




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig.2. The actual routes of shipping in the district II
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In conclusion we should once more uwnderline that the work
under division i1nto zones of the NSR 13 going on and the main
purpose of our presentation 1s to inspect specialists 10 di+ferent
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TECHNOLOGICAL CHALLENGES FOR HYDROCARBON
PRODUCTION IN THE BARENTS SEA

Ove T. Gudmestad and Per Strass
Statoil, Stavanger, Norway

ABSTRACT

Technological challenges for hydrocarbon production in the Barents Sea relates mainly to the
climatic conditions (ice and icebergs), to the relatively deep water of the area and to the distance
to the marked for transportation of gas. It is suggested that environmental conditions must be
carefully mapped-over a sufficiantly long period to get reliable statistics for the area.

Production concepts involve floating platforms in the icefree parts of the Barents Sea, fixed
platforms (most probably in concrete) and subsea templates. Multiphase flow technology should
be carefully assessed and could give substantial benefits.

1 INTRODUCTION

The Barents Sea has always been a challenge to the people in the North. Fishing and hunting
resources have been, and are still abundant, but the arctic climate, polar lows, ice and icebergs,
as well as the dark winter months have all provided a special challenge to working in the
Barents Sea. This means that we are faced with exciting technical challenges when exploring
for oil and gas in this area.

When sufficient resources are found and field development is economical, it will represent a
challenge to extend today’s technology to the conditions in the Barents Sea. So far, only small
oil finds have been made. Some medium size gas fields have however, been found in the ice-
free Norwegian sector of the Barents Sea, and Statoil has been working actively to find
development solutions which give an acceptable economy. Significant gas fields are, however,
necessary in order to support development of the field and transport systems to the market. Such
gas fields may be located on the Norwegian Continental Shelf, and major gas fields have already
been found in the Russian sector. LNG installations will most probably be necessary to handle
gas from smaller fields.

In order to develop fields in the Barents Sea, close cooperation will be necessary between
Norway and Russia in much of the region as regards to technical solutions and contingency
plans. This applies eg. to climate research and environmental aspects, field development
consequence reports, preparation of development solutions, supply services and oil spill
contingency plan (Gudmestad et al., 1990).

2 CONDITIONS IN THE AREA

2.1  Geography

The Barents Sea covers an area comparable to 7-8 times the size of the North Sea (Fig. 1). The
area is characterized by the fact that it lies to the far north and that areas are covered by ice for
parts of the year.

22  Geology

The southern part of the Barents Sea is structurally complex with tectonic formations which
extend from the Devonian up to the Tertiary period. The region therefore comprises several large
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basins, elevations and plateaus.

Since the start of drilling in 1980, about 50 exploration wells have been drilled in the
Norwegian sector of the southern Barents Sea. During the period 1980-85, considerable volumes
of gas were found in the Hammerfest basin, in sandstone from the mid and lower Jurassic
period, (Larsen et al., 1990). As the market is a large distance away, no gas field has, however,
yet been developed, but Statoil has been carrying out studies on development solutions for the
Snghvit field in which an LNG installation on Sgrgya is a central aspect. Furthermore, in 1985
some oil was tested in the Snghvit field. In 1989, oil was also found in the lower chalk
sandstone formations south of the Loppa ridge, but no commercial oil finds have yet been made.

In the Russian sector of the Barents Sea, oil production has started on Kolguyev Island. In
1990 production was expected to reach 3.5 million barrels. A major gas find has also been made
in the Russian sector (Sthokmanskaya) at 73°N, 45°E.

2.3 Climate

Due to the warm ocean currents, the Barents Sea has a climate which is much milder than
comparable areas at the same latitude.

This applies particularly to the sea and air temperature, but in the winters the conditions are
more hostile than at other parts of the Norwegian Continental Shelf. The working conditions will
be difficult under such temperatures, and equipment and materials must be adapted to these
conditions. In order to obtain acceptable working conditions, it may be necessary to protect
modules and work areas against the weather. This will require ventilation in order to prevent the
build up of gases. Use of a warm air system may be necessary in order to create the desired
temperature.

Concerning the wind and waves, the conditions are,on the other hand, more favourable than
further south on the Norwegian Continental Shelf. (Fig. 2).

Two weather phenomena will, however, make operations particularly problematic: polar lows
and icing.

A polar low is a small, often intense low pressure which occurs when cold Arctic air flows out
over a relatively warm sea. Due to their size, they often pass between the existing observation
network and are therefore difficult to forecast.

When a polar low passes, the weather can change drastically in a short period of time, with
considerable snowfall and rapid and strong increases in winds.

In recent years, the numerical forecast model at the Norwegian Meteorological Institute has
been considerably improved and this model can now forecast both the formation and movements
of the polar lows, but it remains to predict the intensity better. Figure 3 shows a polar low which
has developed all the way from the ice down to the south-west coast of Norway.

Icing has long been known as a dangerous phenomenon for fishermen and seal hunters who
have operated in Arctic waters. During strong wind and low temperatures sea spray freezes
when hitting the superstructure of a ship. The amount of ice can be so great that the boat loses
stability and turns over. Figure 4 shows how the temperature decreases, east- and northward in
the Barents Sea.

In recent years, the oil companies operating north of 62°N (OKN) have carried out a research
project at the Norwegian Hydrotechnical Laboratory in Trondheim to develop models for
calculation of the distribution and weight of ice on drilling platforms which will operate under
icing conditions. A weight of more than 500 tons has been estimated. Icing will therefore be a
major problem for standby and supply vessels, as well as for the platform, both due to the
increased weight and reduced stability/safety, blocked escape routes, lifeboats unfit for use, etc.
Equipment which can remove large quantities of ice efficiently, is necessary.

In the spring and summer months when warm air from the south flows over the cold sea and
ice-covered areas, the conditions for fog formation is favourable. These conditions may persist
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for long time, and may lead to transport problems. It will be essential to the flight safety that
platforms in the area are operated together, and that there are alternative landing options. The
flight distance may be so long that the helicopter passes the "point of no return”.

The greatest challenges for operating in the Barents Sea will be sea ice and icebergs. The
northern and eastern Barents Sea is covered by sea ice for much of the year, but the extent
varies a lot from year to year. Figure 5 shows the ice edge zone during the years 1979-85. The
extreme distribution, estimated with the help of statistical models, is shown in Figure 6. For
large parts of the Barents Sea, contact with ice may therefore be from a yearly phenomenon to
a risk factor of every 10-20 year. The thickness of the ice varies from less than 0.5 m in the
area near the edge to 2-3 m towards the north. Some years, the ice remains in the Barents Sea
during the summer. Multi-year ice may also drift into the Barents Sea trough the straits in the
north. This ice is harder than the first year ice and can have a thickness of 3-6 m. The thickness
of old pack ice, that has survived the summer, can be even larger. In open waters, the
combination of ice and waves will cause large forces on any structure.

The occurrence of icebergs in the Barents Sea has been a fairly unknown up to recent years.
Observations have been made by whaling vessels, reconnaissance flights, and occasional
expeditions. In some years (1884 and 1929) the conditions were such that icebergs grounded on
the coast of Finnmark.

Icebergs are formed when glaciers on islands in the northern Barents Sea (i.e. on Franz Josef’s
Land) slide out over the seca and break off into large pieces, and are carried away by the wind
and the ocean sea currents. A typical trajectory for icebergs is shown in Fig. 7. Radiotransmitters
have been placed on some of the icebergs so that they can be monitored by satellite for a long
period.

These icebergs are typically 100-300 m long and 50-150 m wide (Fig. 8). They are normally
tabular with a freeboard of 10-15 m, which corresponds to a subsea depth of 80-100 m. Icebergs
with a mass of 9x10° tonnes have been observed. When they float southwards into warmer
waters, they melt relatively quickly and they are very rare to be found in the south-west Barents
Sea. The latest analyses indicate that in some years there is a large number of icebergs in the
very north of the Barents Sea and that the current and wind conditions determine the drift.
Figure 9 shows observations of icebergs in the 20th century, as well as the mean maximum
southern limit for iceberg occurrence.

In the area between Bjgmgya and Hopen, there are shallow locations such as
Spitsbergenbanken. Many icebergs are grounded in this area. The sea ice moves with the tide
and the underlying currents. Therefore, elliptically shaped "wakes" appear as shown in Figure
10. These "wakes" correspond well with estimated tidal ellipses.

Summarizing; operations in the areas N and E in the Barents Sea must be able to handle sea
jce which can be several meters thick, and where large icebergs (5-9x10° tonnes) may occur.

2.4  Ecology

Before the oil activity starts in a new area, knowledge about the ecological conditions is
required. In order to obtain the basic data for use in an impact analysis in connection with oil
spill contingency plans, a major mapping project has been carried out under the direction of oil
companies and the autorities. In the project period, the number of sea birds has been mapped
from Mgre og Romsdal to Finnmark and the Barents Sea. Areas for nesting, moulting, over-
wintering and migration patterns at sea have been mapped. The polar bears’ movements on
Svalbard and in the western Barents Sea have been monitored and mapped with the help of
satellites. Small radio transmitters have been fixed to the bears’ neck.

2.5  Risk of pollution
The low temperature in the northern regions means that the means pollution of an oil spill will
very slowly disperse. The effect on the animal and marine life is very undesirable. Operations
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in the Barents Sea must therefore be carried out even more safely than in the North Sea. The
oil spill contingency must be increased compared to other areas.

As a part of the oil spill contingency planning, OKN carried out a project which simulated a
spill of 100 tons of oil per hour at seven locations in the Norwegian and Barents Sea. The
simulation has been based on weather conditions mapped over a period of 30 years. The
oilspills’ drift-trajectory, spreading, evaporation, drift time and degradation have been simulated.
Biological degradation and damage to eggs, larves and young fish have also been studied as a
part of the project.

In spring 1993, 30 tonnes of oil was released in the ice to study the drift and disperse in the
ice. The knowledge will help to develop oil drift models and methods to combat oil spill in ice
covered areas.

The risk of pollution lead to the requirement that the technical solutions shall be especially
reliable so that oil spills do not occur. The requirement regarding cleaning of produced and
ballast water will therefore be more stringent than in the North Sea. Use of oil-based drilling
mud must be avoided. The general trend to reduce turbine exhaust gases applies also to the
northern region.

2.6  Infrastructure

At present there is little infrastructure in this area for oil and gas production. There is a
possibility of repairing ships and rigs in Kirkenes (Kimek) and there is mechanical industry in
Murmansk. The question may be raised whether new industry for short-term contracts should
be established. The existing supply bases in Harstad and Hammerfest should however, be
expanded, and cooperation with the Russians should be developed. It will also be necessary to
establish oil and gas landing sites, possibly with an LNG installation, power station and local
distribution network for gas, e.g. in the Murmansk area, and with shipment terminals for
stabilised crude oil.

2.7 Distance to the market

The long distance to the market makes production of gas in the Barents Sea challenging. At
present, there is no spot market for LNG and long-term contracts must be signed before an LNG
installation is built. Even greater gas volumes and contracts will be needed before building of
a gas pipeline from the north to the European market can be considered. The distance from
Murmansk to The Bay of Bothnia and down through the Baltic to Poland is for example 2,500
km.

As regards the transport of oil from Northern Norway or from the Kola peninsula to refineries
in Western Europe, the distance is not particularly problematic. The most modern refinery
(Mongstad) lies 4-5 days sailing from a possible onshore terminal in the north.

3 THE STATUS OF THE TECHNOLOGY AND TECHNOLOGY CHALLENGES

3.1  Division of the Barents Sea into zones
As regards environmental and climatic factors, the Barents Sea may be roughly divided into
three essentially different zones:
. A zone which is ice-free all year in the south-west part where ice-floes may
occur, but where icebergs are rare. In this normally ice-free zone, there will be
a risk of drift ice and smaller icebergs from time to time. Precautions must be
taken to handle such situations. Otherwise, the conditions in this zone resemble
the conditions in other parts on the Norwegian Continental Shelf.
. A zone where sea ice occurs in some years, but where the probability of icebergs
is small. In the part of the Barents Sea, the installations must be designed so that
they can withstand the forces from the surrounding, moving ice cover.



. The rest of the Barents Sea, which is covered with ice every winter. The ice-
period will be longer, the ice will be thicker and the probability of icebergs will
increase towards north. In this area of the conditions will more resemble those
found in Alaska and offshore the Canadian East Coast, than offshore Norway.

3.2 Drilling

Through two winter seasons, from October 1987 to May 1988 and from November 1988 to
March 1989, Statoil carried out an extensive project regarding drilling in the Barents Sea
through the winter months.

The experience with "Ross Rig" in the season 1987/88 showed that, 22 hours 0.5%) of
shutdown in operations were registered. Only 6 hours of this was due to the cold weather. In
the season 1988/89, there were no shutdowns due to environmental factors. In fact these
numbers are lower than for the North Sea.

3.3  Platform structures and subsea installations

3.3.1 Ice-free areas

It may be assumed that the same type of installations as utilized on the rest of the Norwegian
Continental Shelf may be used. However, some additional requirements must be noted:

Mobile installations must be able to withstand the forces from occasional drift ice, and it
should be possible to move them if particularly dangerous situations occur. It may be necessary
to have monitoring systems for warning and forecasting of sea ice and icebergs.

Fixed installations must be able to withstand forces which may occur in the event of drift ice
and icebergs.

Subsea installations may be used as otherwise on the Norwegian Continental Shelf.

3.3.2 Areas with winter ice

In areas where winter ice occurs, the movement of the ice with the tide in certain areas is so
large that mobile installations may only be used if production occurs during the ice-free periods.

Where there is possibility for ice, fixed platforms seem to be the most likely alternative.

Fixed installations in this area must be able to withstand the forces that may arise due to large
ice floes moving with the tide and the wind. It will be necessary to map forces which occur due
to such movements. It is assumed that it will be possible to forecast the movements of any
icebergs in this area and establish means to avoid that they collide with the platforms.

While cone-shaped structures (Fig. 11) are considered best for use in shallow waters to break
up the ice around the platform, it may be possible to consider use of a cone-shaped ring which
is to be placed around the platform shafts in the water line when the weather conditions are such
that winter ice is expected (Fig. 12).

This ring does not need to be installed at times when the waves are high, since it will increase
the wave forces on the platform. It may be possible to have the ring installed on the platform’s
base and to lift it into place in the event of winter-ice.

Alternatively, it may be possible to design the platform-shafts against forces which occur in
ice which moves with the tide (Sanderson, 1988). It is assumed that it will be necessary to use
concrete in order to achieve sufficient strength. Should there be a need for a platform with
several shafts, it must be noted that an ice ridges can form between the shafts and that forces
from the moving ice may increase greatly if the distance between the shafts is less than approx.
6 shaft diameters (Sanderson, 1988).

Concrete platforms can be constructed in the north. Efficiency decreases, however, when the
temperature falls, and it is expensive to establish new construction docks. It may therefore be
necessary to use already existing building sites. The transport for example from
Hinnavagen/Gandsfjorden is regarded as being unproblematic. As regards development in the
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Russian sector of the Barents Sea, cooperation between Norway and Russia seems possible
(Boconor seminar, 1990).

3.3.3  Areas with winter ice and icebergs

In areas near permanent sea ice and icebergs, fixed installations must be designed to withstand
the force of the ice. The base must be secured against horizontal sliding due to the enormous
horizontal forces of the ice. The installations must furthermore be secured against icebergs
possibly colliding with the deck. It is assumed that the type of platform which is being built for
Hibernia in 80 m water depth (Fig. 13) represents an interesting solution. Further development
of this platform is required if it is to be used in deeper waters. The volume of concrete may be
very large.

In shallower waters, cone-shaped platforms or re-claimed islands may be used. There is
experience with work in such areas from Canada and Alaska.

Subsea installations may only be used if the risk of a collision with deep-floating icebergs is
very small. Alternatively, such installations must be buried. In some cases where the icebergs
are particularly large, we cannot exclude that it will be impossible to plan acceptable platform
solutions and that all production must be carried out with the use of subsea installations which
will not be accessible in the winter months.

Mobile platforms may be used for a short period during the summer months. It is assumed that
they could be moved if any icebergs drift within range.

3.4  Pipelines/two-phase flow

It is difficult to establish routes for pipelines in the Barents Sea since the seabed has
depressions after grounded icebergs in all directions (Rekdal, 1988). It will therefore be
necessary to place support elements, e.g. rock fills where the pipelines cross these depressions.
The seabed in the Barents Sea has mostly a thin layer of cover material on top of very hard
layers. It may be very difficult to bury pipelines, and these must be designed with a weight so
that they withstand contact with trawlboards without being displaced.

In shallower water (100-200 meters and shallower) where there is a possibility that icebergs
may scrape the seabed, the pipelines must be buried. This may require blasting work on the
seabed, something which is technically complicated and very expensive.

In pipe landing areas pipelines should be buried so that they are not exposed to ice and wave
action. In several cases it will be advantageous to use tunnels for landing the pipelines.

In the past few years, two-phase flow technology has developed rapidly and a mixture of oil
and gas can be transported over long distances (70 km or more), if the mixture does not contain
much wax (Englemann and Torp, 1990). In some cases it is also possible to transport untreated
well stream. Since it is expensive to operate offshore process installations, and particularly
expensive in the north, two-phase or multi-phase flow must be considered. It may also be
necessary to heat the pipelines with induced alternating current in order to prevent build-up of
wax in two-phase pipelines. In the past few years, subsea pumps have been developed and it is
expected that these will be qualified for use during the next few years.

3.5 Manufacture and transport of equipment

The low temperatures in the north means that construction should be carried out inside covered
workshops, in order to be able to compete with companies in other parts of Norway and on the
Continent. The size of available halls will limit the technology. Transport from yards in the
south is however time-consuming and expensive so that repairs should be carried out locally.
The size of units which may be repaired locally must be assessed.

It is assumed that supply bases will be located in ice-free harbours and that transport of heavy
equipment will take place during periods when the sea is ice-free. This applies also to
installation of platforms and modules. Note that this does not restrict the technology which is
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used, but the schedule for the work must be adapted to ice-free periods.  Transport of
equipment to platforms which are surrounded by sea ice will require the help of ice-breakers.
It is assumed that production platforms, which require an ice-breaker assisted supply service,
need to have particularly large storage of drilling equipment, etc., so that supply from the
onshore base can be reduced to a minimum.

As regards the transport of oil products, reinforced ship hulls must be used so that oil
pollution is avoided if ships have to pass through ice. It is assumed that pipeline transport to ice-
free areas is most likely.

3.6 Contingency plans

In the case of operations in the north, a good contingency plan against pollution and other
emergency situations will be necessary. This contingency plan will involve helicopters, supply
vessels and rescue service, as well as warning against icebergs.

4. CONCLUSIONS

The Barents Sea is a hostile and vulnerable environment that represents great challenges to the
oil industry. The risk and the cost will be high. Large reservoirs have to be found before
development can take place.
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6 FIGURES

Figure 11 Breaking up of sea ice with cone-shaped constructions. Note that the ice
builds up around the platform
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Figure | Water depths in the Barents Sea

Figure 2
Significant wave height H_, and associated peak period Tp with annual
probability of exceedance of 10 The iso-curves for the wave heights
have been shown in full lines. For the wave periods a dashed line has
been used (NPD, 1993)

Figure 4

. Highest and lowest air temperatures with annual probability of
Polar depression (polar low p ), satellite photo exceedance of 10 The figures are given in degrees Celsius (NPD,
1993)
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Figure 5 Extreme limit of sea-ice during 1979-1985

i e 0t
Figure 7 Drift of icebergs in the Barents Sea (Norwegian Polar Research
Insurute)

Figure 8

Typical iceberg north of Bjemoya (Photo P. Strass, Statoil)
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Figure 9

Observaton of iceberg in the period 1899-1928.xxx = average level of
maximum southern limit of icebergs in Apnl (from USA Defence
Mapping Agency, Pilot charts. 1983) Figure 10

Satellite photo of ice conditions northwest of Bjerneya. Note the ellipse

f}tmpcd traces which show the icebergs and the ice’s movements with
e tide

Figure 12

Breaking up of sea ice with a cone-shaped ring in the water line
(possible technological solution for areas with sea ice)

Platform for areas with icebergs, ref. Hibernia in Canadian waters.
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ICEBERG AND GLACIER MAPPING USING SATELLITE OPTICAL IMAGERY
DURING THE BARENTS SEA ICE DATA ACQUISITION PROGRAM (IDAP)

Kjell Kloster Nansen Environmental and Norway
Senior Scientist Remote Sensing Center

Walter Spring Mobil Research and usa
Ph. D. Development Corporation

ABSTRACT

During 1988 - 1992, the Operator Committee North of 62° N (OKN)
carried out a program to obtain sea ice and iceberg data in the
Barents Sea called the "Ice Data Acquisition Program (IDAP)". In
March 1988, many icebergs were found, grounded on the shallows
called the Spitsbergenbanken, between Hopen and Bjerneya. Many
of these icebergs were suspected to originate from the Franz
Joseph Land Archipelago and mapping of glacier fronts, and nearby
icebergs, by the use of SPOT and Landsat imagery was performed.

The results showed that several glaciers were active producers
of icebergs. In particular, the "Renown Glacier" on Wilczek Land
was identified as a major producer of icebergs. Icebergs greater
than 1 km in length were observed in most years studied. The
frontal position of glaciers was measured in order to detect
signs of rapid advance or retreat. Movements of up to 600 m were
observed.

1. INTRODUCTION
In the late 1970's, oil company operators, in the Norwegian

offshore region north of 62° N, formed an organization called
Operator Committee North (OKN) to obtain environmental data
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required by all operators. The following companies are presently
members of the OKN: BP, Conoco, E1lf, Esso, Hydro, Mobil,
Phillips, Saga, Shell, Statoil and Total. Under the OKN R&D
Committee, several programs were established to obtain physical
environmental data required by all operators for exploration
purposes. The Ice Data Acquisition Program (IDAP) was formed in
late 1987 to obtain data on the sea ice and iceberg environment
of the Barents Sea. Companion papers, presented in this
conference, by Spring and Sangolt, by Spring, Vinje and Jensen
and by Levds, Spring and Holm, provide a description of the 5
year IDAP program, detailed results of annual field expeditions
and stereographic analysis of aerial photography of icebergs and
sea ice respectively.

Early in the IDAP program, it was found that icebergs are
present in large numbers. In March 1988, 207 were found on the
Spitsbergenbanken by the field expedition performed that year
(Spring, et.al, 1993). The presence of these icebergs was also
confirmed in an airborne SAR project performed in March (Bercha
et.al. 1989) and in a satellite imagery analysis project (Kloster
and Flesche, 1989). In both of these studies, the detection of
icebergs was made easier by the wake created when sea ice
traveled past the grounded icebergs. Free floating icebergs were
not positively identified in either of these two studies. Data
from the meteorological stations at Hopen and Bjerneya, reviewed
in Vinje 1985, suggested that less than 50 icebergs would be
present at any one time. A study of SPOT images (Vinje, 1989)
found 54 possible icebergs in April 1987, most near Kong Karls
Land, and many possible icebergs in March 1988 southwest of
Hopen.

The unexpected presence of this large number of icebergs lead
to a search of possible glacial calving sources on the Svalbard
and Franz Joseph Land (FJL) Archipelagos. This search was
carried out visually on the glaciers of the Svalbard Archipelago,
but had to be performed by analysis of satellite imagery for the
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glaciers on FJL. Kloster and Flesche, 1989, investigated the
western FJL islands using a Landsat image and found several
icebergs frozen in the sea ice off Georga Land. In Kloster 1991,
Landsat imagery from 1983, 1985 and 1986-89 were investigated,
along with SPOT imagery from 1986. In Kloster 1992, Landsat
imagery from 1991 were investigated.

2. LANDSAT AND SPOT IMAGERY

Landsat Thematic Mapper (TM) and Multispectral Scanner (MSS)
and SPOT High Resolution Visual (HRV) imagery were used in both
studies. These satellites are in polar orbits with good coverage
of the areas around 80° N. Landsat coverage repeats every 16
days and data is acquired regularly in Kiruna between spring
(April-May) and fall (September-October). SPOT's exact coverage
is not only orbit dependent, but also dependent upon the actual
acquisition plan and the sideways steering capability of the
instrument. The mapping of large areas such as the FJL
Archipelagc benefits from the use of the larger Landsat scenes of
190 km size, as compared to the smaller SPOT scene of 60 km size.

The Landsat TM-sensor was found to be best suited to the
project. It has several channels in the visual/near-IR part of
the spectrum and its resolution is 30 m. Channel 4 (0.8 u
wavelength) was found to be the best choice for ice imagery. The
MSS-sensor, with an 80 m resolution, and channel 7 (also at
approximately 0.8 i) were used if TM was not available. The
availability of SPOT HRV images was more limited than Landsat
imagery and it was only used for smaller-area high-resolution
mapping. The HRV-sensor yields imagery with either 3
multispectral (XS) channels, each with 20 m resolution, or one
broad "panchromatic" channel (0.5 4 - 0.7 p) with 10 m
resolution. Depending upon image availability, both imagery
types were used in the project.

Iceberg detection is obviously dependent upon size since
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smaller icebergs with dimensions approaching the instrument
resolution are difficult to detect. Icebergs, with the smallest
linear dimension at 1least 2-3 pixels in size, can be detected
based on one or more of the following signatures:
1) the detection of a shadow,
2) the reflection of the bright sun-facing part of the
iceberyg,
3) the texture or albedo characteristics of large, tabular
icebergs, and
4) the detection of a lead or wake created by the
differential movement of sea ice and icebergs.

Several environmental parameters also strongly affect iceberg
detection capability. These include, sun height which determines
the length of a shadow and also the contrast between a sun-facing
iceberg side and surroundings. The type of surroundings (smooth
ice, rough ice or water) determines the shadow visibility.
Icebergs, surrounded by smooth ice, are most easily detected,
based upon signatures 1 to 3 above.

The accuracy of the iceberg dimensions measured is on the same
order as the instrument resolution. Most of the measurements
were made on the Nansen image system using CCT data, with high
magnification and contrast. Thus the accuracy varied from 80 m
with Landsat MSS data to 30 m with Landsat TM and down to 10 m
with SPOT HRV-panchromatic imagery.

Glacier fronts can be traced along their length since most
fronts are clearly defined. When compared with the front
position from another image, the front's variation in position
can be used as an indicator of glacier activity. Most of the
work on glacier activity was performed using Landsat TM prints
with a scale 1:250 000 which provides an accuracy of
approximately 0.3 mm. This corresponds to 75 m accuracy in
glacier front position and the front variations are expected to
be within about plus or minus 100 m.
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Accurate ice mapping by optical imagery requires clear weather.
At FJL, only a very limited number of all available scenes can
actually be used since most days have heavy clouds or fog. From
all available scenes, 23 scenes, from the years 1983-90 covering
as much of the islands as possible, were selected for analysis in
the first project (Kloster, 1991). The scenes were not evenly
spaced in time. For 1983, only one MSS scene was available,
while in 1984 no clear scene was found. The years 1985 and 1990
also had a very limited choice of scenes. Only two HRV-XS SPOT
scenes, from 1986, were used, all other imagery analyzed were TM
scenes.

After the results of the first project, the mapping was
continued with a second project (Kloster 1992) with special
attention to the "Renown or Famous Glacier" (80.48° N, 61.6° E)
on the east coast of Wilczek Land. Two Landsat TM scenes and two
SPOT-panchromatic scenes for 1991 were used in this study.

3. 8TUDY RESULTS AT FJL

FJL consists of a large number of islands. The largest is
Prince George Land with a
length of about 100 km. About 45 50 55 80 65
15 islands are 1longer than 30
km and about 20 are longer than

20 km. A map of the major
islands is shown in Fig. 1.
The positions of the 12 largest
valley glaciers, all with snow
accumulation areas more than
100 sg km, are shown in Fig. 1.

The  three largest are on Figure 1. Map of Franz Joseph Land.

Wilczek Land, the largest is The 12 largest glaciers are numbered
the "Renown Glacier" on the 2after size. Duplicate numbers imply

glaciers are similar in size.
east coast with an area of

about 380 sg km. In the vicinity of this island an unusually
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large number of large tabular icebergs were found.

Late summer images, with open water in front of the glacial ice
providing a large contrast in the image, were found to be best
for glacier front mapping. Glacier activity was measured as the
average advance/retreat of the front during two time periods: 1)
July 1986 - Aug. 1987, and 2) Aug. 1987 - Aug. 1988. About 25
glaciers showed a motion of 200 m or more in one or both periods.
the largest motion was 600 m. Glaciers in the eastern part
showed more activity than glaciers in the western part of FJL.

It was found that an iceberg is best detected and measured in
early spring, when it is surrounded by smooth sea ice and has a
long shadow caused by a low sun. Large icebergs were generally
tabular, with a height above sea level (freeboard) varying from 5
m to 20 m as measured from shadows on the Wilczek Island SPOT HRV
imagery from 1991.

Icebergs were usually found concentrated in front of 1large
glaciers and also in some shallow areas where many were assumed
grounded. Contrary to the situation on shallow banks far from
land, such as on Spitsbergenbanken in the Barents Sea where long
tidal/current-generated loops of crushed ice were seen trailing
after grounded icebergs, no
such wakes have been seen in

the FJL imagery. Fig. 2 shows
the main locations of larger
icebergs, from spring 1987 and
1988 when most of FJL was
mapped by cloud free imagery,
and also from early summer of

1991 when only the eastern
part was analyzed.

, Figure 2. Filled circles are

In 1987, approximately 90 ,reas of jcebergs, May 1987 and
icebergs with their largest April 1988. (rosses are large
icebergs in boundary (dashed
line), June 1991.
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a) MSS 15.May 1983. c¢) TM 2May 1989.

b) TM 9.April 1988. d) HRV 22.April 1991

Fig.3. Satellite images of Renown Glacier front and icebergs.
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dimension (length) of more than 100 m were measured, of these 17
icebergs had a length over 400 m and the largest was 1260 m long.
In 1988 the corresponding numbers were 120 icebergs longer than
100 m, 24 icebergs longer than 400 m and 1110 m for the longest.
The total area of these icebergs was found to be approximately 7
sq km in 1987 and 9 sq km in 1988. The fact that a larger
number of icebergs were detected in 1988 than in 1987 could have

been caused by a lower sun altitude in 1988.

In 1991, only the eastern part of FJL, about 65% of the
archipelago, was mapped in late spring. The total area of
icebergs more than 100 m long within this area was estimated to
be roughly 4 sq km in early June 1991. Since large areas of
water, with the associated difficulty of detecting icebergs, were
present, the above estimate is probably conservative. Compared
with the areas found in 1987 and 1988, it was concluded that the
number of icebergs and their size distribution do not change
greatly from year to year within the analyzed time period of the
two studies.

The majority of the larger icebergs were found on the east
coast of Wilczek Land, not far from the
largest glacier on FJL, marked 1. in Fig.
1, called the "Renown Glacier". This
glacier is also one of the most active on
FJL. Figure 3 provides examples of
satellite imagery showing the glacier and
icebergs. The front has an overall
length of about 7 km, its middle portion,
of 4 km length, showed a retreat of 600 m
between 1986 and 1989. In 1991 it had
advanced 500 m from the position in 1989;
see Fig. 4.

The area of the icebergs observed in S
| S W SENS N —

front of the glacier has been estimated

Figure 4. Glacier front
1986-91, from Landsat TM
prints.
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to 3 sq km in 1987, to 5 sq km in 1988, to 4 sq km in 1989, and
to at least 3 sq km in 1991. This is almost half of the total
iceberg area measured in the FJL area, showing that this glacier
must be a major source of large icebergs. Many of the icebergs
observed here were also very large, up to 0.5 sq km. Table 1
shows the number of icebergs detected as a function of length.

Table 1. Number of ‘bergs with given length at Renown Glacier.

Year 100 m 400 m 700 m >1000 m Sum Max
-400m -400m -1000m length
May 83 20 2 2 2 26 1200 m
May 87 5 4 1 4 14 1260 m
Apr. 88 5 9 4 4 11 1140 m
May 89 7 8 8 3 26 1410 m
June 91 S* 5% 3 13+* 1350 m

* uncertain measurements due to open water in early summer.

As shown by the images in Fig. 3, many large icebergs were
situated along a SW-NE line that was assumed to be an underwater
moraine. In each of the years with imagery, the largest icebergs
had a length between 1140 m and 1410 m. Many of the icebergs
looked very similar from one year to the other. However, in most
cases it is not possible to tell with certainty if they were
actually the same icebergs.

The maximum change in the Renown Glacier front from 1986 to
1989 amounted to 2.4 sq km of ice and this is estimated to be the
minimum area of ice calved into the water. A reliable estimate
of mass balance however is not possible based on satellite
imagery alone. The glacier movement, the amount of glacier ice
that calved off in small pieces and the melted ice are unknown
quantities.
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The glacier marked "8" in Fig. 1, on the west coast of Wilczek
Land, is formed as a tongue that has advanced almost 3 sq km into
the sea between 1986 and 1991. Only medium sized icebergs have
been observed in its neighborhocd. This glacier will probably
produce a large number of icebergs when it starts to decrease.

The glacier marked "5" on the Wilczek Island south coast has
produced a large number of small and medium sized icebergs, under
400 m in length, that were scattered in the bay in front of the
glacier. The total area of these icebergs was 0.5 sq km. The
front is probably active but very difficult to measure since it
is not clearly defined due to the large amount of rubble present.

The second and the third largest of the FJL glaciers, marked
w2" and "3" in Fig. 1 are both on the north coast of Wilczek
Land. They were found to be active, with a moderate number of
medium to small icebergs seen near their fronts, and also in the
channel between Wilczek and La Ronciere Islands. On the SPOT HRV
image in 1991, a large number of iceberygs, up to 580 m in length
were observed in this channel. Many of the largest were close to
the shore of La Ronciere. Since this island has a dome type
glacier that has showed no sign of activity, it was assumed that
a majority of the icebergs detected originated from the two
Wilczek Island glaciers and were carried out into the channel.
It is also possible that some had come from the Renown Glacier.
The total iceberg area in the channel was found to be 1.2 sg km.

Other large and active glaciers were also found on the east coast
of Prince George Land and on Hall Island. Their production of
large icebergs however, appeared to be much less than from the
glaciers on Wilczek Land.

4. 8UMMARY

The use of satellite imagery has proven to be an effective tool
in the mapping of glacier fronts and icebergs in a remote or
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inaccessible environment. Landsat imagery, because of its larger
format, was effective in providing an overview of the region and
in detecting icebergs whose smallest dimension was about 80 m.
SPOT imagery, because of its greater resolution, was able to
provide very detailed information about selected regions.

In the two studies reported upon in this paper, the use of
satellite imagery was able to confirm that FJL was the major
source of icebergs in the Barents Sea. In particular, the Renown
Glacier, on Wilczek Land, was shown to be one of the major, if
not the main, source of icebergs. In each of the years
investigated, at least one iceberg over 1 km in 1length was
observed near the glacier.

The confirmed presence of FJL as a large source of icebergs
lead to a field expedition in September 1992 to this region.
Details of this project are provided in Spring et al 1993.
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ABSTRACT

The amount of calving from an ice margin is determined by the rate of glacier advance. The
launching of an iceberg requires a glacier terminating in the sea. The size of the berg is deter-
mined by the thickness of the glacier and the water depth at the sea face. Large glaciers produce
large icebergs only if they flow into deep water, becoming floating ice shelfs before calving. If
the glacier is grounded at its front, the calving results in advanced fragmentation to smaller bergs
and bergy bits.

The circulation in the northern Barents Sea carries the icebergs in a south-westerly direction past
Hopen, to decay in the Bjgmaya waters, where they encounter the North-Atlantic Current.
ARGOS satellite transmitters deployed on icebergs provided tracking. The drift paths yield aver-
age drift speeds between satellite passes, which in these high latitudes is every hour. Dynamic
ice drift models require input of iceberg shape, ocean currents etc that is unavailable. Statistics
of iceberg drift speeds is readily obtained from the ARGOS data.

The paper discusses the production of icebergs in the Barents Sea and highlights drift and ob-
served extreme drift speeds of two icebergs which were tagged with satellite positioning buoys
in 1987. Drift speeds exceeding | m/s are often reported for short periods, but we logged a maxi-
mum speed of 1.38 m/s and an unprecedented average speed of 1.13 m/s during a 31 hour period

with strong tailwind.
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1. INTRODUCTION

Exploitation of o1l and gas involve a number of activities in the different phases of the develop-
ment of an oil/gas field. Normally 1t starts with coarse seismic surveying to map the geology of
the sea bed. It may continue with analysis of the seismic data to identify possible promising geo-
togical layers which later are more thoroughly investigated by fine-gridded seismic shooting and
refined analysis.

If the seismic is promising the development may continue with exploration drilling. All these
phases require the physical environment to be quantified in order to ensure safe operations related
to human safety, regularity and safety of the vessel/structure and protection of the environment.
For instance, to assess the nature loads on structures we must have a substantial knowledge of
the seasonal intrusion of icebergs.

Only glaciers with a floating terminus (ice shelf) may produce large icebergs. The production
rate of icebergs, size distribution, drift velocities and tracks, and statistics on such data are of
particular interest to planners of marine operations and logistics in the Barents Sea. Except for
sporadic observations by early explorers and scientists such data did not exist tor these waters
until 1987. The number of icebergs produced from glaciers that terminate in the Barents Sea
could only be loosely estimated by studying historical data. To augment these scanty data for the
western Barents Sea. the multi-sensor ice data acquisition programme ICEBASE was carried out
during three field campaigns in the mid winter and fall of 1987. The programme was funded by

BP Petroleum Development, Esso Norge a.s and Mobil Exploration Norway Inc.

2. SOURCES OF ICEBERGS IN THE BARENTS SEA

2.1. Icebergs from Svalbard

It is easy to predict which glaciers can produce large icebergs. and it is also easy, at least in
principle. to trace the origin by means of ice temperature measurements. As demonstrated by
Lgset (1993a: 1993b), the temperature of the parent glacier is preserved in the interior of
icebergs.

To predict the source strength, say, in annual calved volume of ice (V) is much more difficult.
The amount of calving from an ice margin is influenced by crevassing within the glacier and by
the rate of glacier flow. The iceberg yield must be a certain fraction p, of the net annual precipi-
tation P of the glacier catchment A;. The calved iceberg volume may be estimated by the simple

relation
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V = APp,

M

Present estimates for the 1.7 million km® Greenland Ice Sheet are, in terms of water equiva-

lents, given in Table 1 (Weidick, 1984). Here the accumulation corresponds to a net precipitation

per year of 0.29 m/year and p, equals 0.4.

Table 1. Balance of the Greenland Ice Sheet.

Process kom3fyear Fraction of total
Accumulation 500 + 100 1

Melting 300 = 100 0.6

Calving 200 £ 100 0.4

Carstens et al. (1989a) made the experiment of transferring the calf-ice percentages of the

accumulation from Greenland to Svalbard., By applying Eq. (1) and assuming the following

parameter values for eastern Svalbard:

A;=12700 knm®

P=0.3 mfyear
p,=04

they derived a calved iceberg volume of 1.5 kam’fyear.

When studying sources and production of icebergs, it is important to bear in mind the thickness

of the glacier and the water depth at the sea face. The size of the calved ice is determined by

whether the glacier terminus is grounded or afloat. In principle tabular and pinnacled icebergs

are produced in addition to fragmented ice (bergy bits and growlers). Figure 1 illustrates the

calving of tabular icebergs from a glacier terminating in an ice shelf.
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Figure 1. Schematic of ice shelf.

Icebergs originating from glaciers terminating in Storfjorden do not contribute to the iceberg
hazard we are presently concerned with. The reason is that the bathymetry prevents all but small
pieces of ice to enter the Barents Sea. Thus excluding Storfjorden the Svalbard archipelago con-
tains about 350 km of tidewater ice cliffs that terminate in the Barents Sea (Figure 2). Ice caps
and large outlet glaciers predominate in eastern Svalbard, and these ice cliffs produce both tabu-

lar and irregular icebergs.
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Figure 2. Glaciers on Svalbard.
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Stonebreen and the eastern Austfonna terminate in long sections of shelf ice. Both these glaciers
produce tabular icebergs which are usually rectangular in plane due to the presence of large cre-
vasses trending parallel to the terminal ice shelf (Dowdeswell, 1989).

There are no data which can give a reliable estimate of the yearly production of iceberg mass
in eastern Svalbard. However, on the basis of measurements of glacier surface velocities of about
38 m/year on Nordaustlandet, Dowdeswell and Drewry (1989) offer an estimate of the annual
rate of iceberg production of 0.1 km® for the 20 km interface with marine waters of Austfonna.
The average terminus thickness is approximately 130 m. Assuming a similar average movement
of the remaining tidewater ice cliffs on eastern Svalbard and an average thickness of 100 m, the
first approximation for the annual production rate of iceberg mass (bergy bits and icebergs) is
in the order of 1.3 km’. Large fluctuations of this figure can be expected, since the Svalbard
glaciers are known to surge (Liestgl, 1969). During surges the velocities can be several km/year.

The frequency of surges is decades, so in most years the calving rate is low.

2.2. Icebergs from Franz Josef Land and other eastern sources

It is evident that the big source of glacier ice in the Barents Sea is the archipelago Franz Josef
Land. This archipelago consists of about 40 islands (most of them ice-capped) which include
approximately 2600 km of tidewater ice cliffs. Many of the islands are surrounded by deep water
so there must be substantial areas of floating ice shelves and a correspondingly high production
of large tabular icebergs.

We have no information on the surging of these glaciers. Assuming it to be similar to the surg-
ing on Svalbard, swarms of icebergs to be shed with long intervals from each island, followed
by long periods (decades) with low iceberg production, can be expected.

By examining precipitation and catchments, Eg. (1), Carstens et al. (1989a) assessed the calved
iceberg volume to 3.0 km¥/year for the Franz Josef Land archipelago. The current pattern and
circulation in these waters argue for half of this iceberg production to go directly into the Barents
Sea (1.5 km?/year).

By contrast the large glacier along the spine Novaya Zemlya has relatively few kilometres of
ocean front. These fronts terminate mostly in shallow waters and cannot produce large icebergs.

Sandford (1955) summarizes observations of icebergs in the Barents Sea and adjacent waters
made by explorers and scientsts from 1861 onwards. Based on notes from the sporadic surveys,
he concludes that the glaciers on Franz Josef Land periodically have produced streams of
icebergs floating with the Polar drift. Based on observations he also regards Severnaya Zemlya
as a possible long distance supply of tabular icebergs.

Finally icebergs in the Barents Sea may descend from the advection of ice masses from ice
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islands dnfting in the Arctic Gyre. Calved 1ce masses form icebergs which may dnift into the

Barents Sea between Nordaustlandet and Franz Josef Land.
2.3. Drift governing equations of icebergs

The drift of an iceberg is governed by the pressure distribution acting on its surface (Carstens

et al., 1989b). Hence the momentum equation for the iceberg may be written as

du 1
m—_L =-m fkxu + _p CA |u -u |, -u)
f d[ " 2 a a ' a 3 (2)

+ _;prwAwluw—uJ(uw—u‘) +F, +F +F,
where z, is the iceberg drift velocity, m = m,(1+C,) and m, is the mass of iceberg, andC
is added mass coefficient. u, and u, represent wind and current velocities respectively. p,_,p,
are the densities of water and air. C_, C, are water- and air-drag coefficients and A, A, are the
iceberg’s current- and wind-exposed areas. f is the Coriolis parameter and k the unit vector in
the vertical. F_ is gravity force due to surface tilt , F radiation stress due to the reflection of
surface gravity waves and F | is the forces exerted on the iceberg by adjacent sea ice.

Extensive data on population and movement of icebergs have been collected for the last two
decades off the Canadian East Coast (Cheema and Ahuja. 1978; Robe et al., 1980; Ball et al..
1981). Some of these data are compared with environmental factors that affect iceberg drift and
several quantitattve assessments of the iceberg forcing are given. These models assume that the
current is the primary driving force (Venkatesh et al., 1990).

The iceberg is here treated as a vertical current integrator due to its draft. Assume that the total
current field v is composed of a slowly varying residual current v, and a sum of components

derived from the deterministic tidal potential

V(1) =v,+Y " A cos(r+or,) 3)

where A, is the amplitude on the nth udal component. @, represents frequency and ¢, the phase

of the nth component. Integrated over an area at sea where the tidal components can be assumed
constant, it is seen that the average current-driven iceberg drift is mainly governed by the
pressure of the residual current acting on the iceberg. If we assume stochastic wind the average
trajectories and movements in open water and in pack ice may be derived approximately from
the residual surface current v, when this current is integrated over the iceberg draft. Typically
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this would be the Ekman layer.

The wind speed only has a significant effect on iceberg drift for wind speeds above about 10
m/s. Excluding possible grounding or interlocking by landfast ice, the numerical integration of
Eq. (1) should apply to give a rough estimate of the drift and hence transition time of an iceberg
from the calving ice shelves of Franz Josef Land to the waters of interest in the western Barents
Sea.

Figure 3 shows a simplified picture of the surface current system in the Barents Sea. The map
indicates two main current directions. In the southern part, the currents are towards the east,
while the current direction in the north is westwards and southwards. The influx of Arctic water
to the Barents Sea takes place along two main routes: between Spitsbergen and Franz Josef Land

and through the channel between Franz Josef Land and Novaya Zemlya.

Figure 3. Surface currents in the Barents Sea, Tantsiura (1959).

According to Tantsiura (1959) and Novitskiy (1961) the main part of the Persey Current goes
southwestwards along the eastern slope of Spitsbergenbanken as the Bjgmgya Current. Their

circulation maps show a mean southbound current between Kvitgya and Franz Josef Land.
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The only longterm measurement reported is for a station west of Kvitgya (Aagaard et al., 1983).
A one-year average gave a surface current of 0.02 m/s to the north-east. This would suggest a
clockwise circulation around Kvitpya, intensifying the southbound current east of Kvitdya and
thereby contributing to the possible import of icebergs from the Franz Josef Land waters into the

western Barents Sea.

3. DRIFT

The total number of iceberg sightings of the three field campaigns of ICEBASE was 180. The
highest iceberg in Storfjorden was 37 m high and had a volume above water line of about
420000 m". A tabular iceberg south of Svenskgya had a sail height of 12 m and the volume
above water line was 872000 m’. The volumes are estimates from stereo photos.

Two icebergs were equipped with ARGOS positioning buoys. Figure 4 shows photos of both
bergs (Iceberg #3057 and Iceberg #3056). Iceberg #3057 (the first tagged iceberg in the Barents
Sea) was pinnacled with length and width respectively 95 m x 80 m and with a mean height of
Il m. The maximum height was 15 m, and based on the actual dimension above the sea surface,
it is reasonable to believe that the maximum draft of the iceberg was 60-90 m. Thus the current
of the water column down to these depths should be considered when interpreting the drift
speeds.

Iceberg #3056 was a tabular berg with a tilt of about 20°. The berg was 100 m x 75 m with

a height of 12+2 m. The original positions and drift tracks of the bergs are shown in Figure 5.
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Figure 4a. Iceberg #3057 in position 78° N 13’ 31°E 51°, 20 October 1987.

Figure 4b. Iceberg #3056 in position 79° N 54° 31°E 18’, 22 October 1987.
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Figure 5. Drift trajectories of Icebergs #3057 and #3056. Grounded periods are encircled.

Figure 6 shows the time history of the mean drift speed derived from the hourly ARGOS
positions for Julian days 293-335 (20.10.1987-01.12.1987) for the two icebergs. The average drift
speed of the pinnacled iceberg (Iceberg #3057) was (.25 m/s with a standard deviation (STD)
of +0.22 m/s. For the same period the average drift speed of the tabular berg (Iceberg #3056)
was 0.28 m/s (STD of +0.20 m/s).

A special event in the drifting of the two bergs took place during the 4th to the 7th November.
Julian days 308 to 311, 1987. From Figure 6, showing the drift speed of the two icebergs, it is
seen that there was a sudden increase in the speed for both bergs. From 3 a.m. on the 5th of
November, Iceberg #3057 drifted with an average speed of 1.13 m/s (STD of +0.12 m/s) for 31
hours. A maximum speed of 1.38 m/s was achieved towards the end of this period (8 a.m. on the
6th of November).

After examining the weather maps (Berliner Wetterkarte, 1987) it is obvious that the drift was
affected by the passing of an atmospheric low. On the 4th of November at 7 p.m. the low was
in position 76 ° N 12° E south-west of the southern tip of Spitsbergen, and was moving eastwards.
As the low was moving eastwards it set up a strong northeasterly wind field in the area around
the northern iceberg (Iceberg #3056) from the evening of the 4th of November. After passing

south of the southern iceberg, setting up a northerly wind field also around this iceberg from the
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5th, the low moved southwards and became stationary for the next 48 hours. This gave a

stationary northerly wind field for the whole area around the two icebergs for the next two days.
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Figure 6. Drift speeds of a) Iceberg #3057, and b) Iceberg #3056.

Figure 7 shows the hindcast geostrophic wind and the observed wind at the meteorological
station on Hopen. If the geostrophic wind is reduced by 1/3 (logarithmic profile and using von
Karman's constant) we find a fair agreement between the deduced 10 m surface wind (14 m/s)
and the observed wind on Hopen. The wind measurements on Hopen shows a constant wind
speed of 13-16 m/s from the 5th of November to the 7th, with gusts of hurricane strength of up
to 32 m/s.
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Figure 7. Observed wind on Hopen and hindcast geostrophic wind during the extreme drift

period of Iceberg #3057.

Figure 6 shows that the two icebergs had a different maximum drift speed. This is caused by
the different shape of the two icebergs which gives them different wind drag coefficients.
Another reason for the great maximum speed of the southern iceberg (Iceberg #3057) is that 1t
is located in the southwesterly Bjgrngya Current.

By studying Egs. (1)-(2) and the current map shown in Figure 3, it is evident that several of
the forcing terms must have acted in the same direction to obtain the extreme drift speed of the
berg. First of all, the extreme drift of Iceberg #3057 is parallel with the southwesterly Bjgrngya
Current. This current has a maximum speed of about 0.2 m/s and if we suggest the wind-induced
surface current to be 2 % of the wind speed, we would expect the drift speed of the iceberg to
be about 0.5 m/s.

At the time of buoy deployment Iceberg #3057 was surrounded by consolidated first-year ice.
The first-year ice surface was ridged and a wind factor well above 2 % can be expected.
However, we cannot expect a current above 0.7-0.8 m/s and the extreme drift speed of the berg
can only be explained by a pressure drag force due to high wind pressure on the lo side of the
berg and suction on the lee side.

It is possible that we have underestimated the wind speed. The topography on Hopen shelters
the meteorological station (especially towards southwest and northwest). Thus we can expect a
somewhat higher wind speed at sea. On the other hand, the good agreement between the
geostrophic wind (reduced to sea level) and the observations on Hopen argues for a rather correct
value for the wind speed. However, substantial spatial variations in the wind speed can be
expected (the average distance between Hopen and the drift trajectory of Iceberg #3057 was 130
km during this period).

436



6. CONCLUSIONS

A coarse estimate of the production of icebergs in the Barents Sea based on available precipita-
tion data from the area and the only available melt data, which are from Greenland. Our esti-
mates are that 1.3 kmyear of icebergs calve into the Barents Sea from Spitsbergen and
1.5 km?/year enters the Barents Sea from Franz Josef Land. The total number of iceberg sight-
ngs of the three field campaigns of ICEBASE was 180. A tabular iceberg south of Svenskaya
had a sail height of 12 m and the volume above water line was 872000 m3,

The major conclusions of the two tagged icebergs are as follows:

« The average drift speed of the pinnacled iceberg (Iceberg #3057) was 0.25 m/s (STD
of +0.22 m/s). For the same period the average drift speed of the tabular berg (Iceberg
#3056) was 0.28 m/s (STD of £0.20 m/s).

« The drift of an iceberg is governed by the pressure distribution acting on its surface.
Strong wind speeds may have a significant effect on iceberg drift.

« From 3 a.m. on the 5th of November, Iceberg #3057 drifted with an average speed of
1.13 m/s (STD of +0.12 m/s) for 31 hours. A maximum speed of 1.38 m/s was
achieved towards the end of this period. A strong tailwind acted on the iceberg during
this extreme drift.

» The wind measurements on Hopen showed a persistent wind speed of 13-16 m/s from

the Sth of November to the 7th, with gusts of wind up to 32 m/s.
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ABSTRACT

During 1988-1992, the Operator Commutte North (OKN) carried vut a program. called the "lce
Data Acquisition Program (IDAP)", to obtain sea 1ce and iceberg data in the Barents Sea. As purt
of this program. aerial photography was obtained in the Norwegian sector of the Barents Seu
during dedicated missions each spring. Analysis of the iceberg photographs. using stereo
photogrammetric methods. has provided data on iwceberg size and shape. Using Archimedes
Principle and assumed sea water and 1ce densities, the total mass of the icebergs was obtained.
This data was analyzed to obtain frequency of occurrence and probability of exceedance statistics.
Strip photography, northwards from the 1ce edge. was analyzed for ice concentration and ice floe
length, width and area and their variation with distance from the ice edge. Beyond the outer edge
the ice conditions change rapidly 1nto a transition zone with mixed floe diameters up to several

kilometers across.

1. INTRODUCTION

In the late 1970s. oil company operators in the Norwegian offshore region north of 62°N.
formed an organization called Operator Committee North (OKN) to provide common services
and to obtain environmental data required by all operators. The following companies are
presently members of OKN: BP, Conoco, EIf. Esso, Hydro, Mobil, Phillips, Saga, Shell, Statoil

and Total. Under the OKN R&D Committee, several programs were established to obtain
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physical environmental duta required by all operators for exploraton purposes. The Ice Dutu
Acquisiton Program (IDAP) was formed 1n late 1987 to obtuin data on the sea ice and iceberg
environment of the Barents Seu Companion papers, presented in this conference by Spring and
Sangolt. by Spring. Vinje and Jensen und by Kloster and Spring. present a generul descripuon
ot the 5 year IDAP program. detailed results ot annuul field expeditions. and analysis of satellite
magery respectively

In 198N, 1t was found that ieebergs could be present n large numbers when 207 cebergs were
found on the Spitsbergenbanken It was therefore decided to build up a data base on iceberg
locauon. size and mass through stereographic analysis of aerial photography. Seu ice tloe

information was obtuined at the same ume. but with a lower priority. Except for 1992. the aerl
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phutography surveys were coordinated with the IDAP field expeditions described in Spring, Vinje
and Jensen. The results of the 1988-92 photography projects are presented in this paper.

The projects were carried out according to guidelines from the OKN-IDAP committee through
Mobil Exploranon Norway Inc. Fjellunger Widerpe A/S (FW) was responsible for obtaining
senal photography and the stereo photogrammetric analysis of iceberg photos, while SINTEF
Norwegtan Hydrotechnical Laboratory (SENTEF NHL) was responsible for the reporting and ana-

lysis of wcebergs and 1ce floes.

2. DATA ACQUISITION AND ANALYSIS

Aenal photographic surveys were carried out in either March or April and in 1990 an additional
survey were carried out in June. Prior to the surveys a reconnaissance flight provided guidance
to both the photography missions and the field expeditions. During each survey. photography
missions were carried out while the aircraft was based at the Longyearbyen airport or while it
was mobilizing or de-mobilizing. Figure 1 shows the location of each analyzed iceberg.

In 1988 and the first survey in 1989 a Turbo Commander 690A equipped with a Omega
Ontrack I worldwide navigation system was used. In 1990, 1991. and the second survey in
1989. a Merlin IIT B equipped with Loran C and Omega worldwide navigation system was used.
In 1992 the aircraft was a Turbo Commander 690 B, also equipped with Loran C und Omega
worldwide navigation system. The crews consisted of one pilot, one navigator and one camera
operator. The cameras used were Wild RC-10 (1988, 1989, 1990). Carl Zeiss RMK-A (1991) and
Carl Zeiss RMK-TOP (1992) aerial precision mapping cameras with 15.3 ¢cm focal length and
23 cm x 23 ¢m negative size. The film type used was Kodak Aerocolor negative film and Agfu
PAN 200 (B/W).

Table 1 Overview of aenal stereo photography missions.

Number of

Year Period Areas covered wceheres

analyzed
1988 22 - 27 March Sputsbergenbanken. Hopen, Stonebreen, Kong Karls Land. Negribreen I
1989 10 - 15 Apnl Spitsbergenbanken, Hopen, Stonebreen. Kong Karls Land, Negnibreen iR
12 June Stonebreen, Kong Karls Land 30
1990 25 - 26 Apnl Spatsbergenbanken. Enk Eriksenstretet. Kong Karls Land, Kvitgya 19
24 - 26 May Tusengyane, Hopen, Stonebreen, Hinlopenstretet, Kong Karls Land. Kvitgya 70
1991 15 - 19 March Tt yane, Hopen, Stonebreen, Olg Kong Karls Land, Kvitgya 41
1992 6 - 8 March Storfjordrenna, Hopen - Storbanken, Enk Enksenstretet 21
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The 60% overlapping photos were fitted 1nto an analytie stereoplotter (Zews Planicomp C 100)
to create a stereographic model of each iceberg. This model was then used to draw a map of each
iceberg based on regular photogrammetric principles. The sterzo-operator constructed maps with
I m intervals between contour lines and digitized the contour lines into a data base at the sume
ume. Figure 2. an example of an iceberg map. shows 5 icebergs that were originally one tubular
iceberg grounded north of Kong Karls Land. It sphit into smaller ulted tabular webergs that were
1n the process of drifung apart when photographed on 13 June 1989. The resulung digitul terrain
model was then used to calculate maximum height above water level. maximum length and width
at water level. length of perimeter, waterline plane area and volume above water level. The latter
was calculated by the following method:

From the digital terrain model the plane area of each height contour was calculuted. Knowing
this. a slice of the iceberg extending a distance equal to half the contour interval on each side
of the contour iine plane was calculated for volume Then all the shces were added together to
give the total above water volume for each wceberg. For the top and bottom slices. only half the

contour interval was used for the volume calculatons.

Frgure 2 Contour plots of 5 icebergs trom 1989,
The 1cebergs have ongally been one tabular iceberg.

Nominal accuracy of height measurements in stereomodels with 60 % overlaps is 0 015 % of

awrcraft altitude. ie. £ 9 cm at 610 m. Accurate altitude was maintained by calibrating the
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burometric altimeter with a radar alumeter at 610 m (max altutude for the rudar altimeter) and
then using the calibrated barometric alumeter ut altitudes higher than 610 m. Accuracy of arreraft
altitude (which dictates scale) is normally within £ 15 m below 915 m. Scale error will then be
+2.5 % at 610 m.

The iceberg maps were used to measure the minimum and maximum horizontal distances from
the waterline contour 1o each 1 m contour line. The iceberg mass was calculated using Archi-
medes principle and an ice density of 900 kg/m” and a water density of 1027 kg/m’.

Further. SINTEF NHL calculated a shape factor at the waterline (S = 4wA/p?) and classitied
all the digitized icebergs by type (Tabular. Pinnacled etc).

Statistical analysis of iceberg parameters included the calculation of minimum. maximum and
average values as well as standard deviation. The results were presented in tabular. frequency of
occurrence and probability of exceedance form. Due to its dependency on iceberg size. the
minimum and maximum distances from the waterline contour to each | m contour line were
normalized by maximum iceberg length, while the corresponding height of the contour line were
normalized by iceberg height above water level. This normalization enabled comparison of the
profiles of icebergs with different size.

The purpose of the ice floe anulysis was to quantify ice floe dimension. Table 2 shows the ana-
lysis approach employed and the number of photos analyzed by project. In 1988 and 1989 the
perimeter of all identifiable 1ce floes in the analyzed photos was digitized on a Graptec KD 4600
digitizing tablet. The size of the smallest 1dentifiable ice floes was generally trom 50-100 m. [n
1992, all sea ice photos with the majority of the ice tloes longer than 100 m were scanned at 130
dpi and combined digitally into two image mosaics (one from each photo strip). The penmeters
of the ice floes were diginzed using hardcopy prints of the image mosaics and using the photo
scale. the desired ice floe dimensions were calculated.

The analyzed ice floe dimensions included maximum length (diameter). maximum width
(perpendicular to maximum length) and area. In addition a shape factor (S = 4wA/p?) was
calculated. As the sea ice imagery analyzed varied from single photos to continuous 1mage
mosaics. the analysis methodalogy varied also. In 1989 number-size relationships' were plotted
for all analyzed photos in a photo strip. This enabled comparison of the variation 1n ice floe vizes
between various parts of the ice field. The image mosaics from 1992 enabled analysis of ice floe

size versus distance from the ice edge to the areal center of gravity of each floe.

' A number-size relauonship shows the number (N) of objects with size (s) above a given size:

N(s) = Cs'®, where C 1s a constant of proportionality and D 1s the absolute value of the slope of
the distrthutton 10 a logantmic plot.
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Table 2 lce floe analysis methodology

Year Methodology Analyzed photos Number of floes Photo scale
anulyzed
1988 | Selected photos B12, BI19 45 111X
NOL, N1, N31.N35, N4 N122 279 1:6016
MO7. M13, M25, M33 377 1.36295
1939 Every 10th photo Strip A, Stnp D. Suip G 2068, 579,1477 1:34000
Esvery 6th photo Sump F 730 1'9663
Every 6th photo Sutp B (June) 3287 1:8382
1990 None
1991 None
1992 | Image mosac A01-A13, 2756 1:37222
B01-BO7 895 1:37222

4. STUDY RESULTS

Table 3 shows the maximum values for each iceberg parameter each year. Both the number of analyzed

icebergs and the maximum size values vary considerably from year to year.

Table 3 Maxunum iceberg parameters 1988 - 1992,

Yeuar Number of Height Length Width Arcia Volume Total mass
analyzed icebergs (m) {m) (m) (m") tm") {tonnes)
1988 109 36.7 319.1 251.7 H4898 856601 6234302
19%9 68 342 196.1 169.3 21998 236209 171911K
1990 89 385 257.7 1880 26866 153745 18949
1991 41 240 3076 272.6 51618 381904 2779479
1992 23 243 217.8 120.0 17466 109304 795509

Figures 3-5 show the cumulative number of icehergs with height, length and mass above a given value,
while Figures 6-8 show frequency of occurrence distributions of the same iceberg parameters. The biggest
iceherg (6 23 mull. tonnes) is excluded from Figure 12. Figure 3 shows two disunct differences hetween
the years. In 1991 and 1992 the tallest iccberg was 10-13 m lower than than the ones in 1988-90, and in
1990 and 1992 there were far less tall wcebergs than in the other years. In 1989 ahout 31 % of the
analyzed 1cebergs reached more than 20 m above the water level, while about 10 % reached above 30
m. Figure 4 does not show the same differences as in Figure 3. The percentage of long icehergs is low
compared to the whole iceberg poulation. Less than 10 % are longer than 200 m. Figure 5 shows that only
a few icebergs have a total mass greater than 1 mullion tonnes.

Figure 6 shows that the majority of the icebergs have a maximum height between 7 m and 20 m, with
15.4 m as the average height and 14.2 m as the median value (Table 4). Table 4 also shows dccreasing
average and median values each year from 1988 to 1992. The table shows that the average and median

values are close. The sample standard deviations are less than half the average value.
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Table 4 Statisucal values of 1ccherg parameters

Maximum iceberg herght Maximum ceberg length at Total 1ceberg mass (tonnes)
above water level (m) water level (m)
vear Average | SD° | Medun || Average SD Medan || Asverage SD Medun
19&8 17.8 7.1 17.3 101.8 60.3 R4.6 453272 | 738836 243993
1989 175 72 160 834 39.8 740 276705 | 306720 172495
1990) 133 6.1 12.6 849 46.6 71.6 196596 | 244325 99546
1991 13.2 5.0 133 83.1 61.9 61.3 284278 | 516950 77532
1992 10.2 38 9.5 1042 48.8 104.4 221175 | 219356 160836
All years 154 69 14.2 923 529 84.6 311186 | 512175 152197

Figure 7 shows that the majority of the icebergs have a maximum length between 50 m and
90 m. with 91.3 m as the average length and 84.6 m as the median value (Table 4). Table 4 also
shows that except for 1992 the median values are quite smaller than the average values. The
sample standard deviations are generally 40 - 60 % of the average values, except for 1991 where
the SSD value is nearly 75 % of the average value.

Figure 8 shows that the majority of the icebergs have a total mass less than 500 000 tonnes.
with 311186 tonnes average total mass and 152197 tonnes as the median value (Tuble 4). Table
4 also shows that the median values are considerably smaller than the average values. Except for
1992 the sample standard deviations are sigmificantly larger than the average values.

In the summer of 19%8 the ice edge did not move north of Kong Karls Land. In 1989 this
triggered an examination of the possibility for icebergs to remain in this area from one year to
another. The basis for reidenuficanon was similarities in size, shape and surface exture. Broken
icebergs were puzzled together and compared with the icebergs 1dentified in 1988. The outcome
was that 3 of the icebergs located on the northern side of Kong Karls Land in 1988 were
considered reidentified in 1989. The icebergs were however split into two or more smaller
icebergs and had drifted somewhat towards west. Figure 2 shows 5 icebergs that were oniginally
one. By puzzling the 5 iceberg pieces together one piece was missing n order to reassemble the
iceberg from 1988. The 6th iceberg was assumed to have drifted away before the photo was
taken 1n 1989. The 1cebergs in Figure 2 were located about 45 km east of the focation where the

iceberg was photographed in 1988.

1$D = Sample standard deviation
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To analyze the sea ice conditions in 1989, the number-size distributions from all photos in each

analyzed photo strip (see Table 2) were plotted in logaritmic plots. Based on these plots the

average slope factor (D) of the number-size relationships on ice floe areas were estimated. Figure

9 shows the location of the photo strips superimposed on the ice map issued by the Norwegian

Meteorological Institute (DNMI) 17 April 1989, while Table 5 shows the estimated slope factor

of ice floe area from each strip and the date. The ice map shows very close pack ice in the entire

area. A high slope factor indicates more uniform size distributions (If all ice floes were nearly

equal in size the slope factor would approch inifinity). The high slope factor from Strip A there-
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fore reflects the more uniform ice conditions
in the marginal ice zone, while the lower
values farther into the ice field reflects ice
floe areas more evenly distnbuted over the
varying ice floe sizes.

To analyze the sea ice conditions in 1992
the two photo suips were combined into
image mosaics. Figure 10 shows the 1ce con-
centration as estimated from the photo stnps.
The ice edge is located in the southernmost
parts of the photo strips. Figures 11 and 12
show the length of the digitized ice

floes from Image Mosaics A and B

Table 5 Esumated slope factor of ice floe area number-

size distnbuuons.

Photo Date Number of | Slope
strip analyzed factor
photos
A 10 Aprd 14 1.18
F 15 Apni 7 0.84
G 15 Aprd 20 0.81
D 15 Apnl 17 0.4-0.6
B 13 June 30 0.75

plotted versus the distancs along the
representative photo strips. The south-
ernmost edge of each image mosaic is
locatzd 47 - 48 km from the edge of
the respective photo stps. In the area
from the ice edge to the start of each
image mosaic the ice floe lengths
increase gradually from 5 - 10 mup to
about 100 m. The largest floe 15 2
giant floe located in the northern part
of Photo Suip B and is nearly 14 km
across, while the second largest floe is
less than 7 km across. Figure 13
shows the probability of excsedance
for ice floe length from the combined
data set (Image Mosaics A and B).

The bin width in Figure 13 is 250 m.

while the inset shows the graph in

more detail.

Figure 9

Analyzed photo stnps from 1989 super-

imposed on the DNMI 1ce map from 17 Apnl.
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5. DISCUSSION
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RESULTS OF THE ICE DATA ACQUISITION PROGRAM (IDAP)
IN THE BARENTS SEA, 1988-1992

Walter Spring Mobil Research and Usa
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Manager R&D Norway, Inc.

ABSTRACT

During 1988 - 1992, the Operator Committee North of 62° N (OKN)
funded a program to obtain sea ice and iceberg data in the Barents
Sea called the "Ice Data Acquisition Program (IDAP)". Projects
carried out in this program included both analyzing existing data
and obtaining new data through field expeditions.

Results have shown that icebergs will be of major concern to
operations in the northern Barents Sea and that the major source is
Franz Joseph Land. Iceberg data obtained included physical and
mechanical properties and frequency of occurrence. First year (FY)
sea ice was the predominant type found during the annual
expeditions. Large areas of multi-year (MY) sea ice were only
observed in 1989. Data on ice floe length, width, thickness and
ice strength was obtained in both the annual expeditions and by
remote sensing means. Extreme southerly locations of the ice edge
were determined and compared to those presented in the open
literature.

1. INTRODUCTION
In the late 1970's, oil company operators, in the Norwegian

offshore region north of 62° N, formed an organization called
Operator Committee North (OKN) to provide environmental data
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required by all operators. The following companies are presently
members of OKN: BP, Conoco, Elf, Esso, Hydro, Mobil, Phillips,
Saga, Shell, Statoil and Total. Under the OKN R&D Committee,
several programs were established to obtain physical environmental
data required for exploration and eventual development purposes.
The Ice Data Acquisition Program (IDAP) was formed in 1987 to
obtain data on the Barents Sea ice and iceberg environment. The
objectives of IDAP effort were to obtain and analyze sea ice and
iceberg data for (1) planning of
exploration operations, (2)

evaluation of field development
10 15 20 25 03B 4045 50 58 60 68 70 3 %0

scenarios, (3) development and
calibration of computer [®
simulation and forecast models.

Companion papers, presented in [
this conference, by Kloster and
Spring, by Spring, Vinje and
Jensen and by Levds, Spring and
Holm, provide project results of |4
satellite imagery analysis, of i,
annual field expeditions and of
the stereographic analysis of
aerial photography of icebergs
and sea ice, respectively. All [?
discussion of these projects is [t
referred to these papers and

this paper will briefly present

results of other IDAP projects Figure 1. Barents Sea map with

performed. Figure 1 is a map of locations used in paper.
the region for location
references.

2. The 1988 PROGRAM AND RESULTS

The first year's program was of a general type in an attempt to
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quantify the ice problem and projects undertaken included;

1. A Satellite Imagery Analysis project to monitor the advance and

retreat of the ice throughout an entire ice season. This
project used NOAA-AVHRR, Landsat and SPOT imagery products
from November 1987 through October 1988 to develop sea ice
maps, ice edge advance and retreat velocities, representative
ice floe size and velocities distributions, and iceberg

locations and size estimates.

2. An aircraft mounted SAR (Synthetic Aperture Radar) project to

3.

4.

5.

6.
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provide an overall description of the sea ice environment in
March. The imagery was analyzed to obtain a comparison of X-
and C-Band imagery, the locations of iceberg and associated
size data, ice floe velocities.

A ten day field expedition to measure FY, MY and iceberg ice
properties, to document the presence of icebergs and to deploy
satellite tracked ARGOS buoys on icebergs to monitor drift and
develop velocity statistics. FY and MY floe temperature and
salinity profiles, sizes and thickness, iceberg position and
size data were also obtained.

A visual reconnaissance prior to the departure of the field
program to obtain an overview of the sea ice environment was
carried out. Similar flights were undertaken in each
subsequent year of the IDAP program.

An Aerial Photography project to photograph ice ridges and
floes, rubble piles and icebergs. Several Svalbard glaciers
were also photographed to determine if they calved icebergs.

DNMI sea Ice maps, for 1987 and 1988, were digitized and the
data entered into the same format as that set by a previous
OKN project which had digitized DNMI ice maps from 1967-1986.



The results of the studies showed that icebergs may be the
governing ice feature in this region. The March field expedition
found 207 icebergs, most grounded in 80 - 100 m water depth on the
Spitsbergenbanken. The grounded icebergs were also clearly
identified in SAR and satellite imagery by the wake created as they
cut through the moving sea ice.

Iceberg dimensions observed were significantly larger than data
present in the open literature. The largest iceberg, from the
Aerial Photography data set, had an estimated mass of 6,236,000
tonnes. Over 60% of the icebergs observed were either tabular or
tilting tabular in shape.

Results of the SAR project were presented in Bercha, et. al.,
1989.

3. THE 1989 PROGRAM AND RESULTS

With icebergs more plentiful and larger than anticipated, the
1989 program placed more emphasis on icebergs than on sea ice.
Projects undertaken included;

1. A ten day field expedition to document the general sea ice
environment, to deploy ARGOS buoys on icebergs and to obtain
additional data on sea ice and icebergs.

2. An Aerial Photography project to continue to build up the
iceberg physical size data set.

3. A project to install satellite tracked ARGOS buoys on icebergs
in the Franz Joseph Land region. This project was performed
under a joint Norwegian-Russian research agreement between the
Norwegian Polar Institute (NP) in Oslo, Norway and the Arctic
and Antarctic Research Institute (AARI) in St. Petersburg,
Russia.
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4. The development of an IBM PC based database program containing
iceberg data obtained under IDAP projects. The database
program included analysis and presentation capabilities.

5. The analysis of the 1928-29 sea ice and iceberg season in order
to understand the climatic conditions which allowed icebergs
to reach the Norwegian coast in Finnmark.

6. A study to investigate extreme southerly ice edge positions as
shown in Russian sea ice atlases.

7. The analysis of aerial photography, taken since 1937 by NP, of
Svalbard glaciers to determine when and where glacial surges
have taken place.

8. DNMI sea ice maps for 1989 were digitized and put into the same

format as the previous maps.

The 1989 iceberg and sea ice conditions were significantly
different from those observed in 1988. While in 1988, most
icebergs were grounded on the eastern side of the
Spitsbergenbanken, they were to the north of this region in 1989.
As a large number of helicopter overflights were performed, this
was not due to a lack of observation opportunities.

The amount of MY ice encountered in 1989 was greatly increased
over that in 1988. The MY ice was mainly observed on helicopter
flights while deploying ARGOS buoys. Some areas contained up to
10/10 MY ice concentration and several MY floes were observed to be
on the order of 1 kilometer in diameter. Most of the MY ice was
observed to be in the regions around Hopen and to the north.

The Aerial Photography Project maximum observed iceberg mass was

1,719,000 tonnes and the mean was 276,783 tonnes. Of the observed
icebergs, 66% were tabular or tilting tabular in shape.
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The drift of the two icebergs instrumented near Franz Joseph Land
was not as expected due to the predominant NW wind component
experienced in September and October of 1989. One iceberg
travelled south on the eastern side of Novaya 2Zemlya before
reversing direction and returning to a location not very far from
where the buoy had been deployed. Both buoys stopped transmitting
after the passage of storms. The third Argos buoy, near Kong Karls
Land, remained grounded and survived into 1990.

The analysis of the 1928-29 winter showed that persistent
northerly winds from October 1928 through January 1929 and NNE
winds in March and April caused icebergs to reach the Finnmark and
Kola Peninsula coasts in May through July 1929. It is possible
that tabular icebergs, sighted by the icebreaker Sedov in 1928 near
Franz Joseph Land (Zubov,1943), were pushed south by the northerly
and NNE winds towards these regions in 1929. In addition, an
unusually high number of icebergs was also reported at Bjerneya in
May 1929.

The analysis of the extreme southerly position of the Russian sea
ice maps was inconclusive. The original data used to generate the
maps was either misplaced or destroyed and no longer available.
Analyzed maps were available, but for the periods where the two
methods overlapped, no conclusions could be made except to note
that the two data sets were not consistent.

The analysis of the Svalbard glaciers was carried out for
glaciers that have access to the Barents Sea. Maps, showing the
historical frontal positions of each glacier, were made using
available data and reports. The maximum extent of most glaciers
occurred pre-1900 and most glaciers are retreating from these
positions. Since 1930, 23 glaciers have surged and two of these
have surged twice.

4. THE 1990 PROGRAM AND RESULTS
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The 1990 program's aim was to obtain data in the Barents Sea and
in the Franz Joseph Land region. The projects initiated included;

1. A 10 day field expedition to deploy ARGOS buoys and obtain sea
ice data. Data on iceberg temperature, compressive strength,
and sea ice conditions and properties were obtained.

2. An Aerial Photography program to continue building a
statistical database on iceberg size and mass.

3. Another project to deploy Argos buoys on icebergs in the Franz
Joseph Land region. Two expeditions were performed, one in
July - August and the second, in late September.

4. A review of optical satellite imagery of the Franz Joseph Land
glaciers. Landsat and SPOT imagery were analyzed to determine
glacier front position and iceberg location and size.

5. A statistical analysis of the DNMI ice map data to determine

both average and extreme return period ice edge positions.

6. An analysis of the 1988 and 1989 Argos buoy determined iceberg
drift data to relate the relative importance of the driving
forces associated with iceberg movement.

Strong southerly winds, in February and March, drove the ice edge
farther north than normal. Only 20 icebergs were observed during
the field expedition and 6 Argos buoys were deployed. The low
number of icebergs was explained by the southerly winds which not
only created open water to melt the icebergs, but were also a
forcing function that kept icebergs to the north.

The Aerial Photography program's mean iceberg mass, 194,600
tonnes, and the largest mass, 1,120,000 tonnes, were both smaller
than the previous values. The predominant shape was still tabular
or tilting tabular, but more pinnacle and blocky shapes were noted.
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During the two expeditions to Franz Joseph Land, a total of 546
icebergs were observed. The majority were near Franz Joseph Land
and a large cluster was north of Kviteya. The largest iceberg, 1.1
km in length, was observed just south of Franz Joseph Land. One
iceberg, upon which a buoy had been deployed in 1989, was re-
visited, the battery replaced and the buoy re-installed. Two buoys
were deployed on large icebergs in the cluster north of Kviteya and
two were deployed south of Franz Joseph Land. All but a buoy
grounded off the eastern tip of Kviteya until spring 1991 were lost
in an October storm.
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estimate of ice edge, 4/10 and 7/10 ice concentration positions on
a monthly and annual basis. The April map resulting from this
analysis is shown in Figure 3.

The analysis of the 1988 and 1989 Argos buoy determined
velocities investigated the relative importance of tidal current,
wind drag and residual current forcing functions. The irregqular
spaced position observations were smoothed and filtered to obtain
hourly velocity values. The analysis showed that the M, tidal
component dominated iceberg motion in shallow water regions, the
residual current dominated the region around Hopen and Kong Karls
Land and wind forcing dominated the region south of Franz Joseph
Land. The analysis also showed that the characteristic time
required for an iceberg to respond to wind change was on the order
of 1 hour.

5. The 1991 PROGRAM AND RESULTS

The 1990 program confirmed that Franz Joseph Land was a possible
source region for the large tabular icebergs found in the Barents
Sea and the 1991 program attempted to further define the iceberg
threat. Projects initiated included;

1. A ten day field expedition was performed to deploy Argos buoys
on icebergs. Several iceberg and sea ice cores were brought
back for laboratory testing. Iceberg and sea ice observations
from an expedition in August were included in this study.

2. The RAerial Photography project continued to build an iceberg
size and estimated mass data base.

3. Analysis of satellite imagery of the Franz Joseph Land region
was continued by using 1991 Landsat and SPOT imagery. The

work concentrated upon the Renown Glacier on Wilczek Island.

4. Russian sea ice maps, from 1950 - 1970, were digitized to
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obtain additional information on ice edge advance and retreat.

5. A feasibility study on the technical and operational problems
associated with operating a remotely installed marine radar
station at the Hopen met station.

6. A joint effort with NP and Intaari to extract iceberg
observations from aerial ice reconnaissance flights performed
by AARI from 1936-1969.

As in 1990, the ice edge was further north than normal. It was
difficult to find icebergs and the major portion of the 36 icebergs
observed in the March field expedition were grounded on the south
side of Kong Karls Land.

The Aerial Photography project's largest iceberg had an estimated
mass of 2.78 million tonnes and the mean mass was 278,000 tonnes.
The predominant iceberg shape was pinnacle.

In the digitization of the 1950 - 1970 Russian sea ice maps, data
from over 1300 visual ice reconnaissance flights were analyzed to
develop ice edge maps for 10 day periods. Monthly average and
extreme maps were developed from this data set. A comparison to
concurrent DNMI maps for the years 1966-69 showed that the accuracy
of the Russian maps was comparable to the early DNMI maps.

In the extraction of Russian iceberg observations over 1400 ice
reconnaissance flights were reviewed and the positions of 22,000
icebergs were recorded. Monthly maps of the average and maximum
number of icebergs observed were developed. The largest value for
the monthly maximum concentration of icebergs per 10,000 km’ for
the western Barents Sea was 36, just south of Edgegya, in May.

6. THE 1992 PROGRAM AND RESULTS

The 1992 program was built around an attempt to deploy Argos
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buoys in Franz Joseph Land, especially in the region of the Renown
Glacier. The following projects were performed;

1. A 14 day expedition to Franz Joseph Land was performed in
September to deploy Argos buoys and to obtain related iceberg
measurements.

2. An aircraft visual reconnaissance was performed to obtain an
overview of the ice conditions. A second objective was to

obtain an overview of the iceberg population.

3. An Aerial Photography project to continue building a database

on iceberg physical dimensions.

4. The extraction of iceberg locations from the Russian ice
reconnaissance flights was continued to include the years 1970
to 1989.

Even though the March 1992 ice edge was farther north than
normal, the iceberg population had increased over that observed in
the two previous years. Over 60 icebergs were observed, from the
ice edge to Kong Karls Land, by the visual reconnaissance.

Over 40% of the icebergs, from the Aerial Photography Project,
had a weathered shape reflecting the large amounts of open water.
The largest estimated mass was 796,000 tonnes and the mean mass was
221,000 tonnes.

In the additional iceberg observation data extraction work, over
16,000 icebergs were observed in the period 1970-89. During this
time period, 1014 reconnaissance flights were performed. The
largest monthly population in the western Barents Sea was observed
in April with a maximum concentration of 5 in the region from
Tousanegyanne to Hopen to Kong Karl's Land. This value was
significantly lower than concentrations found in the earlier study.
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7. 8UMMARY

The IDAP program has compiled a sea ice and iceberg database that
is available for use in planning and performing exploration and
production operations in the ice covered waters of the Barents Sea.
It has shown that icebergs may be the design environmental feature
for production facilities in this region and has provided data that
will help the design engineer. Sea ice will affect operations more
frequently and a database is now available to help avoid, or to
design against, the problems caused by its presence.
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THE BARENTS SEA ICE DATA ACQUISITION PROGRAM (IDAP)

Walter Spring Mobil Research and usa

Ph. D. Development Corporation

Torgny Vinje Norwegian Polar Norway
Institute

Hans Jensen SINTEF Norwegian Norway

Hydrotechnical Laboratory

ABSTRACT

During 1988 - 1992, the Operator Committee North of 62° N (OKN)
funded a program to obtain sea ice and iceberg data in the Barents
Sea called the "Ice Data Acquisition Program (IDAP)". As part of
this program, annual field expeditions were performed to obtain
data on sea ice and iceberg physical and mechanical properties and
to deploy Argos satellite tracked buoys on icebergs. In 1988-91,
these expeditions, to the Norwegian sector of the Barents Sea from
75° N to 80° N, were performed in the spring of each year. In
1992, the expedition was performed in September, and with the
approval of the Russian government, investigations concentrated on
the areas around the southern coast of Franz Joseph Land. In
addition, under the Soviet-Norwegian Oceanographic Program (SNOP),
two expeditions were performed to deploy Argos buoys on icebergs in
the Russian sector of the Barents Sea. This paper briefly presents
the results of these projects.

1. INTRODUCTION

In the 1late 1970's, oil company operators, in the Norwegian
offshore region north of 62° N, formed an organization called
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Operator Committee North (OKN) to obtain environmental data
required by all operators. The follwoing companies are presently
memebrs of OKN: BP, Conoco, El1f, Esso, Hydro, Mobil, Phillips,
Saga, Shell, Statoil and Total. Under the OKN R&D Committee,
several programs were established to obtain physical environmental
data required for exploration and eventual development purposes.
The Ice Data Acquisition Program (IDAP) was formed in 1987 to
obtain data on the Barents Sea ice and iceberg environment. As
part of this program, annual field expeditions were performed to
obtain in-situ data on sea ice and icebergs. As the eastern part
of the Barents Sea is claimed by Russia, the IDAP expeditions
stayed in the western part. Several additional projects were
performed in cooperation with Russian research organizations to
obtain data on icebergs in the eastern part of the Barents Sea.
This paper briefly presents the results of these projects.

Companion papers, presented in this conference, by Spring and
Sangolt, by Kloster and Spring, and by Lovds, Spring and Holm
provide an overview of the entire IDAP program, results of
satellite imagery analysis projects, and results of stereographic
analysis of aerial photography of icebergs and sea ice,
respectively.

The projects were carried out according to guidelines from the
OKN-IDAP Committee through Mobil Exploration Norway, Inc. SINTEF
Norwegian Hydrotechnical Laboratory (NHL) and the Norwegian Polar
(NP) Institute were responsible for carrying out the expeditions
and for the subsequent data analysis and reporting.

2. PROJECT DESCRIPTIONS

The objective of the IDAP program was to obtain data for use in
the exploration and any subsequent development of o0il and gas
discoveries. While other IDAP projects were obtaining remotely
sensed data and analyzing data already available to determine ice
advance/retreat, floe size distributions, iceberg size and mass,
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iceberg encounter frequency, etc., the field expeditions obtained
properties data that was missing. These properties data related to
the draft, velocity, strength, shape, etc. of ice floes and
icebergs.

The objective of any one expedition changed as data became
available. The first expedition's objective was to obtain both sea
ice and iceberg data, but given the large size and numbers of
icebergs encountered, the emphasis of later expeditions was more

focused on icebergs. Also the target area of the expeditions
changed as it became apparent that the Svalbard Archipelago was not
a major contributor to the iceberg environment. The first

expedition concentrated on the areas south of Hopen, but in later
expeditions, the emphasis on the area of activity was shifted
further north and finally to the east to Franz Joseph Land.

In most of the expeditions to be discussed, the Norwegian
Hydrographic Services vessel, the MV Lance, was used as a platform
to go into the ice. The vessel was originally built as a combined
stern trawler-purse seiner-sealer with the ability to travel into
the ice. The vessel can travel in broken ice up to 8/10-9/10 ice
concentration, if there is no pressure within the pack. While not
an icebreaker, it can break ice with a thickness less than 0.3 m in
a mild environment. As such the vessel was suitable for work in
the ice regions south of Hopen. In the mild ice seasons of 1990
and 1991, the vessel was able to go as far north as 78° N.

As most of the expedition activities were related to icebergs, a
helicopter was used on the expeditions. Since the travel distances
were large and rescue facilities sparse, a twin engine Bell 212 was
specified for all expeditions.

One common task performed on all expeditions was the deployment
of Argos buoys on icebergs to track their movement and to develop
velocity statistics. The Argos buoys are designed to transmit a

signal, at a set frequency and time interval, which is received by
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polar orbiting satellites. Service Argos receives these signals
and uses doppler shift corrections and satellite orbit parameters,
to estimate the buoy's position. The position data are in turn
used to calculate velocity. The Argos system has been widely used
and the accuracy of the position, for the buoys used in these
expeditions, was about 150 m to 300 m depending upon the quality of
the received signal and the transmitter used in the buoy. Most
buoys were designed to sink after falling off an iceberg to
eliminate the inclusion of drift in water with iceberg drift data.

In total, 5 expeditions were performed solely for IDAP and
several other projects were performed in cooperation with other
research organizations. The expeditions and projects, in the order
they were performed, are summarized below. Figure 1 is a map of
the region showing locations used in this paper.

10 15 20 25 3036 4045 50 55 80 86 0 76 0

1. A 10 day expedition from 18 -
28 March, 1988. Data @
obtained consisted of FY and
MY floe temperature and m
salinity profiles, floe size
and thickness, underwater
profiling of iceberg shape, n
iceberg temperature, iceberg |r
position and size and the |»
tracking of icebergs by the Iy
deployment of 11 Argos
buoys. Iceberg ice cores
were harvested and uniaxial
strength tests performed.

2. A 10 day expedition from 7 - [ L et Eae S s o

3

17 April, 1989. Nine ARGOS Figure 1. Barents Sea Map.
buoys were deployed on

icebergs and data on ice floe size and thickness and iceberg
temperature were obtained. A surface pulled pulse radar was
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used to measure total iceberg thickness.

3. A project to install ARGOS buoys on icebergs in the Franz

Joseph Land region in July - August, 1989. This project was
performed under a joint Norwegian-Russian research agreenent,
called the Soviet Norwegian Oceanographic Program (SNOP),
between NP and the Arctic and Antarctic Research Institute in
St. Petersburg, Russia. Two buoys were installed near Franz
Joseph Land and one near Kong Karls Land. Due to the lack of
a helicopter these buoys were installed on small, low free
board icebergs.

4. A 10 day expedition from 20 - 30 April, 1990. Data obtained

included iceberqg temperature profiles, ice cores for uniaxial
compressive strength, sea ice conditions and properties and
6 Argos buoys were deployed. In addition, snow and ice
properties, for use in SSM/I satellite microwave remote
sensing, were also obtained.

5. A second project to deploy Argos buoys on icebergs in the Franz

Joseph Land region under the SNOP agreement. Two expeditions
were performed, one using the MV Lance in July - August, 1990
and the second from a Russian vessel, the MV Pomor, in late
September, 1990. Four Argos buoys were deployed and a buoy
from the 1989 project was re-deployed on the same iceberg
after new batteries were installed.

6. A ten day expedition from 8 - 18 March, 1991. Four Argos buoys
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were deployed, iceberg and sea ice cores were brought back for
laboratory testing and additional data on iceberg temperatures
were obtained. On 27 May 1991, in cooperation with the Royal
Norwegian Air Force 330 Squadron, an Argos buoy was deployed
on a grounded iceberg SE of Svenskeya. Iceberg and sea ice
observations from a MV Lance expedition in August 1991 were
included in this study.



7.

A 14 day expedition to Franz Joseph Land in September to

deploy 15 Argos buoys and obtain iceberg temperature data by

the use of a thermal drill.

Arrangements were made to have a

Russian SLAR aircraft fly and transmit to the vessel images of

the sea ice for navigation and iceberg detection purposes. A

hand held X~-band radar,

the same frequency as the SLAR, was

used on several icebergs to obtain ground truth data on the

scattering of the X-band signal within icebergs.

A Russian

MI-8 helicopter was chartered to fly field team members around

the islands to evaluate glacier potential to calve tabular

icebergs.

3. PROJECT RESULTS

The results of these studies showed that icebergs may be the

governing ice feature in this region.

iceberg observations from the

various expeditions. The largest

number observed in the IDAP
expeditions was 207 in March
1988. Figure 2 shows the

locations of these icebergs, many
of which were grounded on the
shallow the
Spitsbergenbanken, between Hopen

water on

and Bjerneya. The low iceberg
counts in 1990 and 1991 were due
to persistent southerly spring
winds which caused the ice edge
to be farther north than normal.
These winds exposed icebergs to

wave deterioration and warm water

Table 1 summarizes the

haa ®o I
™ a®,4%m az [~
3
Alw s
®10
00
T4

Figure 2. Locations of icebergs
observed in 1988.

in more northerly latitudes than in previous years, resulting in a

lower iceberg count.

In total, 51 Argos buoys were deployed under IDAP funding, 45 in
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the IDAP expeditions and 6 under the SNOP program. Most bucys were
placed on icebergs in the western part of the Barents Sea, but the
1992 expedition was able to deploy 15 in the Franz Joseph Land
region. Most buoys showed periods of grounding during their drift,
but several also recorded no movement at all. Due to the lack of
space, only the drift track in Figure 3 can be shown. This figure
shows the drift of some of the icebergs from the Franz Joseph Land
region. The longest time of drift, so far, was that of Buoy #3056.
The buoy was deployed on an iceberg just south of Kviteya on 22
October 1987. The iceberg, observed on 17 March 1988 during a
visual reconnaissance, was frozen in landfast ice just northwest of

Kong Karls Land. As expected little deterioration was noted. An

YEAR MONTH NUMBER LOCATION
ICEBERGS
OBSERVED
1988 March 207 Hopen south to
Spitsbergen-
banken (SB)
May 56 SB
1989 April 91 Kong Karls
Land to SB
August 50 Kong Karls
Land
1990 April 20 Kong Karls
Land to Hopen
July - August 144 Kviteya along
ice edge
1991 March 36 Kong Karls
Land to Hopen
May 17 Kong Karls
Land
July 59 Kviteya

Table 1. Iceberg Frequency of Observation during IDAP Projects.

attempt was made to relocate it on 14 April, 1989 in the Stonebreen
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region of Edgesya and while the actual Argos buocy was not observed,
several small icebergs and growlers were observed at it's location.

The buoy stopped transmitting on 14 June 1989.

In general, the average hourly drift velocity of the icebergs
ranged from 0.1 m/s to 0.3 m/s,
while maximum hourly speeds range
from 0.3 m/s to just over 1.0 m/s.

All Argos buoys also recorded ice

and air temperature. As the design .
of the buoys changed, the depth at m [3:

which temperature was recorded also

varied. In the early expeditions, *"”

temperature was measured within 0.5 ™
m of the ice surface. In later L,

expeditions, temperature was

A

measured as far down as 2.0 m.
Typically, the upper ice
temperatures averaged as high as -2° from Franz Joseph Land.

c, before melting, but winter

temperatures at a depth of -1.5 m dropped below -20° C. The 1 m
depth temperature responded with a 4 - 5 day lag to the air
temperature, while at 2 m there was 1little response even to
extended cold spells. Air temperature was generally measured
within 0.3 m above the ice surface.

Additional iceberg temperature data were obtained by drilling
small diameter holes and using thermistors and thermocouples.
Temperatures down to 20 m were obtained by using either electric or
thermal drills. These data showed that the lowest temperature,
about -12° C, occurred at -10 m and that warming, to a temperature
of about -7° C occurred below this depth. Temperatures above -10
m depth were highly dependent upon the season and the long term
ambient air temperature.

469

Figure 3. Drift of two icebergs




Temperature measurements were sensitive to where the iceberg was
relative to the ice edge and how much water was on the surface. 1In
1988 and 1989, many icebergs were wave washed, even those with
freeboards above 10 m, and the intrusion of sea water into the ice
appeared to have influenced the upper ice surface temperatures.

Measurements of the underwater shape of icebergs showed mostly
smooth vertical surfaces on the larger icebergs, but one smaller
iceberg did have an underwater protrusion that extended out over 20
m. Only a small number of icebergs were profiled and these results
apply mainly to larger tabular icebergs.

The 1988 laboratory testing of iceberg ice provided a mean value
for uniaxial compressive strength of 5.4 MPa and a range from 2.3
MPa to 7.3 MPa for 16 tests at -10° C. Additional data, taken in
1990, had a mean of 2.31 MPa and a range of 1.64 to 3.81 MPa for 7
tests at -4° C. Part of the difference between these two test
programs was caused by the higher testing temperature in the 1990
tests, while the remainder can probably be explained by normal
strength variation between icebergs and the parent glaciers.

A time gated synthetic pulse radar system was also used to
measure iceberg thickness during the 1989 expedition. The radar
and antennaes were mounted on a sled and dragged across an iceberg
to obtain data. Analysis of the results on 3 grounded icebergs
showed that the radar gave reliable results as the signal was
reflected off the seabed. The radar was not used on free floating
icebergs which have a less reflective interface between the ice and
water.

The hand held X-Band radar was used in 1992 on 5 large tabular
icebergs. The results showed that a maximum depth of 77 m could be
reached and areas of homogenous ice and non-homogenous features
like water or "soil" intrusions, cracks and areas of small scale
deformations could be mapped by the radar. As all iceberg
thicknesses were greater than the maximum penetration capability of
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the unit, total ice thickness was not obtained.

Data obtained on FY and MY ice provided floe size and thickness
distributions, ice edge and ice floe velocities, vertical profiles
of floe salinity and temperature, compressive strength parameters,
and general ice condition data.

The sea ice conditions encountered varied dramatically from year
to year. 1In 1988, ice along the ship's track was encountered south
of Bjerneya at 74.5° N, while in 1990 and 1991, ice along the
ship's track was not encountered until the latitude of Hopen, 76.5°
N, was reached. The mild years of 1990 and 1991 were due to
persistent southerly winds which affected all of northern Europe.
The size of the ice floes at the ice edge were also affected by the
wind conditions as floes smaller than 5 m in diameter were found
during 1990 and 1991. 1In 1988, the size of the floes encountered
at the edge was on the order of 10 - 20 m.

Large amounts of MY ice were observed in 1989 and 1990. 1In other
years, little could be positively identified. 1In 1989, the MY ice
was mainly observed on helicopter flights while deploying ARGOS
buoys. Some areas contained up to 10/10 concentration and several
MY floes were observed to be on the order of 1 kilometer in
diameter. Most of the MY ice was observed to be in the regions
around Hopen and to the north. Ground truth data were not obtained
as the MV Lance could not reach the regions of MY ice. Part of the
reason why so little MY ice was observed was that the MV Lance is
not an icebreaker and was limited to the regions near the ice edge.
As the sea ice never left the Barents Sea in the summer of 1988,
some of the MY ice encountered in 1989 was locally grown second
year ice.

Special Scanning Microwave Imagery (SSM/I) data, obtained by the
US DMSP (Defense Meterological Satellite Program) satellite, were
used for the first time in the 1990 expedition. Research personnel
from York University (Canada) accompanied the expedition to obtain
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data on the snow structure and temperature and ice surface
temperatures. These data were later used to develop calibration
factors for use in interpreting SSM/I imagery for the Barents Sea.
Even without these calibration factors, the imagery data were able
to fairly accurately show locations of MY ice which were confirmed
by helicopter flights. The SSM/I imagery was also able to detect
and provide a location of the ice edge, while the analysis for the
DNMI maps was hampered by long periods of cloud cover.

4. SUMMARY

The field expeditions of the IDAP program have provided valuable
data on the sea ice and iceberg environment of the Barents Sea.
Argos buoy drift data have confirmed that Franz Joseph Land is the
main iceberg source for this area. Physical and mechanical data,
obtained during the expeditions, will help in the safe design of
exploration and production programs for the ice covered regions of
the Barents Sea.
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