FOR IMPLEMENTATION

After evaluating several technologies including the
supporting logistics and skills required, we concluded
that the following instruments could be incorporated
into a system to be tasked with the role of surveillance
and monitoring of oil spills in the Beaufort Sea upon
commencement of the drilling and exploration program:

SURVEILLANCE ROLE (1976)

REMOTE SENSING PACKAGE (Light aircraft)
- thermal IR line scanner

- L37v

REMOTE SENSING PACKAGE (Major)
- SLAR
- thermal IR line scanner

- L3y

ICE CORING PROGRAM
- ice augers

- gas analyzers
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MONITORING ROLE (1976)

REMOTE SENSING PACKAGE (Light aircraft)
- thermal IR line scanner

- L3ty

REMOTE SENSING PACKAGE (Major)
- SLAR
- thermal IR line scanner

- L3ty

ICE CORING PROGRAM

- ice augers
- gas analyzers

RADAR REFLECTORS/BEACONS

If improvements or additions to these (1976) systems appear
viable following test and evaluation of, or research and
development on, alternate instruments then the following
systems should be considered for the surveillance and
monitoring roles. Where a possible alternative exists, it
has been indicated as a second or third priority. In

some cases the alternatives are limited and the second or
third priority element defaults to the instrumentation

proposed for 1976.
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SURVEILLANCE ROLE (BEYOND 1976)

FIRST PRIORITY

IN SITU SENSORS

SECOND PRIORITY

ACOUSTICAL OR
RESISTIVITY TECH-
NIQUES

MICROWAVE IMAGING - OR -
RADIOMETER

ALTERNATE

- OR - ICE CORING

PROGRAM
- ice augers
- gas analyzers

REMOTE SENSING
PACKAGE (nghtAlr-

thermal craft)
IR line
scanner
- 131y
REMOTE SENSING REMOTE SENSING
PACKAGE (Major) PACKAGE (Major)
- SLAR - SLAR
- microwave - thermal IR line
imaging scanner
radiometer 3
- FLIR = D EST
- L3y
MONITORING ROLE (BEYOND 1976)
FIRST PRIORITY SECOND PRIORITY ALTERNATE

REMOTE SENSING
PACKAGE (MAJOR)
SLAR
- microwave
imaging
radiometer
- FLIR

- L3y

REMOTE SENSING
PACKAGE (Light Air-

- microwave craft)
imaging
radiometer

- FLIR

T L3y

RADAR REFLECTORS/BEACONS

& ACOUSTICAL OR
RESISTIVITY TECHNIQUES

REMOTE SENSING
PACKAGE (MAJOR)
- SLAR
- thermal IR
line scanner

- L37v

ICE CORING PROGRAM
- ice augers
gas analy:zers

REMOTE SENSING
PACKAGE (Light Aircraft)
- thermal IR
line scanner

- L3ty

UNMANNED « QR =

SUBMERSIBLE

ICE CORING PROGRAM
- ice augers
- gas analyzers
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The following prbgram is proposed in order to implement

the above system alternatives in the minimum period of

time. We recommend:

1'
g

During the next controlled oil spill
under Arctic conditions, the gollowing
instruments be §.ield tested and evalu-
ated both independently and operated
as a system:

- SLAR
- thermal IR L4ine scannen

- LTy

A program be instituted during the next
period of 9/10 - 10/10 Lce cover to place
several nadarn negflectors, beacons orn thans-
pondens in both the seascnal pack and pclar
zones duning Lhe peniod 0§ Lce cover and to
test the ability to track them overn the
ensuing season.

A technical assessment be undertaken of an
in situ senson package, 4including suitable
communications Links and constructed from
curnently available components and equip-
ments. 1§ this assessment demonstrates
the feasibility of such a package, an
instrument suitable gforn field operation
and testing should be developed and ftested.

A technical assessment of the application
0f acoustical and rnesistivity fechniques
be undentaken. 1§ this assessment demon-
strnates the feasibility of edithen system,
then an instrument suditable fon field
operation and testing should be developed
and tested.

A §orward Look IR system (FLIR) be acquired,
tested and then introduced into a field
testing program asd soon as possible.

A microwave imaging nadiometen be acquinred
and introduced into a field testing program
as soon as possible.
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7. 14§ at any time, the acoustical and
resdidtivity techniques do not appean
f§easible, consideration should be
given to acquining, modifying {4
necessary) and testing an unmanned
underwater submensible.

Having addressed the question of using remote and surface
sensing techniques, and the problems of detecting and
mapping oil under thick ice, and having considered the
problems of flying at all seasons in the Beaufort Sea

area and the prospect of maintaining crews on the surface
under severe weather conditions, the underwater alternatives
start to look increasingly attractive. There the environment
is benign and predictable. Instruments and equipment can
remain there month after month, year after year undisturbed.
While it is appreciated that there is always some dangers
from grounding pressure ridge keels in certain locations,

we would urge that underwater technology be reviewed
seriously for ongoing operations in the Beaufort Sea.
Recommendations 3 and 7 above reflect this view, but it is
suspected that more than just the oilspill detector and
mapping problem would benefit from the underwater approach.

ol
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INTRODUCTION

The following revort was prepared for Philip A. Lapp Limited
as part of a study of Remote Sensing of Oil Spills in the

Beaufort Sea.

The report details the principal o0il, ice and water configurations

which could develop as a result of an o0il spill in the area
being proposed for offshore drilling. The emphasis has been
placed on factors relating to detection. Research to date has
been confined to open water areas and the fast ice zone, and
consequently the descriptions for.the seasonal and polar packs
are somewhat speculative. A section on ice conditions has been
included as an aid to interpreting the various configurations.
Since conditions are extremely variable, the information should

only be used as a general guide.

The final section entitled Operational Considerations includes
an analysis of the probability of success for various types

of airborne missions staged from three locations around the
Beaufort Sea. Information on air strips and associated support

facilities in the general area has been summarized.
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SUMMARY OF ICE CONDITIONS

Ice conditions in the area proposed for offshore drilling

can be divided into three basic categories; shorefast ice,
seasonal pack-ice, and polar pack-ice. Due to the extreme
variability as well as the general lack of data for all

three zones, it is impossible to predict with any degree of
certainty the ice conditions likely to prevail at a given
time of the year for most locations. The following summaries
are included solely as an aid to interpreting the information

on oil in ice configurations, presented in Section 3.0.

The shorefast zone encompasses the band of seasonal ice
immediately adjacent to the shore. New ice begins to form
about early October and normally reaches a thickness of approx-
imately 2.0m by mid May. The zone typically extends to about
the 20m seabed contour by spring (Kovacs, 1974) but can vary
considerably depending on the coastal geometry. The sheet
tends to be constrained by irregularities in the shoreline,

and movement is generally limited during the winter.

Ice first forms in shallow bays and inlets, or areas with
reduced salinity, such as the mouths of rivers. Once the
temperature of the water is sufficiently depresséd, and this
depends in part on salinity and circulation, small salt-free
ice spinacles and thin platelets begin to form on the surface.
These rapidly grow in number until the surface is covered by
a sludge or slush. In quiescent seas the layer thickens and
hardens into nilas or black ice. More often the slush or
grease ice is fragmented by wave action, and the characteristic
pancake ice develops. The pancakes tend to dampen movement,
and with time thicken and gradually grow together. Depending
on atmospheric conditions at the time of freeze-up, isolated
remnants of second and multi-year ice can be locked in the

sheet.
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New ice can grow as much as 1l0Ocm in the first 24 hours.
Thereafter, the rate decreases appreciably. A reasonable
linear correlation has been established between the square
of the ice thickness and the cumulative degree days below
freezing (Burns, 1974). By late December the sheet is
generally in the range of 100cm thick. A maximum ice thick-
ness is achieved by about mid May. This varies considerably
between locations and from year to year, but is typically
about 2.0m. Variations greater than 0.5m have been observed.
Due to the high level of radiation in the spring, melt pools
quickly develop, and signs of deterioration are normally
evident by early June. Most areas are clear of ice by the
middle of July.

The salinity of the ice is dependent on its age, thickness
and to some extent its rate of growth. Salinity profiles
tend to go through a systematic series of changes as the
ice growth progresses. Very high salinities, in excess of
40°/,,, have been observed at the top of the sheet. As a
rule, the salinity near the top and bottom of the sheet is
about 1.0°/,, higher than the average for the sheet, which
varies from approximately 10°/,, for a sheet 10cm thick to

5°/.. for a sheet 60cm thick or greater.

As multi-year floes are driven into the fast ice, rafting or
hummocking occurs, particularly in the fall when the sheet

is thin and least resistant to deformation. The severity and
duration of the pressure will determine the size and extent

of the resulting ice features. Free floating ridges typically
have sail heights of about 3 to 5m. The keel depth is
approximately five times greater or 15 to 25m. Much larger
sails have been observed on grounded ridges. Leads and cracks

open as the pressure is released.
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The seasonal pack is essentially a transition zone between the
fast ice and the polar pack. It contains both first year ’
and multi-year ice, in various stages of consolidation,
depending on the time of year and conditions. The seasonal
pack moves primarily in response to motion in the polar

pack. Like the polar pack, motion is predominantly in a
westerly direction. The mean net long term winter ice velocity
is in the order of 2.5 to 3.0cm/sec, or about 2.5km/day (Kovacs,
1974). The width of the seasonal pack varies considerably but
can extend up to several hundred kilometers. During the summer,
the seasonal pack, driven by offshore winds, tends to hug the
polar pack, while in the winter it is forced in against the
fast ice. Periodically it will drift away from the fast ice,
and large recurring leads open, such as the one off Herschel

Island.

It is the most dynamic of the three zones. 1In the fall, the
loose ice in the seasonal pack is progressively compressed
against the fast ice. Due to rotation of the pack, slippage
occurs in a narrow band at the boundary between the two zones.
As the stress intensifies, the ice begins to shear. Shear
ridges result, or if the pressure is sufficiently great,
massive hummock fields. Since the shear rate is considerably
greater in the immediate vicinity of the boundary, both the
size and density of ridges is higher in this area, and decreases
moving towards the polar pack. The ridges are typically up to
4m high, but sails over 12m have been reported. As a result

of the continuous shear action, the new ice, which tends to

be the weakest point in the matrix, is often deformed, and open

water is common even in the depth of winter.

The polar pack generally lies beyond the continental shelf, but

can be driven towards the shore at any time by high winds.
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Movement of the pack is anticyclonic, and corresponds to the
Pacific gyral. The average drift is about two percent of the
wind velocity, and due to the coriolis effect, is inclined at
about 30 degrees to the wind direction. The dominant mode of
motion is barotropic with a speed surge in the fall (Burns,
1974) . During the summer, the prevailing flow is offshore

and the pack can reside 300 to 400km out. In the winter,

the direction tends to be reversed and the pack moves towards
the coast. The degree of penetration of the pack will depend
on conditions at the time of invasion. If it occurs near
freeze-up, before the fast ice can develop any resistance, as
was the case in 1971, the pack can approach within several
kilometers of the shore. The principal restriction is generally
the depth of water. Once the fast ice has thickened, it tends
to hold back the advancing pack.

During the winter, approximately 60 to 70 percent of the area

of the polar pack ismulti-year ice, 1 to 5 percent open water,
and the remainder is first year ice (Kovacs, 1974). There is
considerable variation in ice thickness, ranging from thin,

first year ice in refrozen leads to multi-year pressure ridges,
which can exceed 45m in total thickness. By the end of the
winter, undisturbed first year ice is typically about 2.3m

thick, while old multi-year floes vary from 2.0 to 4.5m in
thickness. The salinity of multi-year ice progressively dacreases
with time due to leaching. Normally the surface laver is

essentially fresh, and the average salinity is less than 29, .

The density and size of ridges varies considerably between
locations and from year to year. A typical density would be

in the range of 10 to 20 ridges per kilometer. The average
ridge height is about 3m. The ratio of the keel to sail height

for free floating multi-year ridges is approximately 3 to 1.
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There is little data on the natural depletion rate for firm
multi-year ice, but it is generallv estimated at between four

and seven years.
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OIL-ICE-WATER CONFIGURATIONS

Due to the broad range of ice conditions which can exist

in the proposed area, numerous oil, ice, water configurations
are possible. The six principal conditiens are detailed
below. The descriptions are general and oriented towards
detection. To date, research has been confined primarily

to the open water condition and the fast ice zone. Conse-
quently, the descriptions for the seasonal and polar pack

zones are somewhat speculative.

0il in Open Water at Freeze-Up

The behavior of 0il in open water is reasonably well docu-
mented in the literature, and only the dominant considerations
are outlined herein. Since performance is very much dependent
on the properties of the oil it is impossible to be specific.
The spreading of an unconfined oil slick in calm sea is a
function of the rate of discharge, the density and viscosity
of the oil and surface tension effects. Although there are
several theoretical derivations for spreading, they are not
directly applicable to a blowout. Firstly, if there is gas
involved, the water, particularly in the area of the plume,
tends to be very turbulent. Secondly, perfectly calm seas

are quite uncommon in an ocean environment. O0il slicks move
at approximately 1.5 percent of the wind speed. In most cases
this would exceed the natural spreading rate under static

conditions.

The stable film thickness for most unweathered, low viscosity
crudes is in the range of several microns. There generally
is some fractionation across a slick, with the lighter, more
volatile components appearing near the edge. Interference

patterns created by these thin films can be used to estimate
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the film thickness. Even at the low temperatures encountared
in the Arctic, there can be considerable weathering. Under
static conditions, over a 40 percent loss is possible in 30
days at 0°C. With turbulent mixing, the-evaporation rate is
likely to be somewhat greater. With high winds, water in oil
emulsions can develop, but they tend to be unstable for most

crudes.

The effect of oil on ice growth will depend to a large extent
on the film thickness. For thin films, such as might be
encountered in an unconfined open water spill, the oil will
likely have a minor effect. The first several layers of
crystals will tend to be coated with oil, and not coalesce as
readily. Thereafter, the sheet should grow in a normal fashion.
Although oil on the surface will greatly reduce the albedo,

the effect will be minimal since the level of radiation 1is

low in the fall. 1In most cases a thick film will have a far
greater impact. First, the film will severely limit evaporation.
The overall effect will depend in part on the extent of coverage.
Secondly, the thermal conductivity of most crudes is in the
range of 8 to 10 percent that of new ice, and the oil will

serve as an insulating layer. These effects will be partially
offset by the fact that the oil will tend to dampen wave action,
and thereby produce an environment more condusive to ice growth.

The net effect of a thick lens should be to retard ice growth.

Regardless of the thickness of the lens, the ice will grow
beneath the oil. Until the area is snow covered, the surface
will be discoloured. The oil will continue to evaporate even

at very low temperatures. Some of the snow crystals will become
oiled, and under certain conditions can be transported by the
wind. In the spring, as the snow cover begins to warm, the

06il will migrate to the surface, and should be quite visible.
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0il Under Fast Ice

0il released in a water column, tends to break into small
droplets enroute to the surface. When it strikes the underside
of the ice sheet it generally coalesces in lenses or pools.

The size of the pool is controlled primarily by the quantity

of oil and natural irregularities in the sheet. Since the

0il coalesces into sessile drops, the minimum thickness is

about 0.5cm for most crudes. The maximum thickness is controlled
by variations in ice thickness, and can range from several
centimetres in the fall to about 20cm in the late sprina. The
size of the pools is determined by the frequency and config-
uration of ice irregularities. Due to the large number of
factors influencing ice growth, such as currents and snow cover
it is difficult to generalize, but under most conditions the
pools will be in the range of about 2 to 20m wide. The extent
and percentage of area covered depends on the gquantity of oil.
As each pocket or cell is filled the oil will overflow g e
adjacent cells. Moved by currents and turbulence, small drop-
lets can be deposited on the ice a considerable distance from

the main oil pools.

Under static conditions a lip of ice quickly forms around each
lens and further horizontal movement is blocked. As the temp-
erature of the oil is depressed a new sheet of ice begins to
grow on the bottom of the oil lens. Generally, the oil is
entrapped in the ice within a matter of days. The 0il initially
penetrates about 5 to 10 centimetres up into the skeletal layer
and the soft ice on the bottom of the old sheet. During the
depth of winter further migration is limited. The concentration
of oil in the brine channels immediately above the lens is in
the range of 1.0 to 3.0 percent by volume. There is a distinct
discontinuity in ice properties at an oil lens. The lens acts

as a barrier to brine rejection, and high salinities are common
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above the 0il. The ice below the lens resembles a new shaet

grown at the surface.

In the spring, as the sheet begins to warm and the brine
channels become active, the o0il begins to migrate towards the
surface. The time and rate at which the oil reaches the
surface will depend on temperature and the location of the
lens in the sheet. A portion of the o0il will remain locked

in the ice until the melt actually reaches the lens. Late

in the spring, oil released under as much as 2m of ice can
reach the surface in less than one hour. While the o0il is
locked in the ice there is very little weathering or fraction-

ation.

0il in the Seasonal Pack

Due to the extreme variability in the seasonal pack, conditions
are not readily predictable. The principal factors controlling
the behavior of the o0il are the extent of open water and the
degree of movement. Oil released in open water can be driven
into the broken ice on the edge of the seasonal pack by wind
and wave action. Since the ice will tend to retard spreading,
the film is likely to be somewhat thicker than in open water.
As the pack compresses the film will thicken and possibly over-
flow on lower floes. As well, a number of larger pieces of

ice are likely to become oiled due to overturning. As the

pack opens and closes the oil will progressively penetrate new
channels and very large areas could be contaminated. Some

emulsification will likely occur.

0il released under a relatively solid section of the seasonal
,pack will initially perform in a similar manner to a release

under corresponding conditions in the fast or polar pack zones.



NORCOR

engineering and research limited Al

However, due to the general lack of stability in the zone, there
is a reasonable probability that some o0il will be detectable on
the surface quite quickly. This surface oil will tend to enhance
the melt, and the remaining oil should be released somewhat

faster than for the stable case.

Because the seasonal pack is continuously drifting and there
are numerous mechanisms for the transport of oil within the
zone, much larger areas are likely to be contaminated than in
the shorefast or polar pack zones. The presence of o0il on

the surface should make detection considerably easier.

0il in the Polar Pack Ice

In areas covered by first year ice, which generally represent
between 30 to 40 percent of the pack, the o0il will perform in

a similar fashion to the shorefast zone. The principal differ-
ence will occur with the multi-year ice. The multi-year ice
tends to be more irregular than first-year ice and therefore
much deeper pockets of oil are possible. However, the pack is
in continuous motion, and most domes would not be filled in the
length of time they are within the area of influence of an oil
plume. Even allowing for a drift of several kilometers per

day, (@and drifts of up to 50 kilometers per day have been reported)
at the maximumprojecteddischarge rate for a well in the Beaufort
Sea only one barrel will be released per linear metre. At the
minimum £ilm thickness of 0.5cm, this would cover a swath 30m

wide.

Since multi-year ice is generally thicker than first-year ice,
and therefore the thermal gradient is not as steep, the oil
will not be incorporated as quickly. As well, since the salinity
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is considerably less, the rate of migration up the brine
channels should be substantially reduced. At present, there
is no information on the interaction of crude oil with multi-
year ice, but the maximum possible time required for the oil
to surface will be the natural depletion rate for the ice,
which is estimated at between four and seven years. Judging
from the effect of 0il on first-year ice, the time should be

considerably reduced.

Due to movement in the pack, some of the oiled ice is likely
to be broken and overturned. Thi§ would probably occur in
refrozen leads and other first-year ice, which tends to be
the weakest link. This could expose o0il on the surface much
morequicklythan would be possible by means the natural migra-

tion process.

0il in Leads, Cracks and Broken Ice

The size and shape of leads varies considerably. They can
range from less than a kilometer in length to several hundred
kilometers. Oil can reach a lead as a result of a release
directly below it, oil flowing along the bottom of an adjacent
sheet prior to incorporation, by cracks or fractures cutting
through a trapped lens, or by surfaced oil running in during
the melt phase. The concentration of o0il in a lead will depend
on the quantity of oil and the size and shape of the lead.
Since leads are continuously opening and closing the film
thickness will not be constant. Moreover, with a wide lead,
the o0il could be herded to one side due to wind action. Emul-
sification of the oil is possible due to wind and wave action,
but it is doubtful if the emulsions will be stable.



NORCOR

engineering and research limited 13

In general, the oil should perform in a similar fashion to

the open water case, with the exception that films will likely
be thicker. Due to lead matrix pumpincg and wave action, there
probably will be some contamination of the surrounding ice
sheet. Since refrozen leads tend to be the weakest point in
the sheet, there is a distinct possibility that oiled ice will

be thrown up in pressure ridges and hummocks.

The effect of oil in the tidal crack system will depend on

the tidal range, shoreline configuration and the time of year.
puring the winter, there normally are obstructions at intervals
along the crack, which will restrict soreading. Due to the
relative movement between ice on either side of the crack, some
0il will be pushed to the surface, and should be visible along
the edge of the crack. 1In the spring, a continuous melt pond
develops along the crack, and the oil could spread a consider-
able distance. O0il in the tidal crack system, particularly

in the spring, could pose a major threat due to its close

proximity to the shoreline.

0il on the Ice Surface

In general, only a limited quantity of oil will reach the

surface during the winter, by means of leads and cracks. In

the spring, as the sheet begins to warm, activity intensifies

in the brine channels. As blockages clear in the channels, the
0il begins to migrate upwards. Initially, movement is slow,

but rapidly increases once there is a clear passage to the
surface. By late in the spring, some of the channels grow to
about 1l.0cm in diameter. The spreading of the oil on the surface
of the ice is usually retarded by snow cover. As the snow warms
and begins to drain, the oil spreads more easily on the wetted

surface, and much larger areas are affected.
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With the decay of the snow pack, oil migrates to the surface,
and initially appears as a slight brownish discolouration.
This normally occurs first in areas where the cover is thin. The

0il reduces the albedo, and the process becomes self-exciting.

Within a matter of days, the albedo can be reduced to about

one third that of the surrounding uncontaminated snow. The
surface warms rapidly and melt pools grow in size. The added
heat enhances the flow of o0il to the surface. The process can
be temporarily retarded by even a light snowfall, but is quickly
reactivated once the oil surfaces again. A limited quantity

of oil is locked in the ice, and will not be released until

the melt reaches the original level of the lens.

With time, the oil thickens on the melt pools. Due to fluct-
uations in the water level in the pools, as well as wind action,
the surrounding snow becomes oiled, and quickly rots. Once a
number of melt pools become interconnected, the wind will tend
to herd the oil, and very thick films can result. With continued
wave action, some crudes will emulsify. Normally, these
emulsions are not stable, however, they breakdown very slowly

if deposited on snow. Due to the high levels of radiation,

the oil weathers rapidly. For the type of crude likely to

be encountered in the Beaufort Sea, about 40 percent will
evaporate in 30 days at 0°C. Because the oil absorbs a large
portion of the direct solar radiation, the average temperature of
a thick oil lens can be as much as 10°C higher than the under-
lying water. If unrestricted, the ice will clear in oiled

areas several weeks sooner than in uncontaminated areas.

The effect of o0il released on the surface will depend to a
large extent on the nature of the discharge. For a point
source the oil will quickly cut a narrow channel through the
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snow, which is normally not much larger than the oil column.
The temperature of the oil and the condition of the snow will
determine the extent of spreading. In general, the oil will
be confined to the area of the source. Once the snow begins to
warm, it will perform in a similar fashion to oil initiallv
contained in the ice sheet, except that it will likely surface
somewhat faster. If the oil is sprayed on the snow, most of
the small particles will be retained at the surface. During
the winter a considerable quantity of oil would likely be
carried away in blowing snow. In the spring, when the level
of radiation is high, the dark oil particles would cut their

way into the snow. New snow cover would terminate the process.
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OPERATIONAL CONSIDERATIONS

Reliability of an Airborne Operation

There are a number of factors to be considered in determining
the probability of success for an airborne mission, including
the type of aircraft, conditions at the origin and destination,
length of flight, conditions enroute, the size of weather
systems, and the location of possible alternates. The matter

is further complicated when sensors, having atmospheric limit-
ations are employed. It is impossible to undertake a precise
analysis for the Beaufort Sea area. There is virtually no obser-
vations for the offshore area. There are limited numbers nf
stations ringing the shore, but in general the period of record
is short, and the conditions are not truly representative. It
is therefore necessary to make a number of fundamental assumptions

to produce even a rough approximation.

A total of six parameters were examined for Sachs Harbour,

Cape Parry and Inuvik. These are the only stations with hourly
data summaries for ten years or more. The parameters employed
were ceiling height, cloud cover, visibility, wind speed,
precipitation and hours of daylight. Since most turbine air-
craft will operate to -50°C, temperature was not included. It
is not possible with the existing data summaries to determine
the frequency with which two or more limiting events occur
simultaneously. Consequently, with the exception of hours of
daylight, the events were treated as being mutually exclusive,
which tends to reduce the probability of success. This is
offset, however, by the fact that conditions were only examined
at single points. For a mission to be successful, conditions
must be favourable at the origin, along the flight path and at
the destination simultaneously. Such an analysis is extremely

complex, and beyond the scope of this study. For IFR missions,
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FIGURE 1. LOCATION PLAN
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or short VFR missions, returning to the same airfield, the

single point approach is reasonably accurate.

Five different operational classes were established. The
first two relate directly to limitations on aircraft flying
under Instrument Flight Regulations (IFR) and Visual Flight
Regulations (VFR). Since optical sensors, which are affected
by atmospheric conditions, could be employed, it was also
necessary to examine the probability of maintaining visual

contact with the ground from three different altitudes.

An aircraft operating under IFR out of a controlled airspace,

is restricted primarily by visibility on take-off and landing.
For most airports the minimums are a 500 foot ceiling and
visibility of one nile. A cross wind of over 30 mph would

also likely curtail or divert a flight. It was assumed that
both wind direction and landing strips were randomly oriented,
and therefore high winds would only be a limitation 50 percent
of the time. Once airborne, the aircraft would only be affected

by freezing rain.

An aircraft operating under VFR is restricted in a similar
manner on take-off and landing, but also must maintain visual
contact with the ground at all times. Due to the lack of
lighted features, night VFR is not practiced in the north. As

a result, a VFR operation is extremely limited during the winter.
A comparison of VFR operations from Inuvik, Cape Parry and

Sachs Harbour is shown in Figure 2. The curves are the combined
probability of acceptable flying conditions during the hours

of daylight. Since the curves do not reflect conditions enroute,
they can only be used as a relative comparison of the probability
of success for a local mission. Although conditions would

appear to be somewhat more favourable in the Inuvik area, the
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climate tends to be continental, and therefore not truly
representative of the Beaufort Sea. It is doubtful if a
VFR operation could be employed for anything other than near

shore reconnaissance and local support.

For the three levels of reconnaissance considered, the sensor
restrictions were combined with those for an IFR operation.
Low level reconnaissance was taken as being below 500 feet.
Due to the hazard of operating at this level, it was assumed
that clear visibility was essential. For rotary wing aircraft
with an instrument rating, this would not necessarily be the

case, but such machines are not common.

Mid level reconnaissance assumes an operating altitude of
over 1000 feet. The combined probability of arceiling less
than 1000 feet and cloud cover greater than 5/10 was added

to the limitation on low level reconnaissance. Since high
level reconnaissance would be above the cloud cover in most
cases, a cover greater than 5/10 was taken as the restriction

with no limitation on ceiling.

The average monthly probability of success for the various
classes of missions staged from Inuvik, Cape Parry and Sachs
Harbour, are shown on Figures 3 to 5 respectively. Although
the probability of an IFR mission being successful is better
than 60 percent for all locations at any time of the year,
optical sensors will be ineffective at high altitudes over

70 percent of the time, and virtually useless during the
winter. The optical sensors could be utilized during the
summer at altitudes of up to 1000 feet with a success rate of
40 percent or better. However, during October, which is
likely to be the critical period for blowouts, optical sensors
will be successful less than 20 percent of the time even at

low altitudes. It would therefore appear that optical sensors
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FIGURE 2 COMPARATIVE PROBABILITY OF FLYING VFR MISSIONS
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FIGURE 3 MONTHLY PROBABILITY OF SUCCESS
OF AIRBORNE MISSIONS FROM INUVIK (From 10yr. averages)

21.

SEP ocT NOV DEC JAN FEB MAR APR MAY JUN JUL

- — ~ LOW LEVEL OPTICAL RECONNAISSANCE (below 500 ft)
—— IFR  FLYING — - —— MEDIUM LEVEL OPTICAL RECONNAISSANCE (below 1000ft)
-.----VFR FLYING - - - = HIGH LEVEL OPTICAL RECONNAISSANCE (Above clouds)



PROBABIUTY OF SUCCESS

]
NORCOR

engineering and research limited DD

FIGURE 4 MONTHLY PROBABIUTY OF SUCCESS
OF AIRBORNE MISSIONS FROM CAPE PARRY (From 10yr. averages)
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FIGURE 5 MONTHLY PROBABILITY OF SUCCESS
OF AIRBORNE MSSIONS FROM SACHS HARBOUR (From 10yr. averages)
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should only be used as a supplementary method of detection.

Potential Bases and Support Facilities

There are a total of thirteen airfields ringing the proposed
study area. Of these, six are public, five are associated
with DEWline facilities and two are located at Industry staging
areas. The landing strips and associated facilities and
services are described in Table 1. There are numerous other
fields such as Barter Island, 0ld Crow, Fort Good Hope,
Coppermine and Rae Point, which are outside the normal operat-
ing range but could be filed as alternates.

Factors to be considered in selecting a base are the location

of offshore activities, the role of remote sensing, the perform-
ance of aircraft to be employed, and the availability of support
services. All the strips could be used by light aircraft in

the event of an emergency or if activities happen to be concen-
trated in the area. On the basis of existing information,
Inuvik would appear to be the best location for a permanent
base. Firstly, it has the best airstrip and navigational aids,
and is the only location which can accommodate heavy jets.
Secondly, there is heated hangar space, a maintenance service,

a full range of fuels, accommodation and other necessary support
services. Thirdly, the superior communications and more freg-
uent scheduled air service would improve operational reliability.
Finally, the cost of a routine operation would be considerably
less from Inuvik.
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Surface Operations

Surface crews with suitable transport could prove effective
under most conditions. The immediate area of the shear zone
is the only location which present a major problem. Although
productivity is somewhat reduced during the depth of winter,
there are very few conditions which will stop a trained and
well equiped crew.

With helicopter or hovercraft support, a field crew could
function reasonably effectively during freeze-up and break-up,
when heavy fog and cloud cover would severely limit an air-
borne detection .program. A two man crew with a portable power
head could auger over ten holes per hour through ice up to 2m
thick. The crew could delineate and target oil pools, and
thereby reduce the work for cleanup parties.
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TABLE 1

SUMMARY OF AIRFIELDS & SUPPORT FACILITIES

LOCATION

Aklavik

Bar C

Cape Parry
Clinton Point
Holman

Inuvik

Komakuk Beach
Nicholson Penin.
Paulatuk

Sachs Harbour
Shingle .Point
Swimming Point
Tuktoyaktuk

NOTE :

2000

5000
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4000
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3500
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4000
3800
1200
3500
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100

150
100
100
150
100
100
100
100
100
100
100

Industry facilities.

gravel
gravel
gravel
gravel
gravel
paved
gravel
gravel
sand
gravel
gravel
gravel
gravel

STATUS

Public
Private
Private
Private
Public
Public
Private
Private
Public
Public
Private
Private
Public

Imp.
DEW
DEW

DEW
DEW

DEW
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1.0 INTRODUCTION

The development of petroleum sources in the Arctic has introduced
new dimensions to the problem of oil spill detection and cleanup. In the
Arctic, oil may be spilled over ice, under ice, or in ice free or ice
infested waters. Furthermore, the composite ice cover may consist of ice
at different stages of growth. Such a variety of configurations,
especially in the harsh Arctic environment, compoun&s the problem of
0il spill detection and measurement.

This study addresses the problem of using radio frequency techniques
for the remote sensing of oil spills at the Beaufort Sea. Various
approachs, using both active and passive microwave and UHF techniques
will be evaluated with respect to their applicability to the detection
of 0il1 in the Arctic.

For remote sensing applications in the Arctic environment, radio
frequency and microwave techniques are particularly desirable due to
their all-weather all-day capability. As well, microwave blackbody
radiation from ground features is sufficiently intense to eliminate the
need for artificial illumination in applications where active sensing
is either ineffective or redundant. By measuring the characteristics
of this radiation (ie.'passive remote sensing) such as polarization,
angular dependence and frequency dependence, certain physical properties
of the emitting material can be determined .

A variety of programs are now in progress to interpret these
passive microwave “signatures" as well as the target return from active
remote sensors. A considerable amount of analysis has been completed
in the study of the microwave properties of water, oil, and both fresh
and sea ice. As many of those studies are still in progress however,
only a limited amount of published and confirmed data is available.
This is especially true for heterogeneous mixtures of natural materials
such as water/ice or 6il/ice etc. Thus, in the fo]]ow%ng discussion
of the use of passive and active radio frequency sensing in the Arctic,
these available data have been used to anticipate future methods for
RF detection of o0il spills.



2.0 PASSIVE METHODS

2.1 Description of Passive RF Techniques

The radiation measured by a microwave radiometer comes from
several different sources. The directly emitted blackbody radiation
of the object or objects in the field of view usually contributes
most of the signal energy. The sensor output then is related to
the properties of the emitting medium. Other unwanted components
of the received energy, such as man made noise, radiation from the sky,
the sun, or from nearby natural objects may be reflected from the
source into the mainfield of view, or into antenna "sidelobes".
Furthermore, the medium between the source and the radiometer
receiver may attenuate by absorption or scattering the original
source signal, or radiate itself and add to the total received signal
at the radiometer. These additional sources of radiation must be
included in an analysis of sensors as the frequency range and field
of view parameters of the instruments are often limited by the
characteristics of the background signal.

The sum of galactic, solar and natural terrestrial radiation,
expressed as the effective blackbody temperature for an equivalent
radiation power at the receiver is shown in Figure 1, using the
data of Penzias (1968) and Paris (1971). At frequencies of 200 MHz and
lower, extraterrestrial sources become significantly strong and care
must be taken to avoid specular reflections into the main fie]d'of
view or strong sidelobes from these sources. At the higher frequencies
shown in Figure 1, significant attenuation in the atmosphere, especially
in heavy cloud or rain is important, and in specific frequency ranges
large effects due to spectral resonances in atmospheric gases occur,
for example, the water vapour absorption near 22 GHz, and the-
strong molecular oxygen absorption at approximately 60 GHz. At higher
frequencies, many absorption bands from condensation and atmospheric
gases occur.
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The transmission of radiation from ground level vertically
through the earth's atmosphere is shown in Figure 2 in the presence
of ice and water clouds (Moore, 1970).

ICE CLOUDS

100 1

80 L
5~ 60T
0w = WATER CLOUDS
R ]
= w 40 }
wn =
i )
< S~
[=
- 20 L
:

L £ 1 L i

0 2 4 6 8 10
WAVELENGTH (CM)

FIGURE 2: The Transmission of Radiation
Through the Earth's Atmosphere

No significant attenuation occurs over this path for radiation
wavelengths greater than about 10 ecm (f < 3 GHz). For shorter
wavelengths, especially below 3 cm (10 GHz), sever attenuation

may be encountered due to water droplets in clouds. The attenuation
in ice clouds is less severe.



For remote sensing programs, instruments are generally
required to be portable and operational from fixed wfng light
aircraft, or helicopters. Such requirements also set restrictions
on the frequency range available for use, primarily due to the
antenna configurations and size for effective spatial resolution
on the ground. The ground resolution of a microwave antenna
is given approximately by the product of the radiation wavelength
and the altitude of the antenna above the ground divided by the
linear dimensions of the antenna. Thus, at 3 GHz, for example,
an antenna 1. meter wide at an altitude of 100 meters has a ground
resolution of about 10 m. Finer spatial resolution can be obtained
at shorter wavelengths and with larger antennas. However, for the
applications of Artic¢ airborne remote sensing, due to size and
weight restrictions all weather microwave radiometers must be
utilized to obtain information regarding the average properties
of the source at the expense of obtaining high resolution data.

2.2 0il Spill Detection Using Passive RF

Restrictions on useable frequencies and modes of operation
for passive microwave remote sensing are set by the physical
properties of the source itself, in this instance mixtures of oi1,
sea water, sea ice and snow. Sea ice is known to consist of a
mixture of pure ice and included brine cells and air bubbles.
During the freezing process, brine, derived from sea water, becomes
trapped in long, slender, primarily vertical pockets or cells within
the ice. The relative concentration of brine and precipitated
salts within these cells is a sensitive function of the ice salinity
and temperature profile (Assur, 1958). Consequently, the dielectric
coefficient of brine in the ice can be as large as 80 + j110
indicating strong absorption of radio frequency energy. For comparison,
pure ice with a dielectric constant of 3.5 +j0 is comparatively
transparent to microwave energy. '



Several investigators have measured large absorption coefficients
(Finkel'skteyn et.al., 1970; Ramseier et.al., 1974) and a summary of
absorption in ice is shown in Figure 3. The preferential orientation
of brine cells in the ice imparts a distinct anisotropy to the
electrical properties, and causes absorption to be different for
different orientations of the radiation electric vector. For maximum
penetration into and emission from sea ice, there is therefore a
preferred direction of view and polarization. Minimum absorption
occurs for the electric vector aligned perpendicular to the major
axis of the brine cells. Robar and Wood (1974b) have modelled the
UHF emission from sea ice and indicated that at these frequencies most
of the radiation emitted from a sea ice layer originates near the
bottom of the ice. In this region, a large gradient in dielectric
permittivity exists due to the warm temperature near the water and
the consequent large concentration of brine in the ice structure.

The profiles of the imaginary part of the ice-brine mixture permittivity,
representing dielectric loss, the gradient of this permittivity and
the computed béightness temperature contribution per millimeter of

ice thickness are shown in Figure 4 for the model of Robar and Wood.
The ice thickness is set at 80 cm and a linear temperature gradient
through the ice to -10°C at the surface is assumed. To correspond
with salinity measurements taken on first year sea ice in Hudson's

Bay (Robar and Wood, 1974B) the salinity profile exhibits a maximum

at the top and bottom surfaces of the ice sheet, and a salinity
incréase in the center to represent non-uniformity in the salinity
profiles which may be caused for example by rafted ice. The impdrtant
feature of this calculation is that the contributions to brightness
temperature from salinity maxima at the top of the ice and interior
to the ice are insignificant compared to the contribution from the
bottom salinity maximum where a boundary region exists between the
properties of ice and those of sea water.

These emission and propagation features of sea ice are important
both in selecting operating frequencies and polarizations, and in
understanding the physical basis for any microwave or UHF measurement
of oil under, within, or on top of sea ice. In particular, the
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following facts are now known: for radiation frequencies where
the wavelength is comparable to the linear dimensions of the
brine cells, or the air pockets left when brine drains out,
large absorption and scattering effects occur which prevent
significant penetration of this radiation through ice. Thus

at frequencies above a few GHz, radiometers and radars can
measure only the near surface of sea ice. Propagation is less
attenuated for waves with electric vectors perpendicular to the
brine cells, thus vertical rather than off nadir propagation
directions are preferred. The ability of radars or radiometers
to detect the bottom surface of sea ice depends on a steep gradient
in ice dielectric properties occurring near the bottom surface.

0i1 spilled under growing ice tends to spread into "lenses"
approximately 2 cm. in thickness. However, not all of the bottom
of the ice sheet in the area of the spill is uniformly covered
(Dickins, 1975 private communication). The immediate effect of
this displacement of water by 0il is to replace the high permittivity
salt water with low permittivity oil (dielectric constant approximately
2.0 + jO). The consequence of this is to reduce the permittivity
of the ice mixture and change the gradient in dielectric constant
at the ice water interface. Confirmation of the dielectric properties
of sea ice has been made from AIDJEX tests from 100 MHz up to 12 GHz
(Ramseier, 1975, private communication), however, no measurements
at the site of an oil spill have yet been performed. In fact, to
this point in time, measurements of oil under ice have not been
made by ice penetrating radars or radiometers. Thus, observation
of the expected modification of sea ice dielectric properties due
to the presence of oil are not available. As the efficacy of spill
detection by RF techniques is closely related to such modification
of electrical properties, it is important to obtain a confirmation
of these effects through experimental measurements.

Since the bottom salinity gradient is expected to be most
important to the radiation properties of sea ice, once 0il becomes
frozen into the ice and a substantial amount of new sea ice has
grown below the 0il, little effect is anticipated upon UHF or
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microwave properties of the ice emission. These concepts were

tested with computer calculations of the radiation brightness temperature
expected from a freezing layer of sea ice using the ice model from

Robar and Wood (1974b) based on the theory of Stogryn (1970) and

the earlier modelling of Pelletier and Adey (1973).

For frequencies of 400 MHz and 1200 MHz, the sea ice brightness
temperature was calculated for a radiometer viewing perpendicular
to the ice surface. Two different spill states were assumed in
the calculation, Firstly, the brightness temperature was calculated
for normal ice growth in the absence of 0il. Secondly, it was
assumed that an o0il spill occurred under 25 cm of new sea ice
followed by a continued growth to a thickness of 62 cm. In the
latter model the 0il was assumed to extend from 25 cm to 35 cm
through the ice, being frozen in the ice structure by ice growth.

A Tlinear decrease due to the replacement of brine by oil in total
ice salinity was assumed to begin at 25 cm with a minimum salinity
near 30 cm, approximating total exclusion of salt water at this
depth. By 35 cm the bulk salinity had again increased linearly

to that assumed for pure sea ice. This modification of ice salinity
represents migration of oil into brine cells both above and below
the principal oil layer. The results of these calculations are
shown in Figures 5 and 6, where the typical predicted brightness
temperature variation with increasing .ice thickness is evident.
These predicted variations of signal with natural sea ice, due to
wave interference effects at the top and bottom boundaries of the
ice.have been reported from measurements by Basharinov et.al. (1971)

Two significant observations can be made from the foregoing
simu]afion. Firstly, the change in brightness temperature in the
presence of oil is between 30 Kelvins at 400 MHz and 100 kelvins
at 1200 MHz. With state of the art radiometers having resolutions
and accuracies of s.5 Kelvins and s5 Kelvins respectively, such
emissivity changes would be observable soon after a spill occurred.
Observable changes in brightness temperature are predicted for o0il
penetration into the bottom 1 cm of the ice sheet, displacing
<20% of the brine in the growing ice. These values of brightness
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temperature changes do assume that the effect of the o0il is spread
over the entire field of view of the radiometer. For cases where
this is not true, the changes in the brightness temperature would
approximately correspond to the fractional spill area in the main
antenna beam. Secondly, it is noted that as the oil layer becomes
frozen farther into the bulk of the ice, only very small changes

in the composite signal are predicted. For example, when the oil

is 15 cm from the bottom of the ice, changes S .2 Kelvins at 1200
MHz are predicted. Such temperature offsets would not be sufficient
to identify the presence of 0il in the ice by radiometric techniques.

When applied td a real case of a spill occurring, for example,
under an articicial ice drilling platform in the Arctic (Baudais,
et.al., 1974), the large artificial changes in salinity profile such
as those found above the natural ice by pumping and freezing of sea
water to increase the ice thickness, are not expected to seriously
degrade the performance of an instrument capable of observing through
natural sea ice. The reason for this is that this enhanced salinity would
exist in colder, near surface ice characterized by a small brine
volume fraction. The effects of oil on the bottom salinity gradient
would still be expected to predominate over the bulk salinity of
the ice platform. Diagrams of the artificial ice platform technique
also indicate that due to the weight of new ice above the natural
ice, a curvature of the natural ice occurs, convex down into the
water, and therefore most oil spilled beneath the drilling rig will
migrate hundreds of feet away from the rig before stabilizing and
interacting with the ice. This feature would influence the positioning
of possible monitoring systems in the vicinity of a drilling operation.

For oil on the surface of smooth ice, different spreading
characteristics are observed (Chen, 1972; Glaeser and Vance, 1971).
For Arctic temperatures, these investigators found that oil did not
necessarily spread to a thin layer when spilled onto the surface
of ice. In some cases o0il was absorbed into the surface. This
absorption is particularly strong on multiyear ice where brine



drainage has occurred during melt seasons leaving cavities 'in the
jce. The volume fraction of these cavities is significantly
large, as Glaeser and Vance (1971) observed absorption of oil in
jce to an extent of 25% of the ice volume involved.

Whether 0il spilled on the surface of ice can be detected
and measured with radio techniques depends again upon the electrical
properties of the oil and the ice. g

Under normal Arctic conditions where the temperature of the
surface of the ice is less than -8 to -10°C, the volume fraction
of brine in the ice is small and the dielectric properties near
the surface are approximately those of pure ice, ie. permittivity
€5ce * 3.3+ j < 0.02. Since the permittivity of crude oil is
approximately €011 = 2. + jO, and that of air is Euip = 1. + 30,
the oil will act as an impedance matching medium between the air and
the ice for radiation propagating from the ice surface. Furthermore,
due to its small dielectric loss, the 0il does not absorb any
significant amount of microwave energy and mainly through interference
effects will its presence modify the natural radiation emitted and
reflected by the ice. Coincidentally, the dielectric properties of
0il at microwave frequencies are nearly identical to those of snow
(Cumming, 1952; Kennedy et.al., 1965). Thus, differentiation between
thin layers of snow or oil will be difficult. Although no observations
at microwave frequencies of oil on ice have been reported, it appears
that in the absence of a separate technique for distinguishing between
cold oil and snow, no reliable conclusion regarding the presence or
quantity of surface oil can be obtained with microwave remote sensors.

For the situation of an 0il spill in ice infested waters, oil
on the surface of water will change the surface brightness temperature
(Jean et.al., 1971). Although the emissivity of sea water (n = .35)
is considerably lower than that of sea ice, independent techniques
would be required to determine the fractions of ice and water as well
as ice type in a radiometer's field of view. In a reconnaissance mode,
separation of a change in brightness temperature due to oil on the
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water or due to a changing fraction of ice in the field of view
is unlikely.

The response of radiometers to oil on open water, however,
is more amenable to treatment, This problem has been studied
extensively, as its solution may be applied to the detection of oil
on oceans and harbour waters in lower latitudes. Two mechanisms
are responsible for brightness temperature chaﬁges in the presence
of 0il. Sea water at 0°C has a permittivity of approximately
80 + j120 at a frequency of 400 MHz as compared to 2 + jO for
oil (Robar and Wood, 1974a). Thus, a layer of o0il on sea water
acts as a matching medium for radiation passing from the water
into air. The emissivity and measured brightness temperature of the
sea surface are therefore increased (Thomson, 1975; Edgerton et.al.,
1970: Meeks et.al, 1971; Hollinger et.al., 1973). A second
consequence of an oil spill is the damping of capillary waves
and the concomitant reduction of surface emissivity. Experimental
studies have suggested that these effects can be separated and the
presence of oil can be clearly defined especially in horizontal
polarization which tends to give better contrast between oil-covered
and oil-free water.

The presence of 0il on the water surface also leads to wave
interference effects, similar to those observed at visible wave-
lengths. A further analogy between microwave and optical measurements
is valid in that optical interference occurs for particular oil
layer thicknesses even for wide angle diffuse illumination of the
surface and wide angle measurement (Horstein, 1972). For microwave
sensing, maxima and minima in brightness temperature have been
observed as 0il layer thicknesses changed by quarter wavelengths
of the observing radiation. Questionable measurements are reported
by Caruso and Oister (1973) and by Jean et.al (1971). The latter compares
predicted brightness temperature for changing oil thickness on water
with measurements of Aukland et.al., (1969). As shown in Figure 7 at
38 GHz up to 100 Kelvins of brightness temperature change in
horizontal polarization are obtained for an o0il thickness change
from 0.0 mm to 1.4 mm while, in vertical polarization, 15 Kelvins
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are obtained for the same change in 0il thickness. Swaby and
Forziati (1970) have also reported a correlation between 1R
scanner data and 19.6 GHz microwave radiometer data over an
0il spill where a microwave brightness temperature increase of
about 190 Kelvins was observed from oil compared to adjacent
open water.

In consideration of the available information on passive
microwave detection of 0il spills, it appears that radiometric
detection mapping and possibly thickness measurements are possible
in open Arctic waters. For sensing oil on water the optimum
operating frequency would be near 20 GHz to provide a compromise
between target contrast, surface resolution, and atmospheric
attenuation. Furthermore, in a reconnaissance mode, antenna
scanning is possible at this frequency to provide a brightness
temperature map of the ocean.

It is evident, however, that a single radiometer frequency
or sensing method will not allow for detection of both 0il below
ice and oil on the water surface. Furthermore, after spill
detection by passive microwave remote sensing methods, it will not be
possible to determine the type of oil from its brightness temperature
signature,
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3.0 ACTIVE METHODS

3.1 Description of Active RF Techniques

Active methods of microwave remote sensing include an
illumination device operating at the frequency of a receiving
instrument. The received energy is that reflected from boundaries
between media of different dielectric properties. Since both
transmission and reception are involved, more system flexibility (and
complexity) are available as compared to passive devices (radiometers).

Perhaps the simplest form of active remote sensor is the scatter-
ometer, in which a burst of energy is radiated from a transmitter
and scattered back from the target. The received return signal is
proportional to the average scattering coefficient of the target.
As with passive radiometers, spatial scanning of the source is
possible and an image can be formed by mapping the variation of the
scattering coefficient over the viewed area. Certain physical
properties of the scattering medium can be extrécted.from the
scattering coefficient for a given frequency, polarization, etc.
For example, Rouse (1969) and Parashar et.al., (1974) have been
reasonably successful in classifying sea ice into one of four broad
thickness categories using dual-polarized scatterometers at two
frequencies.

Another active techniqué is to measure the time from transmission
to reception of the signal, and the instrument becomes more properly
a radar. Page and Ramseier (1974) clearly describe the types of
radar used for snow and ice measurements. These are the imaging
radar technique, where an image of a large area is built up from
the returns from the various elements of the area of view, and
the probing radar, where reflections from adjacent boundaries, for
example the top and bottom surfaces of a snow or ice layer are
measured and properties such as thickness are derived from the measured



time delay. In the former type of radar, properties of the target
are inferred from the surface structure identified in the radar
image. Reasonably good range resolution can be obtained with

this technique, but poor azimuthal resolution is obtained with
rotating antennas.

To produce an operational airborne radar, considerable
military research and development has resulted in the SLR, or side
looking radar. With this instrument, the azimuthal scan function
of a ground-based radar is performed by the longitudinal motion
of the aircraft, and range perpendicular to the flight direction is
determined from the time between transmitting and receiving a signal.
There are two fundamental types of SLR instruments, the real aperture
and the synthetic aperture SLR. The former type uses only the
forward motion of the aircraft and thé along-track beamwidth to
provide spatial resolution parallel to the flight direction. The
latter utilizes differing phase relationships between the signals
received from target positions ahead of the aircraft and those
perpendicular to, or behind the aircraft position to obtain fine
spatial resolution in both along-track and cross-track directions.
As the aircraft moves, an image can be obtained from the computer
processed return signals.

Presently, three commercial systems are operating outside of
military applications (Koopmans, 1975). The Goodyear APQ 102 system
operates at 3.1 cm with a synthetic aperture, and a maximum swath-
width of 37 Km can be observed from flying altitudes between 6,000
and 12,500 meters. Ground resolution is 16 meters by 16 meters.

The Motorola APS 94 (D) system operates at 2.5 cm wavelength with a
real aperture and can measure over a 100 Km swath width with range
resolution of 30 meters and along track resolution of 48 meters at near
range and 116 meters at far range. Flying altitude is about 3,500
meters. Finally, the Westinghouse system APQ97 uses an 8.6 mm



- 20 -

wavelength with a real aperture, méximum swath width of 21 Km and
resolutions at 6,000 meters altitude of 11 meters in range, 10
meters in near range azimuth and 22 meters for far range azimuth.
For real aperture systems, azimuth resolution degrades with
increasing flight altitude. 1In all cases, aircraft stability is
important in producing good imagery and turbulence must be
avoided or compensated for. The Motorola system has been used

by the Canadian Forces on Argus aircraft and éome imagéry does
exist, although apparently not of the specific area of oil in

an ice-water environment.

3.2 0il Spill Detection Using Active RF Techniques

The SLR is essentially a surface imaging system and the bulk
or lower boundary properties of sea ice must be inferred from
the top surface scattering coefficients. Some evidence apparently
exists that bulk properties of fresh water ice can be measured with
SLR's (Page and Ramseier, loc.cit), however, this is unlikely to be
true for sea ice with its much larger absorption coefficient.

Since the SLR tends to view more horizontally than vertically,
strong reflections from the edges of ice floes are expected, and
observed (Page and Ramseier, 1974). Specifically, a strong return
was seen from the track of a ship that had passed through ice leaving
chunks of floating ice. Due to these observations, the use of SLR
systems in observing the effects of o0il under ice or orn water infested
with ice appear to be severely Tlimited. ]

The SLR is capable, however, of detecting oil slicks in open
water where the presence of oil damps the wind-produced capillary
waves and produces an area of diminished radar return (Guinard, et.al.,
1970). This diminution of radar return is most effective for vertical
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polarization at wind speeds greatef than about 2m/sec. As an

example of a SLR used in a reconnaissance mode, the AOSS (Airborne
0i1 Surveillance System, 1973) is an operational SLR instrument
requiring real-time on board computing and is capable of producing
almost real time images on film. For searching and mapping of

0i1 spills where rapid action is necessary for successful containment
and recovery, real time imagery such as available from AOSS would

be invaluable.

Certain limitations of SLR, such as limited ice penetration
and high cost and complexity are overcome by probing radars. It
should be noted, however, that no experimental investigations of
0i1 under ice has yet been reported for these devices. A probing
radar is more applicable.than the SLR for the detection of sub-
surface features due to its ability to accurately measure ranges through
the ice from two or more signals closely spaced in time. Such
capabilities have recently become possible with technological
advancement in radar components, and research prototypes are becoming
available for evaluation.
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