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Abstract

The amount of iceberg water that annually dissolves into the sea corresponds to a substantial
part of the world’s annual consumption of freshwater. The Australian Antarctic Territory (AAT)
has 30 % of the icebergs of the world. This freshwater resource melts into the Southern Ocean.
If harvested, it will have a positive effect on terrestrial ecosystems and the water market. This
renewable freshwater resource will need a sustainable transportation system. The south
western corner of Australia is drought prone and freshwater availability is a limiting factor.
Western Australia (WA) and Perth are facing water problems. The demand and requirement for
water is increasing. Australian freshwater supplies could be increased using this type of
freshwater resource with appropriate technology. The question of whether icebergs from
Antarctica could be transported to help solve this water shortage was studied in the 1970s and
given up later because of economic and environmental obstacles. The questions need to be
examined as to what are the most appropriate transportation techniques, how marine
ecosystems could be protected and if a profitable system of transportation can be designed.
The aims and objectives of this research are to study the geographical transportation conditions
and to determine the feasibility of an iceberg transportation system from the AAT to WA. It will
propose future iceberg transportation research. | studied and analysed iceberg properties,
iceberg detection, sea transportation systems and techniques, environmental issues and the
protection of marine ecosystems, and legal considerations related to the transportation of
iceberg freshwater and the profitability of a specific iceberg water transportation system
between the AAT and WA. My work provided a paradigmatic frame for iceberg transportation
research. It is an original contribution to the water transportation discipline. Within this frame, a
new design for an iceberg transportation system was proposed. Practical and feasible technical
parameters of the iceberg transportation system were developed. The transportation system is
based on three main steps:

1. belting and wrapping of the iceberg in-situ with a bag and a collar;

2. transportation of this system into warmer areas and the collection of the melted water of the
iceberg in the collar and specific fresh waterbags, and

3. waterbag transportation from Antarctica to Australia using sustainable techniques of current
drifting and kite towing.

Given the increasing challenges for water in south WA this iceberg transportation system, could
represent a viable long term source of freshwater. This iceberg transportation system proposal
is an innovation which may be used by the Australian Government or private companies in
further research to provide solutions for the freshwater crisis.
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Chapter fl Introduction

Figure 1.0 Iceberg Vodka (credit Iceberg Vodka®, 2007 n.p.)

There is only one source which can decrease the
amount of human efforts, called in the modern style of
phrasing, work rationalisation.

(Translated from Weil, 1935 p. 28)

! http://mww.icebergvodka.com/enter.htm
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Chapter Introduction

Chapter [l Introduction

1.1 Area of Research

Iceberg transportation research belongs to the general field of transportation geography.
Geography is the spatial study of natural and human facts (Pattison, 1990). Transportation
uses a variety of infrastructure and means in order to create a movement of both goods and
people (Rodrigue, Comtois and Slack, 2009?). Over the last century transportation has
become a critical element in the workings of contemporary societies and the expansion of
global economies. Economic activities spatial distribution depends on technical processes
and resources sites. Transportation routes are based on the principle that resources are not
distributed equally in the world (Rodrigue, 2009). These types of transportation bring with
them a variety of strategic operating infrastructures that have a diversity of economic and

social functions.

According to Rodrigue (2009 n.p.%):

Traditionally, transportation has been an important factor behind the economic
representations of the geographic space, namely in terms of the location of economic

activities and the monetary costs of distance.

However, beginning in the 20™ century transportation and geography were increasingly
understood to be in dynamic interaction, as transportation constitutes the basis of complex
spatial systems and geography seeks to explain spatial relationships based on
transportation. As a result, after the Second World War, transportation geography became a
discipline on its own. Geography of transportation investigates spatial phenomena of natural
and human movements. It is concerned with the spatial constraints, the locations, the
physical characteristics, the techniques and the objectives of movements. Geographical
structures, energy resources, transportation modes and infrastructures, routes and travel
time are the main areas of research in transportation geography. Increasingly, attention is
also directed towards understanding the interlinked relations between transportation systems

and their engineering, socioeconomic, cultural, legal, environmental and political aspects.

2 http://people.hofstra.edu/geotrans/index.html
® http://people.hofstra.edu/geotrans/eng/chlen/conclen/chlclen.html
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Chapter Introduction

1.1.1 Background

Freshwater is delivered to consumers via a variety of operating systems and transportation
techniques. Water transportation is a major challenge for the 21% century as global
populations increase, and demand for freshwater escalates (Organisation for Economic Co-
operation and Development, OECD, 2009; see also Appendix 1). Available resources are
under pressure as the development of new water-consuming activities becomes more
widespread (Falkenmark, 1994). Western standards of water use are now widely adopted
throughout many parts of the world, and many other parts aspire to those standards.
Traditional water supplies are under pressure and traditional transporting methods are
increasingly considered to be inadequate and unsustainable; as a result it is anticipated that
in this context the supply costs and prices of freshwater may increase (Rodrigue, 2009).
Clarke (1993) and Gleick (1993, 1999) claim that even in the best scenarios water shortage
will reach a peak by 2050, largely affecting arid and overpopulated countries. Improvements
in existing systems of water management will continue to be an essential part in meeting the
growing demand for water (Drouart, 1999; James et al., 2003; Vandana, 2003). However,
novel alternatives also need to be examined. Alternatives types of freshwater supplying

technologies must be considered to provide a more sustainable water accessibility.
1.1.2 Scientific Interest

The possibility of utilising icebergs to provide freshwater has been researched for over 30
years. The idea that icebergs might be transported to water scarcity regions was first studied
by Isaac in the late 1950s (Husseiny, 1978; de Villiers, 2000). A few years later Weeks and
Campbell (1973) and Hult and Ostrander (1973) explored the possibility of using icebergs to
supply the temperate zones of the Northern Hemisphere with freshwater. However, attention
turned to the Southern Hemisphere, when in 1977 the government of Saudi Arabia
commissioned the French explorer Victor to tow an iceberg from Antarctica to Saudi Arabia.
Delegates to the First International Conference on Iceberg Utilisation, held in Ames, lowa in
1977, argued that icebergs were a potential supply of freshwater (Husseiny, 1978). Antarctic
icebergs were identified as a realistic source for freshwater but a specific project was never
formally undertaken. Conference attendees concluded that, in the short term, operations
associated with iceberg utilisation were too costly and unreliable. Indeed, all early iceberg
transportation projects were understood as having failed because of financial and

technological difficulties.
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As a result, research into iceberg utilisation slowed considerably. Few significant practical

experiments were undertaken.

In the 1990s increased attention focused on waterbag transportation as maritime water
transportation surpassed other types in terms of cost efficiency. The first industrial scale
experiments using waterbags for liquid freshwater transportation were successful. For
instance, the Spragg waterbag company developed a system of marine train transporters
composed of a system of bags, zippers, and a tugboat (Spragg, 2006). The Medusabag
Company designed a 100,000t prototype bag as a precursor to larger bags made with large
flexible fabric barges (Medusa, 2006). These experiments raised the possibility of using
waterbags to transport icebergs (Spandonide, 2004). These bags are not yet designed for
iceberg transportation; but as a technique they represent a potential solution to some of the

difficulties of transporting icebergs (Schwerdtfeger, 1986).

An example of the limits of traditional freshwater availability can be found in Australia, which
is the world’s driest continent after Antarctica with three-quarters of the land described as
arid or semi-arid. As the sixth largest country in the world, Australian freshwater resources
are around 300 km®year. With 250 km? classified in runoff water, there is little freshwater
reserves in the form of lakes and rivers. Importantly the distribution of runoff is not uniform. It
varies between 0.4% in the desert to 60% in the tropical north where only a tiny fraction of
Australia’s total population live (Chartres and Williams, 2005). Figure 1.1a and b present the

average percentages of runoff in Australia (NLWR?, 2002).

Figure 1.1a Australia’s Distribution of Runoff (credit Water and the Australian Economy, 1999 from
National Land and Water Resources 2001, p. 24°; Chartres and Williams, 2006° p. 18)

*http://www.anra.gov.au/topics/agriculture/pubs/national/agriculture landscape.html 2002
*http://www.watermarkaustralia.org.au/watermark _pdf/iversion2/Part%201/7bp_surfacewater.pdf
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Figure 1.1b Australia’s Annual Average Distribution of Runoff from Each Drainage Division in 2004-05

(credit Bureau of Rural Sciences 2005’ n.p.)

Seventy-five percent of Australians live in urban areas of the eastern and the south-eastern
coastal regions of the continent where water supports economic growth and development.
However, extensive water resources are not located in these areas. Furthermore, since
1997, rainfall has been below average across much of southwest and southeast Australia.
This means that the temperate crowded zone in the southeast suffers from water scarcity
and is affected by declining rainfall. Several regions are severely affected by continuing
droughts and desertification in Queensland, New South Wales, Northern Territory, Victoria
and Western Australia (WA) where, climate change could have severe effects on
ecosystems, economic activities and public health (Garnaut Climate Change Review,
2008%).

® http://www.wentworthgroup.org/docs/Chartres & Williams.pdf

"http://www.water.gov.au/W aterAvailability/WhatlsOurT otalWaterResource/Runoff/index.aspx?Menu=
Levell 315

8 http://www.garnautreview.org.au
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According to the AGNWC? the total water use in Australia was around 80 km?® in 2005 and
75% of this water returns to the environment (Australian Government NWC, 2007).
Consumptive use of water in the Australian economy was under 20 km?®. Household water
use is around 103,000 l/person/year, or 282 l/capita/day and represents 10% of the total
consumption, or about 2 km® (Australian Government NWC, 2007). According to the
Wentworth Group (2006), water supply in Australia is a critical political, social, economic and
environmental issue. Indeed, the growing difficulties in sourcing sustainable supplies of
freshwater and the increasing demand for freshwater to support current and future levels of

economic growth is a pivotal part of the present environmental crisis (Lindenmayer, 2007).

The long-term effects of a reduction in the availability of freshwater are apparent in the
crowded southwest corner of Western Australia (WA). According to the WA water agency
(2007 p. 8%°) “Groundwater resources, the most important water resources in WA, are

localised and fragmented, and water quality varies from fresh to hypersaline”.

Abundant groundwater resources exist in the north of the State™. However, they support rich
ecosystems and the transportation of such a resource to the south would be costly. Eighteen
percent of the State’s available groundwater had been allocated to their sustainable limit in
2000 (including saline groundwater) with about 39% of Perth Basin groundwater (Water
WRC, 2000). According to the WRC (2007 p.8) “surface water resources vary greatly
across the State, with cyclonic-based river flow to the north, and mostly ephemeral stream
flow to the south”. Thirty-eight percent of the WA'’s surface water resources are already used
beyond the levels of their long-term renewability limits. According to McFarlane®® (2005, p.
13):

For all surface waters in the southwest, the sustainable yield was estimated to be about
24% of the mean annual flow (WRC 2000). These figures could be interpreted as
indicating that there remain abundant untapped resources. However, many of these
resources have water quality or development aspects which limit their use or the water
resources are located far from where they are needed. Therefore, it is not feasible for all

water resources to be fully exploited.

° National Water Commission http://www.water.gov.au/WaterUse/index.aspx?Menu=Levell 5
10 hitp://mww.nwe.gov.au/resources/documents/WA-NWI-ImpPlan_PartA.pdf

M National Land & Water Resources Audit, NLWR
http://www.anra.gov.au/topics/water/overview/wa/index.html

2 \Water and River Commission’s http://www.nwc.gov.au/

13 http://www.csiro.org/files/files/p3uh. pdf
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Ecological Water Sustainable yields are calculated as a percentage of sustainable extraction
levels avoiding damaging the environment compared to the mean annual flows (for rivers) or

mean annual recharge (for aquifers).

In another example, McFarlane claimed that “most large rivers of WA originate in the State’s
saline wheatbelt and are unsuitable for drinking or other uses (WRC, 2002a)”. In 2007 the
Intergovernmental Panel on Climate Change (IPCC) highlighted that the capital city of WA,
Perth, is under pressure to provide adequate freshwater for residential and commercial
activities. Perth uses its aquifer as its main potable water resource. However, about 30 years
ago Perth experienced a spectacular change of its climate resulting in a winter rainfall
shortage (around 20% of decrease). Temperatures increasing rates and dryer winters

affected durably the aquifer water levels.

In 2001 1.46 million people were living in the Greater Perth area (comprising Metropolitan
Perth and the adjacent regions of Mandurah and Murray). It is anticipated that 1.99 million
people will live in the region in 2021 and 2.22 million in 2031 (WAPC**, 2004). The average
water consumption by Perth residents is the highest in Australia and very high by world
standards. The current demand forecast varies from 0.265 to 0.37 km?®yr and by 2030
demand in the north metropolitan area is expected to have grown by 0.043 km? (55%), the
south metropolitan area (including Mandurah) by 0.093 km?® (37%) and the city of Perth by
0.05 km® (30%). According to McFarlane (2005, p. 17) “in 2000 total estimated water use
had doubled during the previous 15 years and it was anticipated to double again in the next
20 years” (WA Department of Water Report, 2008). As a comparison, in WA, surface water
use has grown by 0.24 km® (37%) and groundwater by 0.45 km?® (40%) since 1997. The
consumption of water in the Perth region could be around 0.5 km®year by 2050 (Figure 1.2
and Figure 1.3).

1 Western Australian Planning Commission WAPC http://www.planning.wa.gov.au/
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Figure 1.2 Growth in Population and Water in WA since 1900 (credit WA State Report™, 2008 p. 36)
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Figure 1.3 Regional Medium Demand Growth (credit WA Department of Water Report'®, 2010 p. 4)

In 2007 Flannery (2007 n.p.'") estimated that Perth could become an “abandoned city with
no more water to sustain its population”. In response to water shortages the city of Perth has
instigated water restrictions, which occur two days per week. Attempts to increase the
amount of freshwater available have resulted in the construction of Perth’s first desalination

plant (Figure 1.4).

15 http://mww.water.wa.gov.au/PublicationStore/first/90954.pdf
18 http://www.water.wa.gov.au/PublicationStore/first/90953.pdf
M http://news.bbc.co.uk/2/hi/science/nature/6620919.stm
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Figure 1.4 Perth Desalination Plant (credit Verbeek'®, 2007 p. 37)

The new plant produces 0.07 km®year for a construction cost of AUD 387 million and a AUD
25 million running cost per year over 30 years. The desalination facility will produce a total of
2 km® of freshwater at a cost of AUD 1.2 billion over 30 years for a water demand of 15 km?.
Engineering projects such as desalination plants will continue to be important technical

responses to WA'’s future freshwater demands as other options of water supply.

Antarctica has 60% of the world freshwater resources. Large Antarctic icebergs are located
some 3,000 km south from Perth (Figure 1.5).

Figure 1.5 Tabular Icebergs are Located 3,000 km Southwest from Perth, WA (credit from Kriwoken
et al., 2007 p. 19)

18 repository.tudelft.nl/assets/uuid: 1272fd32-6a64-4ffe-882f.../Verbeek.pdf
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Australia claims 42% of Antarctica (Figures 1.6).

Figure 1.6 Antarctica, Australia Territorial Claim (credit from Kriwoken et al., 2007 p. 108)

The icebergs found in the Australian Antarctic Territory (AAT) correspond to a potential
water supply of 500 km®/year with a sustainable yield of 100 km®/year (Silva et al., 2008).
The AAT is located 2,825 km from WA and Australia is the closest country from Antarctica
from 90° E to 240° E so the proximity of Antarctica to WA, combined with an increasing
freshwater shortage, represents an opportunity to provide a sustainable medium to long-term

freshwater iceberg resource.
The possibility of using icebergs to meet the increasing demand for water in WA requires a
study of iceberg transportation and an assessment of the relevant technology for a

transportation system from the AAT to Perth.

Institutional research is not yet studying iceberg transportation. Since the 1970s the

Australian Antarctic Division (AAD) have undertaken extensive polar Antarctic research, yet
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research into the possibility of iceberg transportation focusing on movement between the
AAT and Australia has been individual and sporadic (Senate Standing Committee on
National Resources, 1984 p. 629). Research that has been conducted has not been brought
together with relevant studies from other parts of the world. Existing disparate studies need
to be collated together and there is also a need to undertake a study that can provide an
update. A question underlying this thesis is why iceberg transportation has not previously
been studied and promoted as a source of freshwater supply to Western Australia?
Transportation geography can help to provide a new critical viewpoint on this problem.
Transportation geography is less concerned with testing theories and more interested in
using a range of multi-disciplinary perspectives and tools to study practical questions and
alternative solutions. While the vast majority of studies in transportation geography have
been focused on urban transportation systems, there are many advantages in utilising the
insights gained from these studies and applying them to the possibility of iceberg

transportation.
1.2 Research Aims and Objectives

Previous studies of towing icebergs from the AAT to WA have not been fully developed.
However, WA is relatively close to Antarctica and could benefit from new sustainable
systems of iceberg transportation. Given the dire consequences of a lack of freshwater for
Perth and recent advances in water transportation, there is a strong incentive to evaluate the

feasibility of iceberg transportation from Antarctic to WA.

The overall aim of this research is to examine whether transporting icebergs from the AAT to

WA for freshwater is a technically and economically feasible and sustainable exercise.
In order to fulfil this aim there are a number of specific study objectives:

1. describe the physical and environmental characteristics of icebergs;

2. critically analyse the issues related to previous iceberg transportation systems;

3. study the technical operational conditions of a proposed route from the AAT to Perth;

4. analyse the political and legal consequences of an iceberg transportation system in the
international and domestic context;

5. undertake an economic cost benefit evaluation of an iceberg transportation system from
the AAT to WA.
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Given the range of these objectives, it is apparent that research into iceberg transportation
requires a multidisciplinary research approach. The field of transportation geography is well-
suited to providing the analytical tools necessary to explore the natural, environmental,
technical, economic, political and legal aspects of iceberg transportation.

The published scientific data on iceberg transportation is sparse and the subject is not well
theorised. A description of the characteristics of previous projects directed towards iceberg
transportation provides a context within which to assess an iceberg water transportation
system specifically adapted for transportation from the AAT to Perth. In order to evaluate its
feasibility an initial cost analysis needs to be undertaken to assess the level of long-term
operating costs. This study could open new possibilities for further practical experiments and

new investigations.
1.3 Methods

According to Rodrigue (2009) “transportation is not a science, but a field of inquiry and
application”. Geography is a human science. Transportation geography is both a theoretical
and practical field as parts of its academic inquiry. As an applied human science, transport
geography is based on empirical data, analytic techniques, specific methods and theories.
These academic tools range from simple descriptive measures to more complex modelling
structures constituting a conceptual background for transportation systems analyses and
practical strategies aimed at improving the efficiency of movement by identifying spatial
constraints to transportation. Transport systems can be conceptualised and modelled as

sets of relationships between different demands, nodes and networks (Figure 1.7).
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Figure 1.7 Demand, Node and Network: the Transportation System (credit Rodrigue, Comtois and
Slack, 2009 p. 7

According to Rodrigue, Comtois and Slack (2009 n.p.?°), “demand for the movement of
people, freight and information is a derived function of a variety of socioeconomic activities”.
The level of spatial accumulation of socioeconomic activities jointly defines demand and
where this demand is taking place (the location of the demand). Nodes are the locations
where movements start, finish and are transferred. Node service demand and their
accessibility define their capacity. They range from local to global scales. The links between
the nodes compose the transportation networks represented by transport infrastructure. The
flows of transportation are the amount of traffic over the networks (a function of the demand
and the capacity of the linkages to support them). They are subject to the friction of distance

(impedance). Distance and nodes accessibility are the most significant factors.

Transportation systems are represented by models of growing complexity according to their
characteristics in terms of distances, accessibility, spatial interaction, and transportation
modes. In the case of iceberg water transportation from the AAT to WA, nodes, flows and
modes can be addressed through transportation analysis. Rodrigue’s work in transportation
geography represents a valuable contribution to the theoretical framework which can be

applied for practical research. The methodology of this thesis is based on the research

9 http://people.hofstra.edu/geotrans/eng/chlen/conclen/trspsystem.html
20 http://people.hofstra.edu/geotrans/eng/chlen/conclen/trspsystem.html
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principles of Rodrigue (2009). Transportation studies are interdisciplinary. They concern
geographical, engineering, legal economic and planning issues, (Hoyle and Smith, 1998)
and rely on methodologies often developed by other disciplines such as engineering
science, planning, history, politics, economics, social and environmental sciences (Figure
1.8).

ABojouyaa)

Figure 1.8 Transportation Conceptual Frameworks (credit Rodrigue, 2009 from Hoyle and Smith,
1998 p. 17%Y)

Historical transportation geography studies the spatial, natural human long-term evolutions
of transportation systems characteristics. This includes the historic changes within an area
brought about by transportation technologies and the circumstances and environment from
which originate transportation systems, with technical, socio-economic, cultural and political
perspectives. Transportation engineering focuses on the physical and mathematical aspects
of transport systems and the construction and maintenance of transportation infrastructure.
Technical engineering studies of transportation systems are based on scientific analyses,
such as spatial interaction models, operations research, and optimisation of the distribution

and scheduling of transportation resources. According to Rodrigue (2009 p. 5):

2L http://people.hofstra.edu/geotrans/eng/chlen/conclen/dimensiontransp.html
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[tlhe technological dimension of transportation is not necessarily a field of study but a
consideration of technological change on transportation systems. It is mainly concerned
about the efficiency of infrastructures, modes and motive forces. Successive innovations
have brought forward new distribution systems whereas others have become obsolete

and disappeared.

It is possible to assess technological performances in technical and economical terms.
Economic transportation geography assesses the transport demand by different sectors of

activity and evaluates the features of transportation modes through economic standards.

According to Rodrigue (2009), transport demand is a function of the nature and the
importance of economic activities and of modal preferences (Kansky, 1963). Therefore the
demand for transport is reflected by transportation systems in terms of transport network
structures, and services production. Transportation systems are direct functions of vehicle
characteristics (functions, plans, materials, dimensions, operations and life expectancies).
Transportation systems are determined by technological development, the locations and
uses of the resources they carry, the costs of the infrastructure, the maintenance costs and

the distance they are able to cover.

According to Rodrigue, Comtois and Slack (2009 n.p.?%), “[E]nergy is the potential that allows
movement and/or modification of matter”. Establishing, operating and running transportation
activities implies spending energy: the extraction, processing and transportation of resources
involve the use of energy (Chapman, 1989). Energy accounts for a large part of
transportation costs and causes important variations in the composition of freight transport
demand between countries. Transport supply costs account for the majority of the overall
costs of a natural resource and are composed of the costs of the infrastructure and of the
transportation service which are based on energy costs and maintenance activities costs
(Boyle, 2003). According to Rodrigue, Comtois and Slack (2009%):

Energy exists in various forms, including mechanical, thermal, chemical, electrical,
radiant, and atomic and are all inter-convertible. Forms of energy come from sources
defined as renewable and non-renewable, which include chemical reactions (mainly
combustion), nuclear reactions (fission), the effect of gravity (mainly hydraulic) and direct

(photovoltaic) and indirect (photosynthesis and wind) solar energy conversion.

22 http://people.hofstra.edu/geotrans/eng/ch8en/conc8en/ch8c2en. html
2 http://people.hofstra.edu/geotrans/eng/ch8en/conc8en/energysrc.html
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Fossil fuels can be based on petroleum, natural gas coal, or wood products. Renewable
energies comprise power derived from solar radiation, wind, water, geothermic, animal and
human power. According to Rodrigue, Comtois and Slack (2009 n.p.?*), “[M]any of these
reserves cannot be exploited at reasonable costs ... or are unevenly distributed around the
world”. The world’s power consumption is about 18 terawatts/year and 86% is obtained from
fossil fuels (15.5 TW) (Lenzen, Dey and Hamilton, 2003; Rodrigue, Comtois and Slack,
2009).

Transportation now accounts for around 20% of all the energy being consumed (3.6 TW).
The increase of petroleum fuel demands is correlated with the increase of transportation

demand (Figure 1.9).
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Figure 1.9 World Energy Production (credit Energy Information Agency, 2006 in Rodrigue,
Comtois and Slack 2009 n.p.”®)

In the case of water transportation, the nature of the good determines the specificity of
operating conditions: water is a liquid substance which flows, evaporates, seeps and freezes
and which is difficult to measure and identify under all possible physical states. According to
the transportation costs method, the accessibility and availability of water determines its
cost. The water transportation cost for particular uses depends on its location, quality and
timing (McCalla, 1994). The water state and its location determine its accessibility. There are

important inequalities over its accessibility. As noted by the Food and Agriculture

24 http://people.hofstra.edu/geotrans/eng/ch8en/conc8en/ch8c2en.html
% http://people.hofstra.edu/geotrans/eng/ch8en/conc8en/worldenergyproduction.html
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Organisation (FAO), the duration of the accessibility of water governs its renewability (FAO,
1995). The offer depends on natural aspect. The energy cost in water economy is generally
conditioned by access to the resource, the nature of the resource operation and the distance
of transportation. For water movement, the transfer costs are related to operation and

maintenance costs.

According to the Environmental Protection Agency (EPA), only 1% of the Earth’s fresh water
is of such a quality and in accessible locations to be acceptable for human consumption
(EPA, 1997). Increasing demand for freshwater resulting from an increased global
population makes available water supplies inadequate. Therefore new demands require new

allocation systems. Two conditions are necessary for the optimal transfer of water:

1. the transfer is the least cost alternative, which can exceed its value because of socio-
economic inequalities;

2. the benefits exceed the losses, a condition that is exaggerated in emergency situations.

Cost benefits analyses are therefore an efficient method to evaluate water transportation

systems.

Practitioners within the environmental sciences examine the environmental impacts of
transportation systems and the interactions between transport operations and environmental
conditions, such as topography, climate and ecosystems. Of particular relevance for this
thesis are studies that examine the externalities (for example, the use of natural resources

and pollution) that various modes of transportation impose on the environment.

A political science approach to transportation is concerned with examining relations between
political power (whether governmental or corporations) and transportation. Studies may
include inquiries into governmental control over the transportation process, the allocation of
transportation resources and historical studies of transportation system planning, within

corporations and governments and their intervention strategies.

Sociological studies within transportation geography analyse transit networks social
interactions on and around, modal and spatial social choices affecting transportation
distance. Sociological analyses of transportation are interested in exploring issues

concerned with the social aspects of systems of transportation, the types of services
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provided by transport suppliers, the demographic attributes of users, the social costs of
transportation systems and issues of safety and risk associated with transportation.

Interdisciplinary research is theoretically and conceptually complicated, with multiple
obstacles in practice (Haggett and Chorley, 1969). The field of transportation geography is at
the intersection of several concepts and methods initially developed outside the discipline
that have been adapted to its particular interests and concerns (Haggett, 2001).

A multidisciplinary approach, such as is provided by transportation geography, is required to
study iceberg transportation as the movement of massive chunks of ice touches on many
different areas of expertise and scholarship. Iceberg transport involves many facets of
knowledge including interfaces of geography, physics, environmental science, water and

marine transportation technical engineering, social sciences, economy and law (Figure

1.10).
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Figure 1.10 Geography Multiple Approaches: A Modern Synthesis (credit Rodrigue, 2009
from Haggett, 2001 n.p.?°)

%6 http://people.hofstra.edu/geotrans/eng/chlen/conclen/fieldstransp.html
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1.4 Organisation of the Research

The first research task was to coherently formulate and framework the research questions
that | was interested in addressing. Working within the field of transportation geography |
chose theoretical and conceptual aspects of iceberg transportation for study, including the
physics of ice, remote sensing sciences, environmental sciences, maritime sciences,
geopolitics. In particular | organised my key questions in terms of the following research
themes: for geography, water demand in WA, the physical and chemical characteristics of
icebergs, a study of previous iceberg transportation projects, for maritime sciences, relevant
maritime technologies; for environmental sciences, impacts assessments of iceberg
transportation; and for international law, legal concepts relevant to iceberg transportation.
Using these specific research paradigms allowed me to elaborate a research program and to
tie together the theoretical framework and empirical evidence. These fields of research are
important to the scope of the thesis, constituting the basis for the development of a

theoretical frame, and a project design that can answer these questions.

The research questions were directly interrelated. A comprehensive review of the literature
of iceberg transportation projects was conducted in order to investigate and describe
problems associated with iceberg transportation using an accumulative method covering
geographical, historical, technical, environmental and legal categories. To design a
transportation system for icebergs transportation several specific points have to be

investigated including:

- evaluating the need for iceberg water supply in Australia and in the world;

- studying the physical and environmental characteristics of icebergs;

- analysing specific aspects of iceberg transportation geography (towing techniques, winds,
currents, timetable);

- answering questions about why previous iceberg transportation projects failed;

- assessing how earlier and new techniques of maritime transportation could be specifically
adapted for iceberg transportation;

- determining how the institutional framework within the Antarctic Treaty System (ATS),

maritime transport and environmental law are interconnected.

In order to develop a conceptual understanding of the overall thesis topic | collected data to

help answer theoretical research questions and explored empirical data and case studies of
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iceberg transportation. Empirical evidence was gained from earlier studies and projects and
from a range of literature. The literature was systematically analysed according to the
requirements presented by each discrete research agenda. A practical conceptual
framework was designed to analyse iceberg transportation issues. The multiple issues
incorporated within the conceptual framework of iceberg transportation allowed for a wide
range of interconnected interpretive practices.

Then the research focused on the analysis of the empirical materials that deal with the
movement of icebergs including technical study, engineering studies, business reports,
manufacturing models, experimental protocols, project case studies, equipment advertising
and patents or industrial design). This provided a specific perspective of the research able to
match the research questions previously drawn. | was able to elaborate research
assumptions on the potential of a renewable energy based iceberg water transportation
system. The related cost benefit analysis indicated the potential economic viability of an
iceberg water transportation system. Specific analyses of iceberg transportation systems
have never previously been undertaken and reported in the field of Transportation
Geography. Substantive conceptual material emerged from the data throughout the research

process.

Throughout my research, the continuous interplay between the theoretical framework and
data collection and analysis gave rise to new concepts with suggestions for practical
applications. Throughout the research process, new insights were constantly added. As my
project developed, | was able to identify and formulate several new research themes and
issues for future study, none of which has previously been identified. New information was

sought after and analysed in conjunction with the new themes and unanticipated issues.

The research process was exploratory and qualitative in nature, utilising a mostly inductive
method (Hoyle and Knowles, 1998). As a geographical transportation system, iceberg
transportation is suited to inductive research design that allows the research to guide the
specific technical propositions. The major concept-building research processes and
gualitative analytical methods were compared to the cross-disciplinary concepts and theory
within the literature (Kvale, 1996). Data collection and analysis took place together, in an
iterative manner as the analyses and assumptions suggested new areas of research. The
recurrence of particular concepts within and between different areas of research highlighted

the importance of critical elements to the iceberg transportation systems and the iceberg
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operation techniques. Analytic concepts provided by the field of transportation geography
allowed the identification and assimilation of empirical information. Conceptual interpolations
about the facts and figures of the origins and the causes of previous iceberg transportation
issues gave a global insight into the requirements of a viable iceberg water.

| critically examined and compared a number of previous studies concerned with iceberg
transportation to evaluate their strength and weaknesses. Of interest here were the factors
of capacity and resilience in the case studies evaluating them and putting them in
perspective with each others. Technical aspects of iceberg transportation were structured
into specific categories to reach a degree of applicability (the practical side of the technical
research is appropriate to be applied to further testing) matching the optimisation for iceberg
transportation system case studies. | analysed with transportation geography tools the
previous projects, identified the missing technical aspects and filled the conceptual gaps with
concepts extracted from research on new technologies available such as waterbag
characteristics, melted water collection techniques, and waterbag transoceanic
transportation techniques (towing, sailing). | studied optimal iceberg accessibility and
deterioration characteristics in ocean conditions found between the AAT and Australia.
Furthermore, | then used these insights to critically extrapolate assumptions on which a
model to optimise a system of iceberg transportation from the AAT to Perth was designed. |
used map-making, technical drawing, planning and economics tools to define the location of

the transportation route and the transit structure.

Based on these same assumptions | was then able to define an integrated sustainability
strategy and design a new project proposal which could be economically and

environmentally evaluated.

Eventually, the internal validity and conceptual level of the transportation research grew. In
the end, | was able to answer the research questions and to assess generalisations and
transferability of the assumptions systematising the parameters of the research. Caution
regarding the application of the hypotheses and findings to a broad context should be

applied, depending on the empirical similarity between case study contexts.
Cross-examination between the established academic themes and the data from the literature

was used to provide a validation of the analysis. After explaining the problems and proposing

solutions, the validation of these hypotheses and proposals includes: designing specific
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technical evaluations, modelling resource allocation models, suggesting models of
environmental impact assessment and Geographic Information Systems (GIS), engineering,
risk assessments analysis and policy analysis. The validation process confirmed and
generalised the outcomes of an emergent project research for Australia. Transportation
geography methods were used in the past and are not assessed as they are more limited to
practical research than a theoretical science.

1.5 Limitations

The field of transportation geography provides a multidisciplinary perspective to study the
myriad aspects of iceberg transportation. There are a number of limitations associated with

the transportation geography scope of this thesis.

The very nature of the topic implies that there are not a lot of empirical data available
concerning iceberg transportation experiments. A lot of articles and documents were
published in the 1970s and were hard to access to. Some documents are also confidential
because of the development stage of this research topic. Specifically, physical engineering
studies of iceberg transportation techniques were not conducted for this thesis, though a
series of possible experimental work has been suggested (Appendix 6). It was not possible
to undertake practical experiments because of the restricted geographical scope of the PhD,
confidentiality issues, unforeseen circumstances, and the lack of research coordination,
engineering knowledge and technical support; it was decided to focus on other research

objectives.

As the research has been discontinuous, some scientific areas, technologies, methods and
even units have changed. This was particularly the case for the comparisons of cost

analyses of iceberg transportation projects.

Coming from a non-English speaking background, scientific language requirements for a
PhD thesis were challenging. Language accuracy was tested with the Flesch/Flesch—Kincaid
readability tests designed to indicate comprehension difficulty of contemporary academic
English. The two tests use word length and sentence length with weighting factors (Si and

Callan, 2001). To simplify some passages the Fog index was also used.
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1.6 Materials

The literature review of iceberg transportation was based on published articles and theses in
fields such as geography of transportation, human geography, environmental sciences,
remote sensing, maritime sciences and international law. | used the databases and journal
resources of the Library of the University of Tasmania and the Australian Antarctic Division
(AAD) library, and extracted information. For the physical and environmental conditions for
icebergs, environmental sciences information, and the oceanic conditions found between the
AAT and WA, or the technology used in remote sensing, | searched relevant and significant
academic journals and publications (the Annals of Glaciology, Antarctic Science, the
Australian Antarctic Magazine, Desalination, Environmental Science and Technology
Journal, The Georgia Engineer, Ice, the International Journal of Geographical Information,
the International Transport Journal, the Journal of Advanced Transportation, the Journal of
Environmental Engineering, the Journal of Geographical Systems, the Journal of Glaciology,
the Journal of Transportation Engineering, Nature, The Naval Architect, Polar Research,
Polar Record, the Polar Times, Population Space and Place, Science, Science of Ships and
the Sea, Sustainable Development, the Transportation Journal, Transportation Law Journal,
Transportation Planning and Technology, Transportation Review, Water and Environment

Journal, Water Policy, Water Science and Technology, Water Supply).

For the conceptual framework of the thesis | used the transportation geography methodology
described by Rodrigue, Comtois and Slack (2009).

For the history of iceberg transportation, (winds, currents, timetable), the literature review
was based on technical reports of previous iceberg transportation projects, such as the
proceedings of the first International Iceberg Utilisation Conference and articles on previous
projects. | extracted data on previous iceberg transportation, iceberg accessibility and

iceberg deterioration.

For maritime sciences studies | used information from the specialised paper and electronic
publications of the Canadian National Research Council, waterbag companies and kite
companies. | extracted data on melted water collection, waterbag technology (skin, zipper,
and bag equipment), bagging processes, transportation techniques (towing, sailing) and the

sustainability of iceberg water transportation.
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In order to assess the need, supply and demands for freshwater in Australia, and in the
world, and international law | used official reports and specialised literature.

For the research about the legal aspects of iceberg transportation | used information from
the ATS and the LOSC and the publications of Lundquist (1979), Joyner (1988), Francioni
and Scovazzi (1997), Geon (1997), Ryland (1997) and Fallon and Kriwoken (2005).

1.7 Chapter Outline

The thesis is collated within 11 chapters which explore iceberg transportation. They are set
out logically together as indicated below:

The first part aims to explain the iceberg properties that transportation systems have to
consider. The first part of the research is related to physical and environmental
characteristics of icebergs. This incorporates an analysis of the physical characteristics of
ice (Chapter 2) and icebergs, their location, the production and concentration of icebergs
(Chapter 3), the physical and biological environment within which icebergs are located and

the geographical scales at which icebergs could be utilised (Chapter 4).

In the second part of the thesis an analysis of previous iceberg transportation projects is
undertaken (Chapter 5) in order to determine what improvements could be made for future

iceberg transportation projects.

The third part investigates elements of iceberg transportation (Chapter 6). | define the critical
technical feasibility and environmental sustainability of future projects. The remote sensing
tools that can assist in icebergs characterisation and the technigues that could be used for
iceberg operation, transportation and distribution are described and discussed. The
utilisation of waterbags, kites and currents are introduced as novel transportation

technologies that could be used in future attempts at iceberg transportation.

The fourth part examines the technical aspects of iceberg transportation. | established
research assumptions for the utilisation of icebergs as a freshwater resource and described
a system model, studying the location of icebergs, enveloping methods, the process of

operations, transportation and their routes (Chapter 7).
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The fifth part investigates the feasibility of such a future project and the environmental
(Chapter 8) legal and political (Chapter 9) and economic (Chapter 10) issues and
requirements. The international and Australian domestic legal and political aspects of
iceberg transportation are presented in an assessment of institutional complexities that
determine how icebergs could be harvested, transported and ultimately used. The key steps
would include critically examining how icebergs might be managed under the existing
Antarctic Treaty System's legal regimes and describing the legislative and institutional
arrangements regarding resource management, including maritime transport law and the
political obstacles that iceberg utilisation faces and undertaking a cost benefit analysis of a
new iceberg transportation system;

Overall, the profitability, economical feasibility and sustainability of a new iceberg

transportation system are presented.
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Figure 2.0 Ice Crystals (credit modified from Bentley, 1902 n.p.")

! http://ww.katyelliott.com/blog/2009/01/wilson-bentleys-snowflake-photographs.html
http://drawnassociation.net/2009/09/snowflakes-wilson-alwyn-bentley-1865-1931/
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The objective of this chapter is to describe the physical characteristics of ice in order to
provide a broad context for the properties of icebergs, the construction and the maintenance
of iceberg transportation operations and infrastructures. Water and ice are unigue elements.
The study of the physical and chemical behaviours of ice, its structures and technical
properties such as sensing properties, melting and stability, is an important first step in
understanding iceberg transportation. The properties of ice depend largely on the structure
of its constituent water molecules which, in turn, determine the crystal structures for ice and

how they can deform or rearrange.

The first part of this chapter describes the ice I, (the ice in everyday life is known as ice I)

and its physical, thermal, mechanical, electrical and optical properties. The second part of
this chapter deals with the characteristics of ice in nature produced by liquid water freezing,
such as sea ice or the perennial ice present in ice caps and icebergs. These characteristics
will affect the transportation of ice, determine the extent to which icebergs can be used for
water supply and provide information for spatial interaction models, operational research and

the optimisation of the distribution and scheduling of transporting icebergs.
2.1 Water Cycle

Earth biosphere water exists in different quantities, under different forms on lands, oceans

and in the atmosphere and change place in cycles (Figure 2.1).

Page 27




Chapter Properties of Ice

Figure 2.1 The Earth’s Water Cycle (credit Evans, USGS?, n.d. n.p.)

Water covers about 75% of the Earth’s surface and takes different forms such as sea water
and icebergs in oceans, glaciers, lakes, rivers and aquifers in the ground in the hydrosphere
and water vapour in clouds in the atmosphere (Table 2.1). Freshwater is stored in lakes,

rivers, ice caps, snow pack glaciers and icebergs (Table 2.2).

Table 2.1 Seawater and Freshwater in Hydrosphere (from USGS, 2010, n.d. n.p.)

Water Percentage % Volume Million km?®
Hydrosphere 100 1360,000

Seawater 96.2 1,300,000

Freshwater 3.8 > 60,000

Table 2.2 Freshwater in Biosphere (from USGS, 2010, n.d. n.p.)

Freshwater Freshwater repartition =~ Components % Million km?®

Iced freshwater Oceans and continental | Icebergs, glaciers, ice caps, snow packs 70 45

Liquid freshwater 30 13
Superficial continental | Rivers, lakes, clouds, part of atmospheric vapours | <1 <1
Underground Aquifer 29 >12
Atmosphere Vapours 0.001 | 0.013

2 https://ga.water.usgs.gov/edu/watercycle.html
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The water cycle consists of three main transfer processes: evaporation, precipitation and
runoff (Figure 2.2).

Figure 2.2 World's Surface Water: Precipitation, Evaporation and Runoff (credit Gleick, 1993 n.p.®)

Precipitation is produced by the condensation of water vapour in the air falling back down to

the earth and oceans as rain (Figure 2.3), snow, hail, fog and dew.

Figure 2.3 Total Rainfall. From 0 to 2 m (credit NASA, 2009 n.p.”)

® http://maps.grida.no/go/graphic/world-s-surface-water-precipitation-evaporation-and-runoff
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Freshwater runoff is produced by rain water, snow melt and other phenomenon over
continents. Evaporation and transpiration contributes 71,000 km®year and precipitation
contributes 104,000 km*/year over land, against 390,000 km®/year over oceans (Leeden et
al., 1990). Approximately 500,000 km?® of water falls as precipitation each year, 398,000 km?
of it over the ocean which indicates the globally-averaged annual precipitation is 1m, and the
average annual precipitation over oceans is about 2 m (Chowdhury, 2005). The difference
between the precipitation and evaporation figures correspond to river flows 25,000 km?/year,
underground flows 10,000 km®/year, ice melt 3,000 km®/year and atmospheric water and
glacier production 3,000 km®year. The differences in the water cycle can be explained by a
heterogeneous distribution of the water on the Earth’s surface in quantity and quality. There
is barely any evaporation in some regions, such as over ice sheets and hot and dry desert

regions.

The world’s annual renewable water resources (stored in clouds, rivers and ground water)
are around 55,000 km®. The renewability (residence, exit and new receptions) of water
resources varies from eight to ten days in the atmosphere, one week in living organisms, two
weeks in rivers and lakes, from two weeks to almost one year for underground waters or
even several years in humid zones, and from several years to thousands of years for ice
(Table 2.3).

Table 2.3 Freshwater Resources Regeneration and Renewability (credit, Gleick, 2009°)

Freshwater Volume (km®) Regeneration Time scale Ratio daily Resources
resources time (days) production (km®)
10,000 Semi fossil
Ice 33,000,000 365,500 9
years resources
Underground Semi fossil
11,000,000 36,550 1,000 years 30
water resources
o Most accessible
Superficial water | 250,000 183 6 months 1,366 ]
reservoir
Main circulation
Atmosphere 45,000 15 2 weeks 3,000
resource
Biosphere 13,000 10 10 days 1,300 Main consumption

Note: Human water consumption is in the order of less than 5,000 km®

* http:/Ivisibleearth.nasa.gov/view _rec.php?id=1540
° www.worldwater.org/
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2.2 Geophysical Environment

The cryosphere displayed in Figure 2.4 shows the zones of the Earth’s surfaces covered

with snow, ice sheets, glaciers, permafrost, sea ice, lake ice, and river ice (AAD®).

The Cryosphere

. Snow
|:| Sea ice

[] lee shelves

|:| Ice sheets

. Glaciers and ice caps

. Permafrost (continuous)
Permafrost (discontinuous)

Permafrost (isolated)

Figure 2.4 The Cryosphere (credit Ahlenius’, 2007, NGA, 2000 n.p.)

Snow cover is a significant element in the water cycle and has a maximum extent of about
47 million km2. Sea ice is formed by sea water freezing and covers both polar oceans.
Satellite data reveals a large temporal variability in the coverage of sea ice in both Northern

and Southern Hemispheres.
2.3 Characteristics of Ice

Ice is a mineral and is a crystalline solid substance which forms at temperatures below 0°C
(frozen liquid or vapour water) (Eicken, 2003). Ice can also be defined as the solid form
phase of water on Earth. A snowflake is a single ice crystal. Below 0°C, liquid water
becomes solid (river ice, sea ice, hail, or refrigerated ice). Ice occurs in different forms on
Earth. Glaciers contain perennial ice. Ice also occurs on land as permafrost. In the polar
oceans, ice caps and icebergs are formed by both ice breaking off from glaciers or ice

shelves and seawater freezing.

® www.aad.gov.au
" maps.grida.no/gol.../the-cryosphere-world-map
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The physics of ice will be described from descriptions by Pounder (1965°), Fletcher (1970),
Hobbs (1974), Glen (1975) and Maeno (1981). The CRREL, Cold Regions Research and
Engineering Laboratory, Hanover, New Hampshire, USA reports, and a book written by
Petrenko and Whitworth (1999) are also worthy of mention.

2.4 Ice Phases

Figure 2.5 is a phase diagram of water and represents water transition from a liquid state to
an ice state as a function of temperature and pressure.
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Figure 2.5 Phase Diagram of Water (credit Govindarajan, n.d.’, King, 2009 p. 3). Types of ice in red

Several phases of ice can be defined. The ice in everyday life is known as ice Ip,. The p

indicates that the symmetry of the ice crystal is hexagonal in shape. Additional phases called

ice Il and ice Ill have been created under special laboratory conditions. Pounder (1965 p.10
cited by Touretzky 1998™) explained that:

8 http://mwww-2.cs.cmu.edu/~dst/ATG/ice.html
® http://sgovindarajan.wikidot.com/notes:phase-transitions,
http://www.colorado.edu/physics/phys4230/phys4230 sp02/images/phase.qif

9 hitp://www-2.cs.cmu.edu/~dst/ATG/ice.html
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Except at temperatures lower than those occurring naturally on the earth, none of these
ices [Ice Il to Ice IX] can exist at pressures of less than 2,000 atmospheres. Since the
thickest ice sheet in the world is in Antarctica and is less than 4,000 m thick,
corresponding to a maximum pressure at the base of the ice of about 350 atmospheres, it

is clear that none of these artificial ices can normally exist on Earth.

In this thesis, the term ice stands for ice Ip.

25 Ice |y

An ice crystal is structured of oxygen atoms linked in hexagonal rings (Figure 2.6a, b and c).
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Figure 2.6 Ice Crystal Lattice (credit Daley, 2007 pp. 1-4'")

Legend: a. water molecules, b. bonding within layers, c. ice crystal lattice

According to Smith and Schulson (1999 p. 21%%), “[T]he oxygen atom of each molecule is
strongly covalently bonded to two hydrogen atoms, while the molecules are weakly hydrogen
bonded to each other”. Two protons are located near each oxygen and only one proton lies
on each O - O bond. The c-axis is parallel to the hexagonal rings of the crystal structure. The
c-axis is the optical axis of the crystal structure®®. Schulson (1999 p. 21) explains that “[T]he
lattice parameters near the melting point are: a = 0.4523 nm; and ¢ = 0.7367 nm. The ratio

c/a = 1.629 which is very close to the ratio of melting point (the ideal ratio of 1.6330)”.

All the O - O bonds have the same length. Therefore the anisotropy of thermal and elastical
properties is small. The ice unit cell is relatively open, which explains why the density of ice
is lower than water density. The symmetric growth forms of snow crystals make snowflakes.
The diameter of such crystals ranges between one and two millimetres. It is often supposed
that all natural snowflakes take this form. In reality, these structures are often broken,
malformed or rimed with frozen droplets. In nature a great variety of habits are possible and
these have been classified together with the irregular forms by Nakaya (1954) and Magono
and Lee (1966). These habits range from long thin needles through columns to plates

(Figure 2.7) and each form may be simple or dendritic (forming tree-like crystals). The

M http://engr.mun.ca/~cdaley/8674 docs.htm
2 hitp://mww.tms.org/pubs/journals/JOM/9902/Schulson-9902. html
13 http://www.britannica.com/EBchecked/topic/87357/c-axis
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simpler habits are related to the environment in which the crystal grew. Ice crystals can grow
in two simple distinct ways:

- by the freezing of liquid water;
- by direct sublimation from the vapour phase.

Nla C1f P2b
Elementary Hollow column Stellar crystal
needle with sector-
like ends
N1b Clg P2c
Bundle of _—__ Solid thick plate Dendritic
elementary crystal with
needles plates at end
Nlc Clh P2d
Elementary . Thick plate of skeleton form Dendritic
sheath = crystal with
sector-like
ends
N1d Cli P2e
Bundle of Scroll Plate with
elementary simple
sheaths extensions
Nle C2a P2f
Long solid Combination of bullets Plate with
column sector-like
extensions
N2a C2b* Combination of columns P2g
Combinatio Plate with
n of needles dendritic
extensions

Page 35




Chapter Properties of Ice

N2b* Pla P3a*

Combinatio Hexagonal plate Two-

n of sheaths branched
crystal

N2c P1b P3b*

Combinatio Crystal with sectorlike branches Three-

n of long branched

solid crystal

columns

Cla Plc P3c

Pyramid Crystal with broad branches Four-
branched
crystal

Clb P1d P4a*

Cup Stellar crystal Broad branch
crystal with

12 branches

Clc Ple P4b*

Solid bullet Ordinary dendritic crystal Dendritic
crystal with
12 branches

Cid P1f P5

Hollow Fern-like crystal Malformed

bullet crystal

Figure 2.7 Classification of Snow Crystals (credit Magono and Lee**, 1966 n.p.)

In each case the mechanisms which determine the rate and habit of growth are the transport

of water molecules to the point of growth and their accommodation into the growing

4 http://emu.arsusda.gov/snowsite/Magono_and Lee/Magono_and Lee Classification1.html see
also www.dri.edu USDA, ARS, PSI, NASA
http://www.its.caltech.edu/~atomic/snowcrystals/class/class.htm
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interface, together with the transport of latent heat away from this interface (Fletcher,
1971"). The grain orientation is usually:

- with the c-axis perpendicular to the interface, crystals develop as thin circular disks;
- with the c-axis parallel to the interface, crystals develop as long needles.

The structure of a perfect ice crystal must satisfy the following three rules (Fletcher, 1970;
Hobbs, 1974; Petrenko, 1993; Petrenko and Whitworth, 1999):

1. each lattice position is occupied by a water molecule tetrahedral bonded to its four
neighbours;
2. water molecules are intact so that there are just two protons near each oxygen molecule;

3. there is just one proton on each bond.

Violation of these rules leads to a vacancy (for the first rule), an interstitial or an impurity
atom (for the second rule) and defects perpendicular to the ice structure (for the third rule).
In ice crystals occurring in nature many imperfections can occur, such as: variations in
surface properties, impurities, dislocations, vacancies, orientation or planar defects and
other various kinds of point defects. Sea ice has various inclusions; freshwater ice has no
inclusions. Whilst most of the impurities in liquid water remain preferentially in the liquid
phase when it begins to freeze, it is possible to include small amounts of some materials in
true solid solution in an ice crystal. Two types of impurities (proton donors and proton
acceptors) can change the balance of ion states and of orientation defects in the ice crystal.
Proton donors can enter while the ice structure replacing a water molecule, while proton
acceptors can be incorporated in the ice structure inducing defects. Impurities can be
transferred by solid-state diffusion or they can stay on the ice lattice. In any crystal there will
be a certain concentration of vacancies and interstitial molecules in thermal equilibrium. In
ordinary ice at atmospheric pressure the energy required to form a vacancy is essentially the
energy necessary to remove the molecule from the bulk of the crystal and place it in a
general position on the surface (12 kcal/mole, or 0.5 eV). Vacancies and interstitials exist in
thermal equilibrium in ice. Their concentrations are small even at the melting point and for

this reason the density of ice crystal (917 kg/m™) measured by macroscopic means agrees

15 http://newt.phys.unsw.edu.au/music/people/publications/Fletcher1971.pdf
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closely with the value derived from X-ray determination of lattice constants (Fletcher, 1970;
Petrenko, 1993'°).

The growth of ice crystals from water vapour is a familiar phenomenon since a major part of
the growth of snowflakes occurs in this way. Simple or complex habits can be observed. The
simpler habits of ice crystals can be related to the environment in which the crystal grows.
Mixed forms of ice crystals, such as columns tipped with plates, occur in crystals whose
environment altered during the course of their growth. The diversity of ice crystal habits
provides useful meteorological information about the chemical and physical conditions inside
clouds, having an effect on ice crystals growth, such as the presence and type of
contaminants and the temperature and the super-saturation of the vapours.

Figure 2.8a and Figure 2.8b show the regions of occurrence of different crystal habits, in

relation to temperature and vapour super-saturation.
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Fig. 2-26. Temperature and humidity conditions for the growth of natural snow crystals m‘ VArious
types. (From Magono and Lee, 1966; by courlesy of J. Fac. Sci., Hokkaido University.)

Figure 2.8a The Regions of Occurrence of Different Growth Crystal Habits, in Relation to
Temperature, Humidity Conditions and Vapour Super-saturation (credit Magono and Lee, 1966, from
Fletcher, 1970 n.p.)

18 http://www.dtic.mil/cgi-bin/GetTRDoc?Location=U2&doc=GetTRDoc.pdf&AD=ADA270432
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Figure 2.8b The Nakaya Diagram (credit Fletcher, 1973 p. 268')

The temperature dependence of crystal habits is specific. The vertical lines divide
temperature regions in which the crystals’ growth is alternately axial, leading to long needles
oriented parallel to the c-axis, and lateral, yielding flat hexagonal plates. The transitions
between the different growth regimes are very sharp. At high super-saturation the crystal
forms become more and more complex and tend to lead to dendritic development - planar,
scrolls, cups or hollow prisms - depending on the temperature range. Lawson et al. (2006)
reported the collection of 900,000 ice crystals at the South Pole Station from the 1% of

February to 8" of February 2001. Some of these ice crystals are shown in Figure 2.9.

M https://phys.unsw.edu.au/music/people/publications/Fletcher1973.pdf
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Figure 2.9 Ice Crystals (credit Lawson et al., 2006 p. 1512"°)

According to Lawson et al. (2006 p. 1505%) “[T]he size, shape, concentration and light-
scattering properties (i.e. phase function) of ice crystals have a major impact on the Earth’s
radiation budget”. Modern methods of micro structural analysis are providing us with
unprecedented detail of 3D microstructure using modern tools for modelling of ice behaviour
(Petrenko and Witworth, 1999). According to Eicken et al. (2005 p. 5): “[Bly averaging over

the individual microscopic component phases one arrives at a macroscopic representation of

18 http:/fjournals.ametsoc.org/doi/pdf/10.1175/JAM2421.1
9 http:/fjournals.ametsoc.org/doi/pdf/10.1175/JAM2421.1
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the material where the specific properties of the microscopic component phases are
subsumed in a single bulk parameter”. Micro structural model are used in these areas of
study. At the same time at the macro scale, models only barely incorporate more complex or
sophisticated representations of ice characteristics, commonly referred to as
parameterisations of processes and properties on smaller scales (Steele and Flato, 2000).
Moreover, according to Eicken et al. (2003 p. 2%°):

Ice microstructure requires that conceptual and mathematical models and representations
of ice properties consider in detail the volume fraction, size, shape and spatial
arrangement of brine gas and particulate inclusions. For scalar quantities, such as ice
density, only the volume fraction of inclusions is of concern (Cox and Weeks, 1988),
whereas tensor properties such as the [mechanical characteristics], thermal conductivity

or permeability require a more sophisticated approach.
According to Eicken et al. (2003 p. 20):

The packing density of water molecules in ice and hence its material density is lower than
in the liquid [state]. In the liquid state, water molecules are arranged into clusters with
impurities such as sea salt ions surrounded by hydrates shells owing to the strong polarity
of the water molecule. Accommodation of sea salt ions in the voids of the ice crystal
lattice is greatly restricted, however. The constraints in size and electric charge imposed
on ions or molecules substituting water molecules or individual atoms in the lattice or
occupying voids within the crystal lattice are such that only very few ions or molecules
actually qualify. Among them are fluorine and ammonium ions and some gases. The
major ions present in sea water (Na', K*, Ca*", Mg*’, CI', SO, CO_*), however, cannot
be incorporated into the ice crystal lattice and are rejected by the advancing ice-water
interface during crystal growth. This circumstance has very important consequences for
the microstructure and properties of sea ice, as part of the salt is retained in liquid
inclusions in the solid ice matrix, with a larger fraction rejected into the underlying water

column.

The salt migration happens in a different way in freshwater as salt water ice. The phase

diagram of sea ice is given in Figure 2.10.

20 \www.gi.alaska.edu/ftp/eicken/G695/Module1/Papers/Chapter2.pdf
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Figure 2.10 Phase Diagram of Sea Ice (credit Assur, 1960 n.p.21 from Eicken 2003 p. 21, 2009, p
29).

Micro structural evolution and chemical composition of ice are interacting at the few
centimetres thick bottom layer which is characteristic of the different types of ice (Eicken,
2003).

Single crystals can be grown in a laboratory environment, but it is difficult to achieve crystals
of a large size. In Antarctica single crystals which can be several kg in weight of exceptional
purity and mechanical perfection are found. Presumably these crystals have been produced
over centuries by a process known as strain annealing. The properties of this type of ice will

be described now.

2.6 Properties of the Ice Crystal Lattice

In this section the thermal, mechanical, electrical and optical properties of pure ice crystals
will be briefly discussed. Table 2.4 summarizes some properties of ice crystals at 0°C,

described previously.

2 \www.gi.alaska.edu/ftp/eicken/G695/Modulel/Papers/Chapter2.pdf, see also
http://glaciology.caltech.edul/ice.fig2.html
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Table 2.4 Physical Properties of Ice Iy, at 0°C (credit Engelhardt™, 1992 n.p.)

Physical Characteristics of Ice Values

Density 0.917 Mg m*®
H-bond length 276.5 pm
Adiabatic compressibility 0.119 GPa™
Isothermal compressibility 0.33 GPa™
Melting point 273.15K
Specific heat 2.01 kJ/kg /K*
Heat of melting 334 k/kg™
Thermal conductivity 2.2 Wim'K*
Linear expansion coefficient 55-10° K*
Cubical expansion coefficient 166-10° K*
Vapour pressure 610.7 Pa

Static dielectric constant 96.5
High-frequency dielectric constant 3.2

Dielectric relaxation time 20 us
Activation energy for dielectric relaxation 55 kJ/mol™
Refractive index 1.31

Electric dc conductivity of ice single crystals at -10°C 2:10®% s/m™
Electric dc conductivity of polycrystalline glacier ice 10°-10° S/m™
Proton mobility 0.8:10* miVv?s™
Ultrasonic velocity Longitudinal waves and Transverse wave 1928 m/s and 1951 m/s
Velocity of radio waves 170 mps™

These values could be used for the development of new techniques for icebergs detection
(Veitch and Daley, 2001):

- acoustical properties (e.g. ultrasonic velocity) can be used for detecting with ultrasonic
techniques the shapes of icebergs and their mechanical characterisation;

- dielectrical properties (e.g. dielectric relaxation time, static dielectric constant, high-
frequency dielectric constants, activation energy for dielectric relaxation) can be used for
icebergs detection and the evolution of iceberg shapes during their melting;

- mechanical properties (e.g. compressibility, density) can be used to select icebergs,

icebergs given their erosion and melting evolution and to test iceberg stability;

22 http://glaciology.caltech.edulice.table2.html

Page 43


http://glaciology.caltech.edu/ice.table2.html

Chapter Properties of Ice

- thermal properties (e.g. conductivity, linear expansion coefficient, cubic expansion
coefficient melting point, vapour pressure, specific heat, proton mobility, H-bond length) can
be used to record icebergs evolution in terms of thermodynamic decay and for the
development of non contact techniques for icebergs detection;

- optical properties (e.g. Refractive index) can be used for detection and deterioration
modelling of icebergs.

Such studies could contribute to the development of a model of iceberg transportation
regarding the deterioration and the stability of transported icebergs.

2.6.1 Thermal Properties

The thermal properties of ice crystals derive essentially from the thermal motion of water
molecules within the crystal structure (Andersson and Suga, 1994). The thermal properties
related to lattice dynamics are heat capacity, conductivity and expansion. At low temperature
the thermal expansion coefficient is negative. Its value increases with increasing
temperature between 50 and 250°K. At 0°C, the linear expansion coefficient has a value of
55.10° K™. The thermal conductivity of ice Iy, at 0°C is 2.2 W.m™/K™* (Fukusako, 1990; Kim

and Ulrich, 2002). Also note that thermal conductivity is dependent on temperature and
pressure. The anisotropy of ice measured by the thermal conductivity of single crystals near
270°K, is around 5% (Slack, 1980). The thermal conductivity of polycrystalline and single
crystal ice yield similar thermal conductivity results, as long as the crystallites are large
enough to avoid the effect of grain boundary scattering. Grain size of < 10-3 cm would be

needed to affect the thermal conductivity above 80°K.

2.6.2 Mechanical Properties

The mechanical properties of a single ice crystal are studied in an elastic and plastic domain.
In an elastic domain the stress applied to the crystal is relatively small and is applied over a
short time?®. The elastic behaviour is characterised by the elastic constants (Dempsey,
2000). The relaxation parameters are important because of periodically varying stresses. If
the stresses are large, the specimen may suffer important permanent deformation and then
the mechanical behaviour is related to plastic deformation, creep and fracture (Xiao and

Jordaan, 1996; Barrette and Jordaan, 2002). The phenomena related to permanent

2 http://www.tms.org/pubs/journals/JOM/9902/Schulson-9902.html
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deformation and crystal lattice fracture are very important for understanding glacial flow and
iceberg formation. The mechanical behaviour of solids in an elastic regime is governed by
Hook’s law, which suggests there is proportionality between stress tensor [o] and strain

tensor [g] through the compliance tensor [S]:

[e] =[S][e] or [o] =[C][e]

Where [C] is the stiffness tensor.

Ice crystals are anisotropic and have a hexagonal symmetry. In the case of hexagonal

symmetry, the stiffness tensor [C] has five components: Cq11, C33, C44, C12, C13 (Nye,
1957). The components Cq1 and Cg3 can be determined with ultrasonic methods,

measuring the velocity of propagation of longitudinal waves along the crystallographic axes

a, and c. The shear component Cy44 is determined using the velocity of shear waves
propagating in the plane ac. The components C1o and Cq3 include Poisson’s effect and

represent the coupling between the constants measured with longitudinal and shear waves.
The mechanical behaviour is dependent of temperature and pressure. Table 2.5 gives the

values of the stiffness components as reported by Fletcher (1970).

Table 2.5 The Components of Stiffness Tensor [C] of Ice [108 N/m?] at -16°C (credit Fletcher, 1970)

C11 Cs3 Caa C12 C13
13.85 7.07 3.19 7.07 5.81

Note: 1 N/m2 = 1 Pa; 1 MPa = 10° N/m2 13.85 [10° N/m?] = 1385 MPa

The two Young’s module and Poisson’s coefficients can be deduced by inverting the

stiffness matrix as [S] = [C]‘1 following the procedure largely described in reference books
for materials characterisation. For a less complex mechanical characterisation of the

polycrystalline ice, Fletcher (1970) suggested using the isotropic symmetry Cq1 = C33. In

this case only three elastic constants are needed: Young’'s modulus (E), shear modulus (G)
and Poisson’s coefficient (y). These constants are related as G = E/[2(1+y)]. The values of

these constants at -5°C and normal atmospheric pressure are:

E =(8.8109.9) [10° N/m?]; G = 3.4 t0 3.8 [10° N/m?], Poisson’s ratio = 0.31 to 0.36
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Mechanical relaxation is associated with the internal friction of the material. This leads to the
damping of the free mechanical vibration and is expressed by the logarithmic decrement
(noted 6) for different vibration modes in ice specimens. Some experimental values for

specimens oriented parallel or perpendicular to the axis ¢ and excited with longitudinal

waves are: & ;; = 0.35 .102 and respectively & L =2.5.1072 (Fletcher, 1970).

2.6.3 Electrical Properties

The electromechanical effects of ice may have important practical applications in ice
engineering. The electrical properties of ice have been studied extensively for more than 50
years and substantial progress has been achieved in the last decade. The mechanical and
electrical properties of ice are very strongly connected (Petrenko, 1996%*) and can be

observed through phenomena such as:

- the generation of an electromagnetic field by elastic stress, plastic strain, fracture, and
friction;

- the modification of the mechanical properties, such as elasticity, plasticity and friction, by
the application of an electrical field,;

- the modification of the electrical conductivity and dielectric permittivity by the strain.
2.6.4 Optical Properties

The optical properties of ice were studied by Perovich (1998; 2002°). Pedersen (2007, p.
6°°) noted that:
The radiative transfer in sea ice is determined by the absorption and scattering
coefficients, brine and impurities. Air bubbles scatter more strongly than brine pockets
because of larger decreases in refraction index compared to ice. An increasing number of
inclusions in sea ice will increase the amount of scattering (Perovich, 2002). Snow has a
large number of small grains and ice/air interfaces, which makes it a highly scattering
medium, however, particles, like dust or soot in the snow, absorbs light, and thereby

reduce the scattering.

#http://permanent.access.gpo.gov/websites/armymil/mww.crrel.usace.army.mil/techpub/CRREL_Rep
orts/reports/sr96 _02.pdf

% hitp://www.crrel.usace.army.mil/sid/perovich/DKPpdf/97JC01615.pdf,

%8 http://www.ub.uit.no/munin/bitstream/10037/1909/5/thesis.pdf
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The albedo scattered back from ice depends on the amount absorbed within the ice column.
According to Perovich (1998) cited by Eicken (2003 p. 49): “the fraction that ultimately
penetrates into the ocean depends on the relative contribution of absorption and scattering
or reflection along the path of individual photons”. By definition the spectral albedo of the sea
is a measure of sun reflected light and is about 0.9 on the scale 0 (dark object) to 1 (brilliant
object). Gas, salt inclusions, and bio components in ice refractive indices affect the reflected
incident irradiance. In Antarctica the average albedo value is 0.8. The growth of sea in winter

ice determines the increase of the albedo values. In summer, the contrary effect occurs.
2.7 Ice in Nature

According to Ngheim et al. (1994 p. 6):

Natural ice is a polycrystalline medium composed of many single crystals with different
orientations. Beneath a thin transition layer, sea ice becomes columnar in structure with
the C-axis parallel to within a few degrees of the horizontal plane (Weeks and Ackley,
1982) ... Because the c-axes are parallel to the [horizontal] plane, the ice platelets are
vertical. Consequently ellipsoidal brine inclusions, sandwiched between the platelets, are
preferentially oriented in the vertical direction. Unless c-axes are aligned by an underlying
sea current (Weeks and Gow, 1978).

The ice microstructure is polycrystalline and can be granular, columnar or mixed (Cole,
2000). The formation and growth of ice is related to the growth condition, the temperature
(thermal gradient), salinity of the environment (brine pockets expulsed by pressure), flushing
of melt water (by surface or gravity drainage), and the weather during which ice growth

occurs. Common examples of ice in nature include sea ice, snow, glaciers and polar ice.
2.8 Glaciers and Polar Ice

According to Haykin et al. (p. 1994 p. 43), “[G]laciers form where precipitation in the form of
snow exceeds its loss due to evaporation and or melting”. Newly fallen snow has a low
density (0.06 to 0.08 g/cm®) because of the air trapped between hexagonal snow crystals.
The length of time for snow to be converted to ice largely depends on temperature. In

temperate glaciers, where the ice is at the pressure melting point, the delicate snow crystals

%" trs-new.jpl.nasa.gov, http://ieeexplore.ieee.org/iel2/3183/9015/00399177.pdf
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melt quickly converting the snowflakes to spherical particles that settle and increase the
density of the snow. The density can increase to 0.2 g/cm® in a few days (Thomas and
Dieckmann, 2003). At this higher density, snow is granular. However, in sub polar and polar
glaciers, this melting and compression process take years. Ice crystals grow larger by joining
together and thus eliminate the air space between them. The firn or neve (ice at a stage
between snow and glacial ice) occurs when the snow reaches a density between 0.4 and
0.55 g/cm®. As the density increases further, mostly by re-crystallisation, the density can
approach 0.85 g/cm®. For Greenland glaciers it may take 150 to 200 years from the original
snowfall event for ice to form (Thomas and Dieckmann, 2003). According to Haykin et al. (p.
1994 p. 44%°) “because of this compression, glacial ice is impermeable to air and water. The
visual whiteness of glacial ice is caused by the tiny air bubbles distributed throughout the
ice” (Figure 2.11).

Figure 2.11 Antarctic Ice Revealing Bubbles of Air Inside (credit CSIRO Fraser, 2009 n.p.”)

These bubbles give glacial ice a 4 to 9% volume of air. Scholander and Nutt (1960) reported
that for Greenland icebergs the bubbles were elongated, with diameters of 0.02 to 0.18 mm.
Gow et al. (1982) conducted a detailed analysis of bubble content in Antarctic glaciers and
reported spherical bubbles that ranged in size from 0.49 to 0.33 mm, bubble size decreasing
with glacial ice depth. Typical values for bubbles sizes in glacial ice are in the order of 0.1 to
0.5 mm (Gow et al., 1982). The occasional piece of bluish glacial ice indicates ice which is

free of bubbles. Ice of comparable size and growth condition has a different optical

Bhttp://books.google.com.au/books?id=1L8p6chyaYY C&printsec=frontcover&dg=Remote+sensing+of
+sea+tice+and-+icebergs+By+Simon+S.+Haykin&hl=en&ei=908ITbbIEMmwcbXc-

JoO&sa=X&oi=book result&ct=result&resnum=1&ved=0CCsQ6AEWAA#v=0nepage&qg&f=false

% http://www.csiro.au/science/lcePhotoGallery.html
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transparency. For example the appearance of lake ice is much darker then glacial ice, owing
to its high transparency.

According to Thomas and Dieckmann (2003 p. 23%): “[T]he fact that the albedo of sea ice is
typically higher than that of open water by a factor of up to ten gives rise to so-called ice
albedo feedback processes. According to Eicken (2003 p. 4*') these processes involve:

A perturbation in the surface energy balance resulting in a decrease in ice extent due to
warming may propagate and amplify since the reduction in ice extent in turn increases the
amount of solar energy absorbed by the system (Curry et al., 1995). For low-albedo lake
ice, this effect is less pronounced. Under natural conditions, this contrast is affected by
snow deposition in winter which increases albedo, at least prior to the onset of ice surface
melt, and by the drainage of meltwater from lake ice, potentially bringing up albedo later

in the melt season.

The final density of glacial ice can exceed 0.9 g/cm?®. Ice density is correlated with ice
strength, the compaosition of the superficial layers (air bubbles can represent almost 50% of
the volume of superficial layers), and the calving pressures which reduce the air proportion
(less than 10% for iceberg). The general density of an iceberg is around 0.886 and can
increase to 0.917 g/cm? if the ice is very compressed. As water has an average density of
1.028 g/lcm?®, 87% of an iceberg’s mass is under the sea (85% for tabular; 74% for pyramidal
(Figure 2.12); 50% for dry dock icebergs).

Figure 2.12 Iceberg llulissat Rode Bay (credit ice blog®* 2008 n.p.)

*http://books.google.com.au/books?id=F1MB5QIYJMsC&printsec=frontcover#v=onepage&g&f=false
31 www.gi.alaska.edu/ftp/eicken/G695/Modulel/Papers/Chapter2.pdf
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The density of ice is around 900 kg/m?® the density of seawater is around 1,025 kg/m®. This

explains why icebergs float. The ratio of these densities explains why 7/8" of a tabular
iceberg's mass is below the water level.

These properties of ice are summarised in Table 2.6.

Table 2.6 Several Physical Constants of Ice (from Daley, 2007 and Lefrancois et al., 2008)

Constants Units Fresh water ice First year seaice Sea Air
(at 0°C) (35%o water, ice at -5°C) water
Density Kg/m3 917 900 1,028 1,230
Melting point . q 18 -(variable with water ) )
salinity)
Specific heat (heat capacity) = kJ/kg/°C 2.01 8 41 -
Latent heat of fusion or melt | kJ/kg 334 280 - -
Thermal conductivity W/m/°C 2.2 2.1 0.58 0.024
Linear expansion coefficient | 1/°C 55.10-6 - - -
Vapour pressure Pa 610 - - -
Refractive index - 1.31 - - -
Dynamic viscosity Ns/m2 - - 0.014 1.7 10-5
Absorptivity - 0.95 - - -

2.9 Conclusion

The obijective of this chapter was to describe the physical properties of ice in order to provide
a broad context for the understanding of polar ice properties. Most of the properties listed
above are critically dependent upon the structure of water molecules, which determine the
possible crystal structures for ice and the way in which ice crystals can deform and
rearrange. Polar ice is quasi chemically pure and much appropriated for freshwater supply.
Polar ice is an exceptional resource of pure, renewable fresh water. The physical behaviour
of ice studied in this chapter is essential to understand the natural perennial renewal and
regular phenomenon of polar ice formation. This approach involves the study of physical
properties of ice such as ice phases, ice crystal growing conditions, ice density, thermal,

mechanical, acoustical, dielectrical and optical properties of ice. An iceberg transportation

%2 blogs.dw-world.de/ice-blog/images/news/8037.4.ipg
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system is based on the melting, resisting, breaking, floating, and optical properties of
icebergs as glacial and sea polar ice contributes to the formation of icebergs. The
construction and maintenance of any iceberg transportation operations and infrastructures

are reliant on the properties of the ice crystal lattice.

The acoustical properties could be used for the detection of icebergs with for example
ultrasonic techniques of detection of the shape of icebergs. Dielectrical properties are
employed for the development of remote sensing techniques for icebergs detection. The
mechanical properties of ice such as density, the coefficient of linear expansion, dynamic
viscosity, and vapour pressure are essential for iceberg selection, iceberg melting and
evolution during transportation, iceberg erosion induced by ocean waves, solar radiation,
and winds. Thermal properties such as melting point, specific heat, heat capacity, latent heat
of fusion or melt, and thermal conductivity are connected to icebergs evolution in terms of
thermodynamic decay and fragmentation and development of non contact techniques for
icebergs detection. Optical properties such as the ice refractive index and the absorptivity of
ice are related to detection and deterioration modelling of icebergs. This chapter has
highlighted some of the critical properties of ice that are important factors in devising a
system for the transportation of icebergs. The study of polar ice, as described above, is
essential to understand technical issues of iceberg properties that may be required in any
iceberg harvesting and transportation systems. Therefore iceberg ice appears to be the most
suitable ice for an iced freshwater supply system. The upcoming chapter will study the
significance and relevance of the physical properties of icebergs for iceberg harvesting and

transportation systems.

Page 51




Chapter & Properties of Icebergs

Figure 3.0 Iceberg Off Davis Station, Antarctica (credit CSIRO Blight', 2009 n.p.)

Icebergs icebergs religion-less cathedrals of the eternal winter ...
Icebergs icebergs majestic Buddhas frozen on unseen seas ...
Gleaming lighthouses of death lost howls, lasting for centuries ...
Icebergs needless lonesome icebergs ...

Icebergs icebergs cousins of islands, cousins of springs

How profoundly | see you, how familiar you are to me.
(Translated from Michaux 1934 p. 89)

"http://mww.csiro.au/science/lcePhotoGallery.html
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Chapter 8 Properties of Icebergs

The objective of this chapter is to describe the physical characteristics of icebergs. These
characteristics impact the selection and operations research of iceberg transportation. From
these studies, practical data for spatial interaction models, operational research, and the
optimisation of the distribution and scheduling of the transportation of iceberg resources can
be extracted. | will discuss the geography and physical properties of icebergs, the locations,
the natural routes of icebergs and the melting and life expectancy of icebergs.

3.1 Geography of Freshwater Icebergs

Icebergs are located in the Polar Regions, the Arctic in Northern Hemisphere and Antarctica,
in the Southern Hemisphere. The Arctic is a perennial ice covered ocean surrounded by
frozen ground, and is comprising parts of Canada, US, Russia, Norway, Sweden, Greenland
and Iceland. The boundary of the Arctic is the Arctic Circle, 66°33 N (Figure 3.1).

Figure 3.1 Arctic Ocean (credit World Atlas® n.d. n.p.)

Icebergs are floating in the Arctic Ocean (Darchen, 1977). These floating masses of
freshwater ice have broken from ice sheets. The majority of icebergs in the North Atlantic
originate from glaciers in Greenland. Others are from the Eastern Canadian Arctic islands,
as far as 48° N (St John’s) as reported by Canadian Ice Service and International Ice Patrol

(2007). Antarctica is an ice-covered continent (Figure 3.2).

2http://www.worldatlas.com/webimage/countrys/polar/northpole.htm
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Figure 3.2 Antarctica (credit Australian Antarctic Data Centre® n.d. n.p.)

Ninety three percent of the world’s mass of icebergs are located in the Antarctic seas
(Stockinger from Encyclopaedia Britannica Volume 9, p. 154%). Antarctic coastlines are
hidden beneath the ice flowing over the continental margins. In Antarctica, icebergs are
generated by the mass of glaciers slipping under their own weight from the interior of the
continent to the coast, becoming ice shelves and breaking off by ocean tidal oscillations and

waves erosion. In the following pages icebergs classification is described.

3http://www.wunderground.com/climate/Antarctica.asp
“http://bioeng.berkeley.edu/budinger/icebergs.html
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3.1.1 Iceberg Definition and Production

Kelley (1978 p. 20) defines icebergs as “large masses of floating or stranded ice which occur
within both polar regions”. Icebergs of many varied shapes originate from glaciers and are
composed from freshwater. Fallen surface snow compacts on top of an ice sheet and
becomes ice as the snow continues to accumulate. According to Young (AAD, 2001 p. 24°):

The ice gradually flows outwards till it crosses the grounding line, the boundary between
the grounded ice and floating ice. Along large sections of the grounding line, this ice flows
into floating ice shelves. Ice is lost from the ice sheet by calving of icebergs from the outer

perimeter and by melting from the basal surface of ice shelves and glaciers.

Icebergs break away from the seaward or glacial polar ice sheet. In situations where the
basal shear stress of a glacier is inferior to the shear stress resulting from the glacier's
weight, a glacier is said to move by sliding. The basal shear stress depends on the
temperature of the glacial bed, its roughness and sediment strength (Clark et al., 1999). The
creep of an ice sheet is a function of the thickness and the weight of the ice sheet, the
temperature and the specific physical and mechanical properties of the ground on which it is
sited. Glaciers may also move by basal sliding (Bennett, 2003). Their base is lubricated by
melting water which can be provided by geothermal heat, friction or pressure inducing
melting. According to Goodison et al. (2000° p. 270):

[tihe mass balance of land-based glaciers and ice sheets is determined by the
accumulation of snow mostly in winter and warm-season ablation due primarily to net
radiation and turbulent heat fluxes, to melting ice and snow from warm-air advection
(Munro, 1990; Paterson, 1993; Van den Broeke, 1996).

Glaciers melt when the sum of different radiation sources, including solar and long-wave
incoming radiation, and heat flux is greater than the sum of heat of melt and long-wave
outgoing radiation (Ohamura, 2007). The dynamics of icebergs generation from glaciers and

continental shelves is schematised in Figure 3.3.

*http://www.antarctica.gov.au/__data/assets/pdf file/0014/21182/p24 25 science.pdf
®http://eospso.gsfc.nasa.gov/science plan/Ch6.pdf
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, glacier fronk calves rapidly

" -
Water level © C
- bl Y

P a-‘--.
Grounding line

4. Glacier acceleration

=0l surface

% - Lawer part of
2 _-Mew surface

glacier steepens,

shelf disintegrates

& Calved icebergs  accelerates, and
- loses mass

. -~
Waker hawel -

. -
Waker hawe| -

- ~ . - -
Grounding line Cog Grounding line

Figure 3.3 Ice Dynamics NSIDC’ University of Colorado US (credit Rood, NSIDC?, 2007 n.p.)

In Figure 3.3 four characteristic situations of ice movement have been described by Rood
(2007):

- case 1: stable glacier and ice shelf. In the stable condition the ice shelf is grounded to the
sea floor. The sea partly carries the combined weight of the ice and glacier. It falls with the
tide. There is push back from the sea;

- case 2: effects of warmer temperatures. The glacier speeds up. The buttress loss speeds
the flow of the glacier. The ice melts from the water below. The ice shelf disintegrates.

- case 3: unstable glacier front after ice shelf collapse. As shelf retreats past grounding line
buoyant supports decreases at front but glacier flow continues. Glacier front calves;

- case 4: glacier acceleration. The lower part of glaciers steepens, accelerates and loses
mass, producing calved icebergs. Large iceberg calving is one of the main causes of mass
loss. According to the IPCC (2007 p.3):

[tlhe loss of seasonal snow and floating ice do not have a direct impact on global sea
level, but acceleration of inland glaciers due to the loss of ice shelves (De Angelis and
Skvarca, 2003; Rignot et al., 2004, 2005; Scambos et al., 2005), increases the runoff of

"National Snow and Ice Data Center
8http://www.wunderground.com/blog/RickyRood/archive.html?year=2007&month=02
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melt water (Vaughan, 2006) and glacier acceleration will cause an increase in this

contribution®”.

Hansen (2007 p. 3) pointed out that: “[IJce sheet disintegration, unlike ice sheet growth, is a
wet process that can proceed rapidly. Multiple positive feedbacks accelerate the process
once it is underway. These feedbacks occur on and under the ice sheets and in the nearby
oceans”. Under their own weight ice sheets deform and drag themselves outward. Once

released icebergs can be classified depending on their shapes and sizes.
3.2 Icebergs Classification

Iceberg have been classified by the International Ice Patrol according to their size into six

categories, as shown in Table 3.1.

Table 3.1 Classification Following the Size of Grand Banks Iceberg (data from U.S. Coast Guard
Internat. Ice Patrol**, 2007 and Timco et al. 2007 n.p.)

Nr Size Percentage (%) Height (m) Length (m) Mass (T)

1 Growler 5.6 <1 <5 500

2 Bergy bit 1...4 5...14 1,400
15.3

3 Small 5...15 15...60 100,000

4 Medium 15.3 16...45 61...122 750,000

5 Large 12.5 46...75 123...213 5 million

6 Very large 2.8 Over 75 Over 213 5 million

7 Size unknown | 48.5

Icebergs can adopt very unusual shapes, and consequently their movements are especially
difficult to predict while they are melting. Their shape can be broadly classified as either
tabular, which have steep sides and a flat top, or non-tabular, which can be dome, pinnacle,
wedge, dry-dock, blocky or ‘ice island’ shaped. The profiles of icebergs of different sizes are

given in Figure 3.4.

“www.ats.ag/documents/ATCM31/ip/ATCM31_ip050_e.doc

10 http://iopscience.iop.org/1748-9326/2/2/024002/pdf/erl7_2_024002.pdf, see also
http://iopscience.iop.org/1748-9326/2/2/024002/fulltext

Maww.solcomhouse.com/iceberg.htm
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Figure 3.4 Icebergs of Different Sizes - Schematic Representation (Internat. U.S. Coast Guard Ice
Patrol*?, 2007 n.p.)

According to Ocean Ltd (2004 p. 23):“[S]hape descriptions have changed over the years.
Before 1980 four shape characteristics were used to describe icebergs (Marex, 1972)". After
1980 Canadian Provincial Airlines Limited Environmental Services proposed a new
classification of icebergs, and shape characteristics were defined according to eight
types.Figures3.5 to 3.7 list old and modern icebergs shapes, as suggested by Ocean Ltd
(2004) and refers to the general shape characteristics of the above water portion of the

iceberg or its underwater shape.

Table 1 - Iceberg Shape Descriptions

Pre 1980 Classifications Modern Equivalent

Pinnacled and Ridge ‘m‘ Pinnacle
Picturesque Greenland f ;;j Pinnacle

Wing and Horn Dry Dock

Weathered Tabular Wedge or Dome

Figure 3.5 Old and Modern Terms used for Iceberg Shape Description above the Water Line (credit
McClintock, McKenna and Woodworth-Lynas™ PERD/CHC Report 20-75 Ocean Ltd June 2004 p. 24)

2mww.solcomhouse.com/iceberg.htm
Bttp://ftp2.che.nrc.ca/CRTreports/PERD/Oceans _Iceberg Profiles 04.pdf
“ftp://ftp2.chc.nrc.ca/CRTreports/PERD/Oceans _Iceberg_Profiles 04.pdf
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Modern Classifications

Pinnacle

Dry Dock

Tabular

Blocky

Dome
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Description

Large central spire or pyramid of
one or more spires dominating
shape. Less massive than
dome-shaped 1ceberg of simular
dimensions.

Eroded such that large U-shape slot
18 formed with twin columns or
pinnacles. Slot extends under the
waterline or close to 1t.

Horizontal, flat-topped with
length-height ratio of 5:1 or more.

Steep precipitous side with almost
honzontal top and with length-height
ratio of 3:1 to 3:1.

Large, smooth rounded top.

Figure 3.6 Icebergs Profiles above the Water Line - Modern Classification and Description
(credit McClintock, McKenna and Woodworth-Lynas PERD/CHC 20-75 Ocean Ltd, 2004 p. 24)

Table 2 - Derived underwater shape classifications

Classification

Pinnacle

Blocky

Dome

Wedge

Ram

Tabular

Description

Large central spire or pyramid
domunating the underwater shape.

Steep precipitous side with almost
flat bottom. Consistent with profiled
large Tabular 1cebergs

Generally smooth rounded
underwater profile.

A below-water profile where the
maximum draft is at or near one side
of the iceberg.

Indicating large protuberances on
one or more sides of the iceberg.
Generally mdicating a shallower
maximum draft than the waterline
length would indicate.

Shallow, flat-bottomed. Consistent
with profiles from Ice Islands. Large
surface area, generally much
shallower than the waterline length
would indicate.

Figure 3.7 Icebergs Profiles below Water Line - Modern Classification and Description
(credit McClintock, McKenna and Woodworth-Lynas PERD/CHC, Ocean Ltd, 2004 p. 30)
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Icebergs classification by their visible shape is a standard procedure in most aspects of
operational ice management. According to Ocean Ltd (2004 p. 25): “[T]hese classifications
are used to identify icebergs. Mathematical functions of the icebergs shape classification are
used to derive mass, draft and below-water surface area estimates”.

The underwater shape (Figure 3.7) of icebergs has been the subject of studies by Rossiter
and Gustjaitis (1979), Walton (1987), Ocean Ltd (2004) and Canated et al. (1999). The
underwater shape of icebergs is of the greatest importance as it influences the rate and
direction of iceberg drift, off-shore structure and any potential collision which may occur

between icebergs and other structures.

Iceberg shape characterisation has been a main topic for modelling using spatial statistics
(McKenna, 2005; see also Appendix 4, Barker et al., 2004"). As a modelling example, the

simulated profiles of two icebergs are presented in Figure 3.8.

Bhttp://mww.nrc-cnre.ge.ca/eng/ibp/chc/reports/ice-engineering.html
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Figure 3.8 Icebergs Simulated Profiles (credit PERD/CHC™®, Report 20-75 McKenna, 2004 p. 20)

Modelling using spatial statistics has according to McKenna (2005 p. 10): “a high predictive
capability that provides for the generation of a large number of complete icebergs shapes,
each with statistical attributes of measured data”. Iceberg shape data is studied to assess
risk for offshore installations (Howard, 1986; Roche et al., 2004). Iceberg shape and their
original dimensions mainly depend on glacier configuration and marine topography. No two
icebergs are ever the same shape. An even more extraordinary variety of shapes results
from the deterioration process of icebergs. At the extremity of the glacier the presence of
cracks mark out future zones of tension that determine where iceberg calving will take place.
Different types of calving exist, depending on the occurrence of cracking and fracturing, the
state of the sea in the contact zone, the temperature of the sea and the ice, atmospheric
conditions and the wave patterns of the ocean. Icebergs range in size from small icebergs to

massive tabular and blocky icebergs over several billion tonnes depending on their origins.

3.3 Iceberg Properties

Chemical and physical properties of icebergs will be described.

18 ftp://ftp2.che.nrc.ca/CRTreports/PERD/Oceans_Iceberg Profiles 04.pdfftp:/ftp2.chc.nrc.ca/CRTrep

orts/PERD/POAC 05 Iceberg _Shape McKenna.pdf
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3.3.1 Chemical Composition of Icebergs

As noted above, icebergs originate from glaciers. According to Haykin (1994 p. 44):
‘[lUInder the pressure of its own weight, the glacier flows from its high altitude source
towards sea level”. Under the continuing action of tides and sea level changes due to the
effects of wind and ocean swell, large pieces of ice break off as glacier tongues or ice
shelves (Figure 3.9).

Figure 3.9 An Iceberg breaks off the Knox Coast in January 2008 in AAT
(credit Blackwood, Getty Images™® 2008 n.p.)

Land icebergs, which fall from ice shelves, are usually composed of very pure ice water. Air

bubbles within the ice structure reflect white light and explain the iceberg global white colour
(Figure 3.10a).

Figure 3.10a White Iceberg (credit Dieckmann in Lee'®, 1990 p. 1968)

7 http://books.google.com.au/books?id=1L8p6chyaY Y C&printsec=frontcover&dg=Remote+sensing+of
+sea+tice+and-+icebergs+By+Simon+S.+Haykin&source=bl&ots=NILKTbRERA&sig=DwBI0dL6g0PsU
0l gMtfpgMoAtA&hl=en&ei=|YAITYC7D4LWrQf39rnVDg&sa=X&oi=book result&ct=result&resnum=
1&ved=0CBUQG6AEwWAA#v=0nepage&g&f=false

B ww.msnbc.msn.com/id/30058284
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Sometimes land icebergs are blue, green (Figure 3.10 b, ¢ and d), black or brown, with mud
or stone layers inside (Wordie and Kemp, 1933; Binder, 1972; Fletcher, 1984).

Figure 3.10b and c Green Iceberg Weddell Sea, Antarctica (credit Dieckmann in Lee, 1990 p. 1867)
Large Iceberg Newfoundland, Canada, Atlantic Ocean (credit Hicker®®, 2005 n.p.)

Figure 3.10d Blue Iceberg (credit Hollocher®!, 2001 n.p.)

The melted water of blue ice or clear icebergs is generally free of bubbles as it refreezes and
fills in crevasses formed in the creeping glaciers. Bubble-free ice has a blue colour.
According to Bruneau (2010% n.p.):

The ice is blue because of the natural light scattering characteristics of pure ice.
Occasionally, airborne dust or dirt eroded from land ends up on the glacier surface. This
eventually leads to the forming of a darkened brown or black layer (in any orientation)

within the ice of a floating iceberg. (...) Sometimes airborne dust from volcanic eruptions

19 http://mww.usna.edu/Users/oceano/raylee/papers/RLee JOSAA green_icebergs.pdf see also

http://www.usna.edu/Users/oceano/raylee/RLL _cv.html
Dhttp://www.hickerphoto.com/aerial-iceberg-underwater-picture-atlantic-ocean-21505-pictures.htm
Zhttp://minerva.union.edu/hollochk/skaergaard/landscapel/ice.htm

= http://www.caperace.com/stories/where-do-icebergs-really-come-from/ and
http://www.provincialairlines.com/ESDIcebergs.htm
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or from the wind (thousands of years ago) is deposited on the surface of a glacier and
gradually becomes trapped within the ice so that traces are found in icebergs.

Gas as carbon anhydride, chlorides, sulphates, nitrates, carbonates, metals (steel, iron,
manganese) and micro organisms are usually found within an iceberg (Dieckmann et al.,
1987). Dust and salt water can be found within the superficial layer of the ice. Icebergs often
contact and become grounded on the seabed. This happens more frequently along the coast

where changing tidal currents and high winds move icebergs to shore.
3.3.2 Physical Properties of Iceberg Ice

The physical properties of iceberg ice have been extensively described by Paterson (1997).
Based on physical properties (density, mechanical, electrical and optical properties) of
icebergs ice different non contact detection techniques can be developed. As an example,
see Synthetic Aperture Radar (SAR) imagery which has been developed for the prediction of
the icebergs drift or decay and of the dynamics of air-sea-ice processes. Images of icebergs

are shown in Figures 3.11.

Figure 3.11 The Iceberg 2 and Iceberg 4 1997 08 07 near the North-Eastern Coast of Baffin Island
(credit Walk, 1997%* #*, Creative Common Attribution Share Alike 2.5 Generic n.p.)

According to Rossiter et al., (1979 p. 99):

The measurement of iceberg underwater dimensions and features will be essential for
safe and effective choice, preparation, and transportation of icebergs. An iceberg’s
subsurface shape affects its deterioration, its form drag, and its strength. Short-pulse

radar echo-sounding methods can be used to sound icebergs since polar ice is highly

Bhttp://commons.wikimedia.org/wiki/File:lceberg 2 1997 08 07.jpg
Zhttp://commons.wikimedia.org/wiki/File:lceberg 4 1997 08 07.jpg
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transparent to radio signals. Available radar equipment can be used either from an
aircraft or from the iceberg surface, and can provide reliable, easily-interpreted, real-time

results.

In what follows, the physical properties of icebergs ice such as density, mechanical,
electrical and optical properties will be described.

3.3.3 Density of Iceberg Ice

The density of icebergs ice is a parameter used for multiple purposes such as iceberg shape
modelling, the calculation of the centre of iceberg mass and buoyancy, the calculation of the
inertia of the iceberg, “the relationships between waterline length or width, height, draft and
mass” (McKenna, 2004 p. 555%) of icebergs, the relationships between mass and index
dimensions, the development of a tool for use in probabilistic simulations or the prediction of
performances of a structure or vessel (Abdelnour et al., 1992). According to Kelly (1996 p.
1): “[E]stimates of the flux of icebergs can be achieved by obtaining separate estimates of
iceberg ice densities and of drift patterns of iceberg velocities”. The density of iceberg ice is
not uniform and depends on the location and composition of the superficial layers (air
bubbles can represent up to 50% of the volume). A newly calved iceberg retains, in general,
the physical properties and the density of its original ice shelf, which has the same layered
structure as the continental ice sheet from which it flowed. Layers composed from freshly
fallen snow are underlain by older annual layers having a higher density. The layered

structures of tabular icebergs appear on their vertical (Figure 3.12).

Figure 3.12 Tabular Iceberg (credit Lordcrimson, 2007 wordpress.com®, n.p.)

Bftp://ftp2.chc.nrc.ca/CRTreports/PERD/POAC 05 Iceberg_Shape McKenna.pdf
Zhttp://lordcrimson.files.wordpress.com/2007/10/iceberg.jpg
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The freeboard of the iceberg is composed of compressed snow of relatively low density
compared with old ice density. The density of iceberg ice (910 kg/m?3) is very similar to the
density of pure ice (Comfort et al., 1999 p. 16). Pure ice is near to 920 kg/m? in density and
sea water is about 1025 kg/m3. The ratio between these two values is 0.89. Large tabular
icebergs float typically only one-ninth of its volume above water. This can be attributed to the
difference in density between iceberg ice and sea water. According to Kelly (1996 p.1):
“[T]he most comprehensive data set regarding the ice densities for icebergs of varying sizes

was compiled by the International Ice Patrol starting in 1960"%.

3.3.4 Mechanical Properties of Iceberg Ice

The mechanical properties of icebergs ice are key parameters for modelling icebergs drift
and decay, icebergs transportation and buoyancy, and icebergs loading terminals (Bigg et
al., 1997). The mechanical properties of iceberg ice have been reported by Lewis and
Edwards (1970), Gammon et al. (1983; 1985), Gagnon and Gammon (1994) and more
recently by Barrette and Jordan (2001). Barrette and Jordan (2001%) found that iceberg ice
harvested in spring 2000 had a bending strength of between 1.0 and 3.0MPa. The
corresponding grain size was between 25 and 175mm?2 and the number of air bubbles/mm?
ranged between 0.5 and 3.3. The internal structure of ice affects the mechanical behaviour
of icebergs and the crystal size and the amount of air have an effect on failure strength. A
large amount of bubbles leads to lower strength values. El-Tahan et al. (1984, 1985) studied
the uniaxial compressive strength by undertaking impact tests on icebergs. The results are
given in Table 3.2. Depending on the strain rate during the tests, the mean compressive

strength, at -5°C, is reported between 6.6 and 7.4MPa.

Table 3.2 Uniaxial Compressive Strength of Iceberg Ice at -5°C, Strain Rate Range 10*to 101 s
(credit El Tahan et al., 1984 p. 5)

) 4 Mean strength Mean tangent modulus  Mean time to Mean strain at
Mean strain rate (s™) o i i
MPa of elasticity GPa failure (s) failure (%)
0.82x 107 7.43 3.04 3.38 0.19
0.59 x 1072 6.6 3.97 0.20 0.12
0.58 x 10" 6.97 6.7 0.02 0.11

Z"http:/;mww.uscg-iip.org/General/database.shtml
Bfty://ftp2.chc.nrc.ca/CRTreports/PERD/Fracture 01.pdf

Page 66


http://www.uscg-iip.org/General/database.shtml
ftp://ftp2.chc.nrc.ca/CRTreports/PERD/Fracture_01.pdf

Chapter Properties of Icebergs

Figure 3.13 shows the variation of the uniaxial compressive strength for iceberg ice and for
laboratory grown freshwater ice as a function of strain rate. It is an important factor for

experiments modelling icebergs of operation (Sassolas, Pfeffer and Amadei, 1996).

Figure 3.13 Uniaxial Compressive Strength (MPa) of Ice from Icebergs and Freshwater Ice as a

function of Strain Rate (s'l) (credit Jones, 2006 p. 10)

Jones (2006% p. 13) noted that:

[t]he strength of iceberg ice is less than freshwater ice, laboratory grown ice or natural
ice. At -10°C and at a strain-rate of 10° s, typical of ice-structure interaction, iceberg ice
has 1.7 times less strength than other freshwater ice. This difference increases to three
times less strength at the highest strain-rates tested (10'l s'l). This difference is probably
due to the presence of pre-existing cracks and flaws in iceberg ice. At very low strain-
rates (below 10° s'l) there is no difference in the strength of iceberg ice [in comparison

with other sources of freshwater ice].
The mechanical properties of icebergs explain other aspects of iceberg activity, including

their structural characteristics such as stability, and thermal properties, such as melting
patterns (Weber and Nixon, 1997).

3.3.5 Dielectrical Properties of Iceberg Ice

Icebergs physical and dielectric characteristics determine radio waves penetration rates. The

dielectrical properties of icebergs have been used for more than one decade for iceberg

ftp://ftp2.chc.nrc.ca/CRTreports/PERD/IcebergStrength 06.pdf

Page 67


ftp://ftp2.chc.nrc.ca/CRTreports/PERD/Iceberg_Strength_06.pdf

Chapter Properties of Icebergs

location and tracking through scatterometer images. The observed backscatter is a function
of the dielectric properties of the surface as well as the roughness and geometry of the
inspected zone. Dielectrical properties of icebergs exhibit a high contrast with the
surrounding ocean and thus icebergs are easily identified in scatterometer images, as can
be seen in Figure 3.14.

A

lceberg
B10A

Drake ¥
| Passage ¥
¥

Tierra
Del Fuego

Figure 3.14 Antarctica and Surrounding Sea Ice Cover in July1999 with QSCAT image.
Iceberg B10A (50 km x 100 km) is identified in Drake Passage (credit Long et al., 2001 p. 11)

The dielectrical properties of glacial ice include relative complex dielectric permittivity
expressed by the dielectric constant and the dielectric loss. These dielectrical properties
have been examined over the last 50 years through laboratory and in situ measurements
conducted by a number of researchers (Pearce and Walker, 1967; Page and Pamseimer,
1975; Kirby and Lowry, 1979; Haykin et al., 1994). Dielectrical properties depend on several
factors such as the measurement frequency (MHz or GHz range), ice temperature, and ice

density.

Moreover, the parameters measured by radar depend on the electromagnetic properties of
ice. Since icebergs that originate from glaciers are not saline, relatively low dielectrical
properties can be expected. Kirby and Lowry (1979) report the relative complex dielectric
permittivity of icebergs equal to 3 at 10 GHz frequency. Pearce and Walker (1967) examined
icebergs with a density of 920 kg/m® and measured a dielectric permittivity of 3.31 + 0.04 at

30MHz. Jezek et al. (1978) reported values for dielectric permittivity of iceberg ice between
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3.89 and 3.09. These values were measured in situ by radar wide-angle reflection. At

frequencies greater than 1 GHz, Page and Pamseimer (1975) reported a loss tangent equal

to 2 x 10°. Table 3.3 summarises some of the dielectrical properties of iceberg ice in

comparison with sea ice, snow and seawater, at 100 MHz.

Table 3.3 Dielectrical Properties of Iceberg, Snow and Seawater at 100 MHz (credit Haykin et al.,

1994 n.p.)

ice type Typical thickness Dielectric constant Attenuation

(m) (no units) (dB/m)
Young ice <0.5 6 > 100
First year 05-35 4-6 5-10
Old ice 1-10 35-45 0.1-10
Iceberg <10 3.2 0.1
Snow <1 2-35 0.01- 0.1
Sea water = 80 100

A basic knowledge of the dielectrical properties of iceberg ice is required for the detection of

icebergs. Several research programmes operate satellite radar detection systems in order to

identify icebergs (Table 3.4).

Table 3.4 Research Projects on Icebergs Satellite Radar Detection

Program Reference

Randell et al., 1999
ADRO 1997/1998

and 2000
ADRO 1999 Flett et al., 2000
ADRO-2, CIS 2000 Power et al., 2001

ADRO &CIS, ENVIRSAT

Lane et al., 2003
2003

Howell et al., 2004
CIS/IIMI 2003/2004

and 2006
CIS GMES 2005 C-CORE, 2005b
Barents Sea 2003 C-CORE, 2006a

Notes

RADARSAT one - fine mode iceberg detection - ground truthing off
Newfoundland and Antarctica

RADARSAT one range of scansar and wide resolution modes-
ground truthing off Newfoundland - some data on ship discrimination
RADARSAT one range of scansar and wide resolution modes-
ground truthing off Newfoundland - some assessment based on wind
speed and look angle

RADARSAT one & ENVISAT assessment based on wind speed and
look angle

RADARSAT one & ENVISAT effect of polarisation in ship/ ice
discrimination

ENVISAT ship - iceberg discrimination

ENVISAT - ground truth ship and icebergs - inexact ground truthing
hence correlations uncertain
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3.3.6 Optical Properties of Iceberg Ice

The determination of the optical properties of iceberg ice is a problem of atmospheric optics
as discussed by Bohren (1983) and Lee (1990). Trapped air bubbles in most iceberg ice
make it white. According to Lee (1990 p. 1):

[P]lure homogeneous ice has an absorption minimum at 470 nm in the visible spectrum. If
white light is transmitted through a section of pure ice 1 m thick, the resulting dominant
wavelength is 490 nm...Translucent green icebergs might be caused by some colorants, but

samples taken from those icebergs contained little green material.
Lee (1990) developed remote-sensing techniques that involved using colour slides to

analyse the optical properties of green icebergs. He argued that ice intrinsic optical

properties and the reddening of daylight at a low sun angle produce the colours observed.

3.4 Location of Iceberg Resources

Icebergs that originate from Antarctica have specific characteristics.

3.4.1 Iceberg Names

The National Ice Centre (NIC) in the USA is the organisation that gives names and follows
Antarctic icebergs. It uses polar orbiting satellites to survey the Polar Regions. In Antarctica,
iceberg names correspond to the Antarctic regions from where they are first located (for

example: iceberg A-23A, where A = the Weddell Sea). The NIC records the initial detection

of an iceberg and records its original location.
3.4.2 Antarctic Region

Ninety per cent of the world’s ice volume and 70% of the world's fresh water are found in
Antarctica, mainly in the east Antarctic ice sheet, limited by Transantarctic Mountains (Figure
3.15).
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Figure 3.15 Ice Shelves in Antarctica (credit from Landsat Image Mosaic of Antarctica® 2003 n.p.)

Antarctica has a global area of 14,000,000 km2. About 98% of Antarctica, is covered by the
Antarctic ice sheet, which represents 13,720,000 km2 and has an average thickness of 1.6
km (CIA, 2010*"). An interesting feature of the submarine topography off Antarctica is the
occurrence of an inner shelf depression up to 1,700 m deep, separated from the outer
continental shelf by sills about 500 m deep. On the base of the continental sheet, lies a plain
with depths ranging from 3,700 to 5,000 m, while the South Sandwich Trench descends to
8,620 m. Most of the Antarctic coastline is buried under ice flowing over the continental
margins. Littoral regions are common on the west coast of West Antarctica and the islands
of the Scotia Arc, but rare in East Antarctica. In Antarctica the continental shelf break occurs
on average at about 400 m deep, while in the Ross Sea it is up to 800 m deep. Visible areas
of shoreline may be abraded by fast ice pack, brash ice and bergy bits, which may scour the

littoral region to a depth of 15 m. The local characteristics of the shore determine the

%0 from http://79south.blogspot.com/
*https://www.cia.gov/library/publications/the-world-factbook/geos/ay.html#People
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duration of ice cover. Fast ice and pack ice affect the majority of continental shores for more
than six months a year, and in the Ross Sea fast ice persists for 11 months a year. In the
Southern Hemisphere the sea ice extent varies from 3 million km? in February to 20 million
km2 in September (Gloersen et al., 1992). According to Hughes (2009 n.p.):

Most of the discharge of the West Antarctic Ice Sheet happens via the major ice streams
entering the Ross Ice Shelf, the Rutford Ice Stream entering the Ronne and Filchner shelf
of the Weddell Sea and the Thwaites Glacier or the Pine Island Glacier entering the
Amundsen Ice Shelf.

In Antarctica, beyond the yearly variability of iceberg distribution, it appears that icebergs are
mainly produced in summer in the Ronne Filchner Ice Shelves zones, in the Amery Ice Shelf
zone, and at a smaller degree in the Ross Ice Shelf zone. From October to March the
iceberg concentration is important in the Ronne Filchner Ice Shelves zones, in the Amery Ice
Shelf zone (Figure 3.16).

Figure 3.16 Number of Iceberg around Antarctica Deduced from Computer Models; colour scale: red
100 icebergs, orange 50 icebergs, blue green 10 icebergs, blue 5 icebergs (credit Ifremer - French

Institute for Sea Research, n.d.n.p.)

In summer time (January to March), more than 100 icebergs are calved in the Weddell Sea,

Ross Sea and Ronne-Filchner Ice Shelf. In winter time (July to September) less than 10
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icebergs are calved. The icebergs drift more from April to June. The calving begins to
increase in spring, from October to December. Large tabular icebergs originate in the
Weddell and Ross Seas (Gladstone and Bigg, 2002). In particular a region of interest for
iceberg transportation projects is the Amery ice Shelf (AlS) located around 71° S, 70° E in
East Antarctica between the Australian stations of Davis and Mawson (Janssen and
Rachael, 2008%). The Lambert Glacier Basin system supports the AIS (Allison, 1991; AAD,
2011%). With 60,000 km?, it represents a major ice shelf in East Antarctica and is the third
largest ice shelf in Antarctica (Budd et al., 1967). The calving front is about 550 km long.
When analysing the balance of the AIS, it appears that most of the lost occurs through basal
melting processes and icebergs calving production 44.6 +/- 9.3 Gt per year (Young and
Hyland, 2002; Galton-Fenzi et al., 2009; Figure 3.17).

Figure 3.17 The AIS Mass Balance (credit Galton-Fenzi et al., 2009*).

Large iceberg discharges occur on a 60 year cycle basis (Coleman and Young, 2003): in
1963/1964 a 10,000 km? iceberg broke off and recently in the years 2000s a 500 km? tabular

iceberg was breaking off.

From the AIS, icebergs naturally go about 1,700 km south-southwest of WA, north of 56
degrees south. However sometimes they can get closer as in 2009 when a 20 billion
tonne iceberg B17B (19 km long and 8 km wide), arrived at 48.8° S and 107.5° E. This

32 http://eprints.utas.edu.au/8081/1/Janssen%26Hurd 2008 _author version.pdf
* http://www.antarctica.gov.au/about-antarctica/fact-files/climate-change/ice-shelves
3 http://neptune.gsfc.nasa.gov/wais/pastmeetings/PPT09/Galton-Fenzi.pdf
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iceberg calved from the Ross Ice Shelf 10 years before stayed for about five years close to
the Mertz Glacier and drifted through currents and winds around Antarctica for five more
years. Recently in 2006 and 2009 2 billion tonnes iceberg originating from the Ronne or the
Ross Ice shelves passing off Australia's Macquarie Island and naturally drifting to New

Zealand coasts were spotted (Figure 3.18a and b).

Figure 3.18a Iceberg Drift (13,500 km) from Ronne Ice Shelf to New Zealand (credit Helicopters
Otago Ltd. 2006°° n.p) Legend: A group of 200 tabular icebergs arrived from the Ronne Ice Shelf in
the Weddell Sea to the South East coasts of New Zealand in November 2006

Figure 3.18b iceberg Drift (13,500 km) from Ross Ice Shelf to New Zealand (credit Dailymail*®, 2009)

Swww.newzeal.com/theme/heli/lcebergMap.jpg
% http://www.meteorologynews.com/2009/12/15/huge-icebergs-drifing-toward-australia-new-zealand/,
http://www.dailymail.co.uk/news/article-1227228/Giant-iceberg-spotted-Australia.html
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The icebergs are carried northward and westward at up to 8 km/day in the Easterly wind and
currents around the continent until they reach the Antarctic Convergence, where they melt
rapidly in warmer water. The icebergs are present in a band from 150 to 300 km from the
Antarctic costs, particularly in the Weddell Sea and in the Ross Sea, near the Kerguelen
Islands, flowing in the Western currents of circumpolar ocean. They are moved by the
western currents of the Southern Ocean and for a transportation from the Amery ice shelf
located in the AAT to WA, these currents are favourable. From the Weddell Sea they reach
South Africa, Argentina, Australia or New Zealand and usually melt between 58° to 63° S
(Figure 3.19a).

Figure 3.19a Antarctic Circumpolar Currents (credit from Antarctica cup®’ n.d. n.p.)

These types of event are rare even if Tasmanian Aboriginal legends evoke "white islands"

floating (Young in AAD, 2009%®). For the iceberg transportation project studied in this thesis

3" http://mww.antarcticacup.com/images/currentsxl.gif see also GRID, New-Zealand, UNEP,
1997http://maps.grida.no/go/graphic/the antarctic_convergence, AAD, 2010
http://www.antarctica.gov.au/about-antarctica/fact-files/geography/antarctic-convergence and Rintoul
et al., 2001 p. 272 http://epic.awi.de/Publications/Rin8888b.pdf
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the region of iceberg capture being around 2,000 km away from WA, the iceberg
concentration is relatively high and about 100 of large icebergs per year can reach this zone.
However their origins, sizes, shapes and states vary. In this zone, icebergs mainly come
from the Ross, the Ronne or the Amery ice shelves and generally head towards the ACC
with more southerly path ways (Figure 3.19b). This figure will be later used for
transportation analyses to put them in parallel with icebergs natural pathways.

Figure 3.19b The Major Ocean Currents in the Australian Region (credit from Edmonds, 2007°° n.p.)

In details, the AIS currents circulation is characterised by a ice front circulation 72.5° 8 and
74.08E which splits into a weak north eastern gyre of 72.08° E under the ice shelf, and
continues to an east circulation (70.78° S, 70.48° E) and a strong main gyre 70.08° S, 71.08°
E (2.8-Sv), to the west with southern gyre centred at 71.68° S, 69.88° E. regions of freezing,

8 http://www.antarctica.gov.au/media/news-archive/2009/giant-iceberg-heading-towards-australia,

http://www.theaustralian.com.au/news/nation/giant-iceberg-heading-for-western-australia/story-
e6frg6nf-1225808821794
www.waterengineeringaustralia.com.au/pdf/wea 0809.pdf
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in the northwest corner of the domain, and around 69.88° S, 69.98° E (Warner and Budd,
1998; Williams, Warner and Budd, 2002*).

3.4.3 Antarctic Specificities

Unlike the Arctic, much of the Antarctic continent is 3 km above sea level, and since
temperature decreases with elevation this makes the formation of ice in the Antarctic subject
to much colder conditions than in the Arctic. Antarctic ice sheets expand by gravity and
break off reaching the coasts in the form of icebergs or ice shelves (IPCC, 2007*"). Antarctic
sea ice shows little surface ablation and rarely, if ever, exhibit melt ponds. The surface
albedo of Antarctic sea ice is similar to that of snow-covered ice throughout the year. The
main difference between the ablation seasons in the Arctic and in the Antarctic results from
differences in the meteorological parameters driving the surface energy budget. In spring,
Antarctic surface winds are 60 to 100% stronger than Arctic winds (Parish and Cassano,
2003). The magnitude of the turbulent transfer may preclude surface melting in the Antarctic.
Relatively dry winds off the continent (7 to 10 m/s) lead to a relative humidity in the surface
layer over Antarctic sea ice that is generally 60% or less. In comparison, springtime humidity
over Arctic sea ice is higher than 75%, with spring winds over 4 to 6 m/s. In the Antarctic the
atmospheric humidity enhances turbulent surface transfer. According to Andreas and Ackley
(1981 p. 1): “[L]Jow relative humidity associated with dry winds and an effective radiation
parameter smaller than that which is characteristic of the Arctic are primarily responsible for

the absence of melt features in the Antarctic”.

Antarctic sea ice melting begins when the surface-layer air temperature is above 0°C, which
is rarely the case over Antarctic sea ice (Andreas and Ackley, 1982). The observations on
sea ice by Andreas and Ackley would suggest that mass losses could be more controlled by
sublimation and rapid evaporation. In Antarctica, the wetness of snow or ice is constant
throughout the snow cover for air temperatures between -12°C to -5°C without the presence
of slush (Wadhams, 1986).

For all these reasons, Antarctic iceberg stability and melting features are more suitable for
an iceberg transportation project than one based in the Arctic. Icebergs can be operated

from precise regions which will produce more regular volumes.

4°iournals.am etsoc.org/doi/pdf/10.1175/1520-0442(2002)015%3C2740%3ASOTAIS%3E2.0.C0%32B
“http://www.ipcc.ch/publications_and_data/ar4/wgl/en/ch4s4-6-2-2.html
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3.5 Volume and Size of the Antarctic Iceberg Resource

There are several methods available for evaluating the size of the iceberg resource in
Antarctica. These methods include measuring the number of icebergs produced as well as
the annual volume of ice produced. It is easier to evaluate the annual volume of ice rather
than the number of icebergs, as any individual iceberg can fracture to produce several new
ones. Icebergs are far more abundant in the Antarctic than in the Arctic. Over 90% of the
world’s mass of icebergs is found in the Southern Ocean (Hult and Ostrander, 1978). As a

freshwater source, Antarctica represents 35 million km? of pure water (Hult and Ostrander,

1973). Loewe (1967) calculated Antarctic iceberg production rate as 1.3x10° km3/year. This
assumption is deduced from mass equilibrium considerations, based on mean annual
precipitation map, 0.3 5 m ice/year (Budd et al., 1971). The precise amount of ice discharge
from Antarctica each year is not known, but a Soviet survey conducted in 1965 counted
about 30,000 icebergs in an area of 4,000 km? between longitude 44° E and 168° E
(Shilnikov, 1965). In total these icebergs had an estimated volume of 3,165 km?®. According
to Hult and Ostrander (1973), the annual yield of iceberg could be about 1,200 km?® and the
total accumulation in the Antarctic Ocean about 7,000 km?*. Annually, the Antarctic continent
receives between 10 and 30 cm (1,500 to 4,500 km?®) of water as precipitation, and more
than half of this water is calved into icebergs of various sizes (Shepherd and Wingham,
2007). Orheim (1980; 1985; 1988) has estimated that at any one time there are up to
200,000 icebergs in the Southern Ocean south of the Antarctic Convergence. Around 2,500
billion tonnes of snow annually accumulate on average in Antarctica. Jacobs et al. (1992)
reported that iceberg calving events from the Antarctic ice shelves occur regularly and
amount to about 2,000 Gt/year. Based on those figures, annual iceberg production would

cover the world's water consumption for more than six months.

There is a large range of iceberg sizes. These icebergs range in size from 50 m long up to
kilometres in length. According to Hult and Ostrander (1973), icebergs as large as 70 m in
height and up to 350 km long are falling from the Ice Cap.

According to Young (2001 AAD*, p. 25):

Mean annual air temperatures on the ice shelf fronts, between latitudes of 75° S and 78°

S, are around -20°C, and summer air temperatures rarely reach melting point. Ocean

“2http://www.antarctica.gov.au/ _data/assets/pdf file/0014/21182/p24 25 science.pdf
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temperatures are at or close to freezing throughout the year. Calving of ice from any
section of the front of an ice shelf may occur frequently and produce a few or many small
icebergs, or occur rarely and produce one or a few very large icebergs ... By way of
contrast to these 'normal’ events, there has been a dramatic decrease in the area of

relatively small ice shelves fringing the Antarctic Peninsula over several decades

For the whole of Antarctica, very large icebergs can be regularly released on a
decennial basis (Gladstone and Bigg, 2002). Ice islands are relatively rare in the Arctic
but common in the Antarctic where massive icebergs can easily be 200 m thick, having
a freeboard of about 40 m and a length of many kilometres (Husseiny, 1978). The
icebergs in Antarctica are the largest in the world; for example in 1956, an iceberg
covering 31,000 km? was released from the Ross Ice Shelf. The Ross Ice Shelf
released again in 1987 a 6,350 km? iceberg with an estimated volume of 1,400 km®. In
recent years, several large Antarctic icebergs have been calved from the Ross Ice
Shelf and the Ronne Ice Shelf. Icebergs over 80 km long regularly calve from Antarctic
ice shelves (Hughes, 1972; Denton and Hughes, 1981; Stone 1993). In March 2000 an
iceberg 295 km long by 37 km wide (known as B-15A) calved from the Ross Ice Shelf
(Figure 3.20).

Figure 3.20 Tabular Iceberg B-15A 160 km long (credit Landis AFPNSF world news™®, 2001 n.p.)

The different pictures of tabular icebergs give an idea of the size scales and shape variety of

tabular icebergs. Since 2007, the Ross Ice Shelf released large icebergs B16, B17, B18,

*3 Shapinski http://www.cyberchill.org/
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B19 and C16. On the other side of Antarctica, three giant icebergs calved from the Ronne
Ice Shelf in 2007 A 22 (49 km by 23.4 km), A43 (250 km by 34 km), and A44 (60 km by 32
km) (Figure 3.21).

Figure 3.21 Iceberg A22A Dimensions in early June 2007 are 49.9 by 23.4 km (credit NASA, Earth
observatory™, 2007 n.p.)

The general calving frequency in the Ross and Ronne Ice Shelves is of several decades. In
2000 the Ross Ice Shelf and the Ronne Ice Shelf released 23,000 km? of ice, or around
1.5% of the total area of all ice shelves in Antarctica. For Antarctic, very large icebergs can
be expected to be produced several times a decade. According to Young (AAD*, 2001 p.
25) on the contrary to these natural processes: “there has been a dramatic decrease in the

area of relatively small ice shelves fringing the Antarctic Peninsula over several decades”.

As an example: the calving of Larsen ‘A’ from at 65° S in 1995 January, from the northern
section of Larsen Ice Shelf*®. In 2006, in Antarctica, a giant iceberg cracked into pieces due
to a huge swell caused by an Alaskan storm (MacAyeal et al., 2006*"). Part of this iceberg

was observed in New Zealand in 2008 (Figure 3.22).

“*http://commons.wikimedia.org/wiki/File:lceberg_A22A, South_Atlantic Ocean.jpg
“Shttp://www.antarctica.gov.au/__data/assets/pdf_file/0014/21182/p24 25 _science.pdf
“Shttp://mwww.global-greenhouse-warming.com/Larsen-lce-Shelf.html
“"http://www.earth.northwestern.edu/people/emile/PDE/EAO186.pdf
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Figure 3.22 Tabular Iceberg New Zealand (credit V Aviation*®, 2008 n.p.)

The combined weight of these icebergs was over 5,000 billion t which corresponds to the

global annual water consumption.

These calving phenomena of icebergs have been observed at the same time as the several
degrees air temperature warming noted since the 1940s in the Peninsula region. The
reduction mass of the ice shelves in Antarctica is accelerated by the melting and refreezing
of water. Melt water affect ice shelves structure through crevasses. Figures 3.23 and 3.24

show the edge of an ice shelf, from which tabular icebergs form.

Figure 3.23 Edge of an Ice Shelf Figure 3.24 Ice Shelves and Tabular
(credit Dargaud**, 1997-2009 n.p.) Iceberg (credit Dargaud, 1997-2009 n.p. *

“Bywww.newzeal.com/theme/heli/lcebergflight.htm
“Bhttp://www.gdargaud.net/Antarctica/lcebergs.html
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Gladstone et al. (2001) estimated that smaller sized icebergs, with a length of 1 km or less,
could contribute about 410 Gt/year of freshwater to the Southern Ocean via the Weddell
Sea. Utilising less than 2% of the iceberg freshwater in Antarctica could provide a 70
km?®/year supply to Australia, which represents the national yearly water consumption.

3.6 Natural Routes of Icebergs

Icebergs often take quite eccentric paths, which can be two or three times the distance of
their straight line movement. In addition to the physical features of icebergs (shape, depth,
density) a number of other factors are responsible for the speed and direction of iceberg
drift. Among the most important of these factors are the variable pressure of seawater, the
intensity and orientation of ocean currents and surface winds, the orientation of the Coriolis

force at the sea surface, the viscosity of water, and their state (Chapman, n.d.).

A maritime current is characterised by horizontal motions of water at the ocean's surface.
Two forces driving ocean currents are the sun and the rotation of the Earth. According to
Bezryadina (2006*° p.1): “the Sun heats the atmosphere, creating winds which [are] moving
the sea surface through friction.” Its influence does not extend much below about 100 m in

depth. Bezryadina also explains that:

[tlhe Sunisto alter the density of the ocean surface water directly by changing its
temperature and/or its salinity. If water is cooled or becomes saltier through evaporation, it
becomes denser. This can result in the water column becoming unstable, setting up

density-dependent currents, also known as the thermohaline circulation.

Scientists can use the density structure of the ocean to calculate the pressure field and
gradients. The variability of the height of the sea surface changes according to pressure

levels. Surface ocean currents maps can be designed (Figure 3.25).

9 http://physics.ucsc.edu/~sriram/Classical_Mechanics class_presentations/abstracts of student se
minars CM210.pdf

Page 82



http://physics.ucsc.edu/~sriram/Classical_Mechanics_class_presentations/abstracts_of_student_seminars_CM210.pdf
http://physics.ucsc.edu/~sriram/Classical_Mechanics_class_presentations/abstracts_of_student_seminars_CM210.pdf

Chapter Properties of Icebergs

Figure 3.25 Global Surface Current System under Average Conditions for North Hemisphere Winter.
Red arrows represent warm currents and blue arrows cold currents (credit Chapman®,

n.d.n.p.)

Compared to surface flows subsurface currents or gyres are low speed currents (Chapman,
n.d.; Pidwirny, 2006). They are formed by the seawater density gradients. Five main gyres
exist (North Pacific, South Pacific, North Atlantic, South Atlantic and Indian Ocean). In

Antarctica, several currents influence the routes that icebergs take in the Southern Ocean.

Perhaps the most critical current to affect iceberg movement is the Antarctic Convergence
that links all the oceans of the world together in a clockwise flow around the South Pole
(Schmitz, 1996).

Westerly winds blow permanently in the Southern Ocean as there are no land masses; a
continuous circum-global current can form (Barker, 2007). The Antarctic Circumpolar Current
(ACC) flows eastward around the Antarctic through South Atlantic, Indian and Pacific
Oceans (Klinck and Nowlin, 2001). The ACC has depths from 2,000 m to 4,000 m and width
up to 2,000 km. The vertically integrated flow of the ACC consists of interactions between

the density fields and the bottom topography and is concentrated in the upper 1,000m of the

*www.waterencyclopedia.com/Mi.../Ocean-Currents.html
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ocean (Hibler and Zhang, 1994 and 1995). The region within which the ACC operates
experiences significant water mixing from several ocean basins. The ACC volume flux is 120
Sv (Whitworth, 1983; Peterson, 1988).It increases the transport south of Tasmania where
the ACC becomes one of the largest volume currents on the planet with a volume flux of 147
Sv (Knauss, 1996). According to Smith et al., (2001-2008 n.p.) the ACC limits change
because of:

[tlides (5-10 cm/s), mesoscale eddies (1 cm/s), near-inertial motion (10 cm/s), and large-
scale wind stress (25 cm/s) (Sarukhanyan, 1985) ... The ACC’s boundaries are generally
defined by zonal variations in specific water properties of the Southern Ocean (Gordon et
al., 1977).

Smith et al., (2001-2008) situate the Subtropical Convergence or Subtropical Front (STF),
north of the ACC (between 35° S and 45° S). Its average Sea Surface Temperature (SST)
decreases from 12°C to between 7 and 8°C. According to Smith et al., (2001-2008°" n.p.):
“[T]he eastward flow of the Subantarctic Front (SAF), found between 48° S and 58° S in the
Indian and Pacific Ocean and between 42° S and 48° S in the Atlantic Ocean, defines the

ACC's northern boundary”.

South of the STF and north of the SAF, the Subantarctic Zone (SAZ) has an average Sea
Surface Temperature (SST) of greater than 4°C. Further south, the SAF and the Polar Front
(PF) have an average SST of less than 2°C (Smith et al., 2001-2008). The bulk of the
transport is carried in these middle two fronts. The Antarctic Convergence is located around
200 km south of the Polar Front. According to Smith et al. (2001-2008% n.p.): “[l]n the
Antarctic Convergence, summer SST varies between 3°C to 5°C, while winter SST varies
between 1°C to 2°C” (Figure 3.26).

*Ihttp://oceancurrents.rsmas.miami.edu/southern/antarctic-cp.html
*2http://oceancurrents.rsmas.miami.edu/southern/antarctic-cp.html
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Figure 3.26 Antarctic Frontal Systems (credit Grobe, Alfred Wegener Institute, 2007°° n.p.)

Further south still is the southern boundary front. The westward flowing Antarctic Polar
Current is located pole ward of 65° S, between the southern front and the Antarctic continent
(Rintoul et al., 2001°%). The SST of this region is about -10°C in winter (Deacon, 1984).
According to Smith et al. (2001-2008% n.p.):

The southern boundary of the ACC is approximately at 65° S in most of the Indian and
Pacific Ocean, from 50° E to the dateline; moves northward to 60° S, east of the dateline
to 140° W; is near 70° S by 120° W and moves northward to 60° S, east of the Drake

Passage.

The surface current is powerful northward, and induced by westerlies.

>http://commons.wikimedia.org/wiki/File:Antarctic_frontal-system hg.png
*http://epic.awi.de/Publications/Rin8888b.pdf
*Shttp://oceancurrents.rsmas.miami.edu/southern/antarctic-cp.html
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According to Smith et al. (2001-2008%° n.p.):

[Strong pressure] gradients give rise to stronger flows, and the majority of the ACC
transport is associated with fronts within the current. Gille (1994) analysed GEOSAT
altimeter data and found two well-defined jets in the ACC, at the PF and the SAF, with

widths between 35 and 50 km and a dominant meander wavelength of 150 km.

At the southern boundary front, very dense abyssal waters up-well within a few hundred
meters of the surface in the Continental Zone (Klinck and Nowlin, 1986 in Smith et al., 2001-
2008). The southern limit of the ACC could be located further south. According to Orsi et al.
(1995) and Park (1997) the ACC limit could be assimilated with the Upper Circumpolar Deep
Water (T > 1.8°C).

According to Pidwirny (2006 n.p.) the deep currents are made from: “[C]old and dense
seawater which comes from the equator, travels eastward joining another deep current

created by evaporation occurring between Antarctica and the southern tip of South America”.

These deep currents do not directly affect iceberg routes. Figure 3.27 shows the different

currents involved in the Southern Ocean.

Figure 3.27 Patterns of Different Currents Involved in the Southern Ocean (credit Grobe, Alfred

Wegener Institute® 2000 n.p.)

*Shttp://oceancurrents.rsmas.miami.edu/southern/antarctic-cp.html
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Currents of the Southern Ocean have persistent spatial and seasonal patterns even though
these patterns can change subject to weather conditions, which are related to hydrological
and wind cycle variability. The ACC’s eastward flow is relatively slow in regions between the
fronts: less than 20 cm/s at the STF, 40 cm/s in the SAF and PF (Hoffmann, 1985) and 15
cm/s in the PFZ (Zambianchi et al., 1999). According to Smith et al. (2001-2008 n.p.):

[The ACC’s] eastward flow is driven by strong westerly winds (average wind speed
between 40° S and 60° S is 15 to 24 knots with strongest winds typically between 45° S
and 55° S).Surface winds blow towards areas of low pressure and upper level winds
would blow away from the corresponding area of high air pressure above.

A polar pressure cell is best developed over Antarctica because of a relatively uniform ice
covered continent. Mid latitude circulation is driven by interactions between polar and
subtropical air. Near the fronts, powerful eastward jets flow (Klinck and Nowlin, 2001).The
Coriolis force is created by the rotation of the Earth and the friction of the sea with the Earth
at the seafloor. The eastward linear velocity is strongest at the equator and smallest at the
poles. When it moves north water moves eastward to keep the same momentum according
to its mass and velocity. Consequently the Coriolis force increases while it moves from the
equator. The surface of the ocean has then a limit of horizontal pressure gradient. According

to Chapman®® (n.d. n.p.):

The combination of the Coriolis force and the horizontal pressure gradient produces a
current that flows at right angles to the pressure gradient; when the two forces are equal
the current is geostrophic. All major ocean current systems can essentially be considered

geostrophic.

The atmosphere has a complex impact on the calving, drifting, and climatic environment
within which icebergs are formed and degrade. The stress state of iceberg has been
discussed by Diemand (1986). The circumpolar tracking of icebergs provided indication of
the general drift directions of icebergs (Swithinbank et al., 1977; Budd, 1980; Stuart et al.,
2007; Scambos, 2008). Schodlok et al. (2005a and 2005b) also studied iceberg paths in
Antarctica. Fifty-nine icebergs were tagged with buoys in the Weddell Sea by AWI in 1996
(Schodlok, 2004; Schodlok et al., 2005a and 2005b). Figure 3.27 shows the drift path of the
tabular iceberg A-38 from the Ronne Ice Shelf to the Weddell Sea, the Scotia Sea and South

*"http://commons.wikimedia.org/wiki/File:Antarctic_bottom water hg.png
Bhttp://www.waterencyclopedia.com/Mi-Oc/Ocean-Currents.html
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Georgia, from October 1998 to March 2004 (Jansen, Sandhager and Rack, 2005; Jansen
Schodlock and Rack, 2007).
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Figure 3.28 Drift Path of the Tabular Iceberg A-38B (credit Jansen, 2008 QuikScat data from the
Antarctic Iceberg Data Base™ BYU p. 86)

The GPS position of the selected tagged icebergs was transmitted daily over a two year
research period. For buoy deployment, icebergs with edges smaller than 2 km long are
preferred, however, some larger icebergs (among them A-43B, 40 km by 7 km) were also
tagged. According to Schodlok et al. (2005% p.1) the iceberg: “A-43B was grounded
southwest of South Georgia for about a year, before it started to break up and move north
again in early 2004. Part of the iceberg, containing the buoy, broke off about half a year

earlier”.

The buoy survived the calving and continued to transmit for six more months. The majority of
icebergs buoy systems transmits between one and two years. The study drew several

conclusions, including:

*Sepic.awi.de/Publications/Jan2009d.pdf
http://folk.uib.no/ngfso/FRISP/Repl6/schodlok.pdf
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- the existence of a coastal current indicated the dependence of northward movement
towards the inner Weddell Sea. Icebergs size was small and varies with season;

- the Weddell Scotia Confluence featured different iceberg sea-ice behaviour, with large
icebergs moving north into the Scotia Sea, before being trapped in the Convergence front.
The eastward drift followed the Weddell Gyre toward the east (Thompson et al., 2009);

- the Eastern Weddell Gyre part indicated a recirculation around the continent.

Iceberg drift determines where fresh water from the Antarctic continent is supplied to the
world’s oceans. Iceberg drift speed is influenced by iceberg size and shape, ocean currents,
sea temperature, and the force of waves and winds. Icebergs drift more when the
atmospheric pressure is low and the currents are stronger. Once released, icebergs are
carried northward and westward with an average drift speed for tabular icebergs of 1 m/s, 3
km/day and up to 8 km/day in the easterly wind and currents around the continent
(Schodlock, 2005). Icebergs eventually reach the Convergence or the Polar Front of the

Antarctic Circumpolar where they drift and melt (Figure 3.29).

Figure 3.29 Iceberg Dispersion around Antarctica (see white spots) (credit adapted from Vendée
Globe sailing race map CLS®™ 2008 n.p.)

®http://www.solarnavigator.net/vendee globe yacht race 2008.htm
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Tabular icebergs tracked by satellites have shown maximum long-term drift rates of up to 4
m/s or 12 km/day (Marko et al., 1983). At the northern limit of the circumpolar waters,
icebergs meet warmer water and they rapidly melt. The furthest north an iceberg has been
sighted is at 26°30 S in the South Atlantic, almost in the tropics (Marko et al., 1983). This
gives indications about the potential sites where icebergs could be harvested for freshwater

utilisation.
3.7 Melting and Life Expectancy of Icebergs

In Antarctica, the temperature of icebergs is in the range of -15°C to -20°C. During the
melting process icebergs often calve and fracture; it creates ‘trails’ or ‘halos’ of growlers. The
action of sea waves icebergs is generally the main source of iceberg melting and means that
melt occur more often at the waterline. The main sources of decay of icebergs are the water
temperature and storms. Erosion is maximal when the iceberg is affected by both
mechanical erosion and thermal effects of air and water. Icebergs can melt into saddle, teeth
or bipeaked shapes because of unequal erosions between their axes. The parts most
affected by erosion rise which creates motion. During the melting process the iceberg shape

will be modified as seen in Figure 3.30.

Figure 3.30 Field Observation of Iceberg Deterioration (credit Veitch et al.®?, 2001 p. 1)

For each shape the iceberg will find a new physical stability condition passing through a
transitory equilibrium state. In warm waters, icebergs often become very unstable. The
indentation at the waterline stimulates calving of the suspended and underwater parts of

icebergs. However, melt and break-up rates vary with water state and temperature. Melting

®2ftp://ftp2.chc.nrc.ca/CRTreports/PERD/Deterioration_01.pdf
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conditions are accelerated or decelerated by daily and seasonal oceanographic and
atmospheric variations and also by the route followed by the iceberg (Jansen, 2009). Ocean
conditions usually have a strong impact on the melting process (Veitch and Daley, 2000).
The waterline is stressed by sea waves and by warm water currents and consequently
compression and dilatation of ice take place. When the air temperature is warmer than the
sea temperature (by more than 2°C) the emerged parts of the iceberg will melt faster
(Jansen, 2009). When the water temperature is warmer than the air temperatures (such as
in the case of the Gulf Stream’s ‘cold wall’), the melting rates are faster within the
submerged area. During the iceberg drift, the wind and the sea state (waves, sea ice) act as
driving forces (Smith and Donaldson, 1987; Smith, 1992 and 1993). These driving forces can
be implemented in a numerical model, and can be related to iceberg length reduction
(Gladstone et al., 2001; Schodlock, 2005%%). The influence of solar radiation (White et al.,
1980) on the melting of icebergs is neglected because it is very small, less than 0.2 MJ/m?
(Veitch et al., 2001).

Numerical and experimental physical models of iceberg deterioration have been proposed in
the last ten years (Martin et al., 1977; Veitch and Daley, 2000; Liang et al., 2001; Moores et
al.,, 2001). These models have successfully integrated a number of critical factors
responsible for iceberg deterioration, such as iceberg orientation, floatation, stability and
mass evolution due to continuous melting and morphological changes. The main focus was
put on studies related to wave accelerated melting which have a determinant influence on
calving fragmentation. At the waterline of an iceberg, wave erosion produces protruding

underwater rams and cantilevered shelves above water. Veitch et al. (2001% p. 4) noted:

The buoyancy forces on the former and the gravity forces on the latter frequently lead to
large scale fractures of the iceberg. Removal of mass by a fracture changes the stability
of the iceberg and exposes cold interior surfaces to warmer water, leading to further
stresses and fractures. The resulting fragmentation reduces the mass of an iceberg at a

much higher rate than wave erosion alone would achieve.

Figure 3.31 illustrates the fragmentation of an iceberg as recorded by a video compared with
the results from a corresponding simulation. The sequence of pictures in Figures 3.32 to
3.34 shows the wave erosion on an iceberg during 47 ¥ hours, from May 27 to May 29,

2001. The iceberg was observed in the village of Little Harbour - Canada.

®3http://folk.uib.no/ngfso/FRISP/Repl6/schodlok. pdf
®ftp://ftp2.chc.nrc.ca/CRTreports/PERD/Deterioration_01.pdf
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Figure 3.31 Fragmentation of an Iceberg (credit Veitch et al., 2001 p. 12)
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Figure 3.32 Outline Profile of the Iceberg Showing Wave Erosion (credit Veitch et al., 2001 p. 14) in

green the erosion compared to the original profile
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Figure 3.33 Wave Erosion on an Iceberg during 47 % hours, from May 27 to May 29, 2001. Little
Harbour, Canada. The Arrow Surface Indicates Waves Erosion (credit Veitch et al., 2001 p. 15)

Figure 3.34 The Surface Eventually Gets Eroded by Waves as Indicated by the Arrow
(credit Veitch et al., 2001 p. 15)
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The orientations changes of the iceberg, its profiles and waterlines are recorded and show
the eroded surface lines. According to Bruneau (2010%°) “a large berg may take 90 days to
fully deteriorate in water temperatures around 0°C, whereas the same berg may only last 11
days in 10°C water”. A 120 m long large iceberg (for Arctic icebergs) melted in 36 hours in
27°C water (Bruneau, 2002).

In the Antarctic, most tabular icebergs take several seasons to deteriorate, and some are
grounded for years in shallow bays. The average life of the other types of large icebergs is
around six years (Hellmer, 2004). Tabular icebergs from ice shelves are bigger and stronger
in the beginning, and therefore have a much longer life (up to 11 years) than smaller density
icebergs. Iceberg drift and decay depend on whether icebergs are driven completely,
partially or stay close to their original location (Schodlok et al., 2005b). Freshwater flux from
icebergs depends on iceberg decayed time. Net precipitation input can compensate icebergs
freshwater flux output (Schodlok et al., 2005b). These elements are important for the
understanding of the harvesting techniques of icebergs and the study of their potential

impacts.
3.8 Conclusion

In this chapter the properties of icebergs have been analysed. Specific characteristics of
icebergs, including their mechanical properties, underwater volume, dielectric and optical
properties provide important information which would be necessary to develop an iceberg
transportation system. For example, variables such as the suitable volumes of ice that could
be used, the types of icebergs which are the most stable, the time for icebergs harvesting,
the ideal locations to source icebergs, the techniques to operate icebergs, the environmental
properties which can be used and the environment characteristics which have to be
protected. In Antarctica, the annual precipitation would correspond to 5 mm of sea level rise.
This accumulation is compensated patrtially by ice discharge into floating ice shelves that
very often break up to form icebergs (Church et al., 2001°°). The size of the global iceberg
resource is estimated at 3,000 billion tonnes/year and is equivalent to more than half of the
world’s water consumption. In Antarctica, the harvestable tabular iceberg resource is about
200,000 icebergs/year. Using 1% of the resource would not overtake the regeneration of the

resource (up to 10 km®year, 0.03 km*/day). A theoretical global ice daily volume of up to 3

& http://www.icebergfinder.com/iceberg-quide/iceberg-

fag.aspx,http://www.caperace.com/stories/where-do-icebergs-really-come-from/
®®www.grida.no/climate/ipcc_tar/wgl/pdf/TAR-11.pdf
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km?® (up to 1,200 km®/year) would be available providing that environmental impacts of their

harvesting could be minor.
According to Church et al. (2001 p. 650):

Changes in ice discharge generally involve response times of the order of 10? to 10*
years, the time scales are determined by isostasy, the ratio of ice thickness to yearly
mass turnover process [up to 4,500 km3], affecting the velocity the physical and the

thermal processes at the sea bed.

Melting produces iceberg instability. During the melting process icebergs often calve and
fracture into many small pieces. The action of sea waves icebergs is generally the main
source of iceberg melting and means that melt occur more often at the waterline. Their
melting rates vary according to their environment. Antarctic tabular icebergs are the most
appropriate for a project of freshwater supply because of their properties. The temperatures
of tabular icebergs are between -15°C and -20°C. Between two to five years are needed for
total iceberg disintegration of a tabular iceberg. Therefore tabular icebergs, have the
required characteristics to be successfully selected for transportation. They have the most
reliable physical stability, which minimises risks associated with harvesting. They offer large
volumes and could therefore be considered as semi fossil water supply resources as the
ratio between the scale of the resource and the times of regeneration is small. Icebergs are
natural ice outputs into the sea. The natural routes of iceberg movement are favourable for a
maritime transportation system. Locations with a reasonable accessibility to tabular icebergs
could take advantage of the transportation of icebergs as a solution to local freshwater
shortages. This is a key point of the thesis. New operating techniques would still need to be
designed to stabilise icebergs for transportation purposes. And the environmental impacts of
their use would require a more detailed investigation on the characteristics of the

environments of iceberg which will be undertaken in the next chapter.
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Figure 4.0 Icebergs, Baffin Island (credit Walk, 1997; 2001" n.p.)

! http://commons.wikimedia.org/wiki/File:lceberg_10 2001 07 23.jpg,
http://commons.wikimedia.org/wiki/File:Ilceberg 7 2001 07 23.jpg?uselang=de
http://commons.wikimedia.org/wiki/File:Iceberg 8 2001 07 23.jpg
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In this chapter the climatic, ecological, geophysical and environmental characteristics of
icebergs and their impact on polar environments will be described. The lifecycle of icebergs
and their regional and local impacts will be analysed with comments on their effects on flora
and fauna. The optimal locations in the Antarctic Australian Territories (AAT) from which to
source icebergs for transportation and the quantities of ice that can be sustainably harvested
will also be examined. These characteristics will be used to elaborate assumptions to
support the design of a model, described in Chapter 7, to assess the feasibility of different
iceberg transportation techniques and facilitate an assessment of the impacts of iceberg
transportation on the atmosphere, the hydrosphere and the ecosphere in the current climate

context.
4.1 Antarctic Climate

For climate studies, information about atmospheric and geophysical parameters of the land
and ocean surface are provided by meteorological data delivered by the United States
NOAA - National Ocean and Atmospheric Administration - operational polar orbiting
satellites?. These meteorological satellites are in geostationary orbit and have been
operational for two decades (CGMS?). Susskind et al. (1997) described the characteristics of
the data set and the method of analysis. They refer to surface temperature (surface air and
Earth’s radiative ocean temperatures), precipitation and winds. To understand how
Antarctica responds to climate change and its consequences for iceberg production and
lifecycle, in this section | will describe the Antarctic climate with reference to the air and land
(air temperature, precipitation and winds) and to the ocean. Benthic temperatures will be

discussed because of the relationship between iceberg drift and currents.
4.1.1 Surface Air Temperatures

In Antarctica, temperature decreases with elevation, from the sea level to the high mountains

(4,000 m altitude). The ocean’s heat is conducted through the icepack. The centre of the

2 TIROS - Television Infrared Operational Satellite,

TOVS - Operational Vertical Sounder

MSU - Sounding Microwave Unit

® Coordination Group for Meteorological Satellites
http://www.wmo.int/pages/prog/sat/ CGMS/Directoryofapplications/en/cover.htm
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Antarctic continent is cold and dry. Heavy snowfalls are frequent on the coastal zone of the

continent.

Surface air temperatures (Figure 4.1) range between -80°C and -90°C inside the continent in

winter, to between 5°C and 15°C in the margin in summer (Antarctic Connection®).

Figure 4.1 Antarctic Surface Temperatures from Data between 1979 and 2001 in Winter (June, July,

August) and Summer Months (December, January, February) (credit Connoley®, n.p.)
High plateau temperature is colder than coastal zones because of its elevation and reduced
solar radiation (Vaughan et al., 1999). Around the coasts, katabatic winds can blow at high

forces, up to 20 m/s whereas in the centre of the continent, wind speeds are more moderate
from 5 to 10 m/s (Liu, 1997).

4.1.2 Precipitation

Figure 4.2 shows the average annual precipitation in Antarctica.

* http://www.antarcticconnection.com/antarctic/weather/index.shtml
® http://en.wikipedia.org/wiki/File:Antarctic_surface temperature.png
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Figure 4.2 Average Annual Precipitations (liquid equivalent, mm/year) in Antarctica
(credit Connolley®, 2009 n.p.)

This continent receives characteristically 166 mm/year. Precipitation ranges between 600
mm/year in the Antarctic Peninsula, and 50 mm/year, similar to a desert, in West Antarctica.
The air humidity is very low as a result of low temperatures. Little evaporation over
hundreds of thousands of years has generated an enormous ice sheet thickness. Along the
coast there is more precipitation than in the interior of the continent. Precipitation occurs in
the form of heavy snowfalls from cyclonic storms, which transport moisture from the ocean.

Snowfalls of up to 70 cm/day have been reported (King and Turner, 1997; Ward, 2001°).

4.1.3 Winds

Antarctica is characterised by very strong katabatic winds, which are produced by
differences in air mass density between the polar plateau and ocean and by air pressure and

temperature gradients, as can be seen from Figure 4.3.

® http://en.wikipedia.org/wiki/File:File-Dgv-surfbal-1.gif
"http://www.coolantarctica.com/Antarctica%20fact%20file/antarctica%20environment/whats%20it%20l
ike%20in%20Antarctica.htm
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Figure 4.3 The Formation of the Katabatic Wind in Antarctica (credit Grobe and Wagner® 2010 n.p.)

Parts of Antarctica are the windiest places on Earth, where average katabatic velocity is 160
km/hour. The highest katabatic speed, 327 km/h, was record in July 1972 at Dumont
d’Urville Station (Schneider, 2006°). The wind patterns are represented in Figure 4.4a. In the
Antarctic Divergence east winds are dominant. In the Convergence westerlies are dominant.

Both of these winds turn counter clockwise because of Earth rotation effects (Figure 4.4b).

a. b.

Figure 4.4 Winds Patterns in Antarctica a. and Antarctic Ocean Currents b. (credit *° 2010 n.p.)

8 http://onramp.nsdl.org/eserv/onramp:16016/web_katabatic winds.jpg

® http://antarctica.kulgun.net/Weather/
19 http://mww.shorstmeyer.com/msj/geo130/antarctica/winds_antarctic.jpg
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The winds have an important impact in the lifecycle of icebergs as was demonstrated by
studies undertaken by the University of Chicago. Over a period of eight years (2000-2008)
the Department of Geophysical Sciences carried out a research program to study five
icebergs (B15A, B15J, B15K, C16, C25) originally from the Drygalski Ice Tongue and one
new iceberg, from the Ross Ice Shelf (SCAR, 2008). Figure 4.5 shows the break up of the
iceberg B15A, the greatest-ever observed tabular iceberg, on 27 October, 2005. In October
2005 in this zone, the maximum wind speed was 72 km/h. During break up, wind velocity

was very low, less than 5 m/s (20 km/h).

Sensor site

27 Oct., 2005 . L 30 Oct., 2005

A M A
Z*Jh”\ Mﬁ ~Il L«\J\ |”, [H(J .u

drift velocity

Figure 4.5 Iceberg B 15A Break up on 27 October 2005; drifted until 30 October when, because of
winds and sea swell generated by a storm in Alaska 7 days earlier, broke into several parts 30
October 2005 (credit 2010** n.p.)

break -up ‘\f\\hl\ :’;“ -

M http://geosci.uchicago.edu/i/MosaicB.png
12 hitp://geosci.uchicago.edu/i/MosaicB.png
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4.1.4 Benthic Temperature

The benthic environment has a major influence on icebergs lifecycle and is characterised by
low stable temperatures. The benthic environment is influenced seabed temperatures of the
Southern Ocean. Clarke et al. (2009 p. 1'®) noted that: “as a result of flooding of the shelf by
Circumpolar Deep Water from the Antarctic Circumpolar Current” the western Antarctic
Peninsula shelf is significantly warmer than shelves around continental Antarctica (Figure
4.4b). The greatest seasonal variations in temperature are found in surface waters and
shallow sub littoral zones, particularly in the Weddell Sea, Ross Sea, and Prydz Bay where
the coldest shelf seabed temperatures have been observed, and are due to seasonal
convection and sea ice formation. Near the sea bed at 10 m depth, annual temperatures
range from -1.9°C to +0.4°C. Deep areas on the continental shelf at higher latitudes show
even smaller variations. Water temperatures are constantly around 3°C and 7°C in the
Antarctic Convergence Zone between 50° S - 60° S (Reddy, 2001). Water oxygen
saturation, salinity (34psu) and density (1,026 kg/m3) are generally stable in the Antarctic
Convergence Zone. In zones located near melting icebergs the salinity may be considerably

reduced.

Cold and dry climatic conditions in Antarctica and long seasons of continuous darkness and
sunlight create characteristic environments. Incident light levels vary with latitude and
season. There are seasonal and daily fluctuations in the availability of food and light intensity
(Park et al., 1999; Ferreyra et al., 2004'). Light penetration is affected by the thickness of
ice, the snow cover in winter and the turbidity of the water column in summer. Highest light
penetration occurs in spring between the break out of winter fast ice and the onset of the
phytoplankton bloom (Schwarz and Schodlok, 2008*°; Vernet et al., 2009).

Icebergs lifecycle have an impact on the local and regional ecosystem in Antarctica. Some
key aspects of flora and fauna in Antarctica, relevant for my project on icebergs

transportation, will now be discussed.

13 http://www.agu.org/pubs/covers/ASGM112095X.pdf

1 http:/Ivertigo.revues.org/3172

15 http://precedings.nature.com/documents/1706/version/L/files/npre20081706-1.pdf
®http://polarphytoplankton.ucsd.edu/docs/publications/papers/Vernet MS_%20Icebergs_Subm04271

0.pdf
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4.2 Ecosystems in Antarctica

The Southern Ocean, including the sea ice zone around Antarctica, supports a wide diversity
of life forms (Doran et al., 2002). Antarctica was separated from Australia in the Cretaceous
or early Cenozoic era, 40-65 million years ago. Antarctica is separated from the nearest
mass land by 900 km (Targett, 1981). Climatic and biotic factors determine the distribution of
plant and fauna life in Antarctica. According to the BAS (British Antarctic Institute, 2007

n.p.r):

The majority of the Antarctic continent is covered by permanent ice and snow, leaving
less than 1% available for colonisation by plants... Most of this ice and snow-free land is
found along the Antarctic Peninsula, its associated islands and in coastal regions around
the edge of the rest of the Antarctic continent ... Even in the most inhospitable ice-free

habitats, such as inland mountains and nunataks, life can still be found”.

Around 80% of life in the Antarctic occurs on the West Antarctic Peninsula (Diersen, 2002).
Ice movements and changes in sea ice extent are the most important elements for the plant
and fauna life in Antarctica. Considering that my thesis aims to evaluate the impact of
iceberg transportation on the living conditions of the ecosystems in the Antarctic, in the
Appendix 2 | will study Antarctica flora and fauna and the influence of the life cycle of

icebergs on the Antarctic ecosystem.
4.3 Lifecycle of Icebergs and the Antarctic Ecosystems

The lifecycle of an iceberg is composed of four phases. The iceberg is laid down as ice in a
glacier, is born or calved from the glacier, is drifted in ocean by maritime currents and is
melted in the sea water. Icebergs can disturb the ecosystem of the ocean and the margin of

the continent such as:

- the environment and the ecosystem of the ocean, because of drifting, melting, scouring the
ground, deposition of sediments (minerals ferruginous from original rock, recent volcanic
deposits), introduction of carbon and nutrients (as sponge spicules), disturbing the

transmitted day light, hiding light and cooling sea water, modifying the temperature and the

M http://mww.antarctica.ac.uk/about_antarctica/wildlife/plants/index.php
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salinity of sea water. Areas of the benthos disturbed in this way take years to re-establish.
Icebergs of all sizes can, therefore, disturb the benthic zone;

- the land and the margin of the continent, by mechanical effect during iceberg formation,
drifting and melting and the precipitation and temperature variation due to drifting and to

melting.

In the next sections | will examine the lifecycle of an iceberg in relation to the Antarctic

ecosystem. The focus will be on tabular icebergs which are of main interest for my thesis.
4.3.1 Icebergs as Ice

As we have seen previously, the dynamics of ice sheets is based on the displacement of
glaciers, which flow under gravitationally induced stresses. The weight of ice causes glaciers
to spread and thin as a function of surface and basal conditions, strain rate and applied
stress (Rood, 2007). The geophysical environment of glaciers is different in East Antarctica
from that of West Antarctica (Figure 4.6). The glacier flow rate in East Antarctica is about
0.25 km/year while in West Antarctica it is about 1 to 1.5 km/year (Bindschadler et al., 2003).

Figure 4.6 Glaciers Flow Rate in Antarctica (credit Bindschadler'®, 2010 n.p.)

18 http://mww.ipy.org/index.php?/ipy/detail/asaid

Page 104

104



http://www.ipy.org/index.php?/ipy/detail/asaid

Chapter & The Environments of Icebergs

Over recent decades, Antarctica, as well as Greenland and the North Pole region, have
experienced important transformation in response to climate change that can be estimated in
mass balance. Vaughan et al., (2003 p. 243) and IPCC (2007) reported that "large regional
atmospheric warming" and decreasing winter sea ice may cause increasing temperature.
According to Shepherd et al., (2004"°) basal melt rate occurs at a rate of about 10
m/year/degree Celsius in water temperature under an ice shelf. This could lead to ice shelf
thinning and structural instability. In the interior of the Antarctic continent a cooling in
temperature has been reported by Hansen (2007). The South Pole Region cools because of
increasing precipitation due to ocean temperature increasing, and also because of the
presence of the ozone hole (Thompson and Solomon, 2002). The western Antarctic coasts
have experienced one of the most rapid average temperature increases since 40 years.
Hansen (2007 p.3) noted that: “[T]he fact that West Antarctica is losing mass at a
significant rate suggests that the thinning ice shelves are already beginning to have an effect

on ice discharge rates”.
4.3.2 Icebergs Calving

Ice sheet disintegration could lead to the nonlinear growth of ice discharge from Antarctica.
Large icebergs have calved from Antarctic ice shelves more frequently in the three last
decades in the warming context of West Antarctica (Kenneally and Hughes, 2006). The
Antarctic Peninsula is one of the most interesting zones for climate change on the Earth. The
recent excessive calving events started in 1989 in the West side of the Antarctic Peninsula
(Doake and Vaughan, 1991) with disintegration of the Wordie Ice Shelf, followed by the
George VI Ice Shelf in 1995 and the Wilkins Ice Shelf in 1998 (Scambos et al., 2000%%). In
the east side of the Antarctic Peninsula, the Larsen Ice shelf started to disintegrate in 1995
(Rott et al., 1996). This disintegration phenomena started in the Ronne Ice Shelf in 1986
(Ferrigno and Gould, 1987) and have been propagated in the Filchner Ice Shelf in 2002. In
the Ross Ice Shelf, the recent calving of giant icebergs started in 1987 and culminated in the
calving of giant iceberg B15A on 27 October 2005 (Keys et al., 1998). Some of these

phenomenons have been predicted by MacAyeal et al. (2008%), for the Ronne Ice Shelf in

19 www.geo.utexas.edul.../Shepherd%20et%20al%20GRL %202004%20ASE. Pdf

20 http://iopscience.iop.org/1748-9326/2/2/024002/fulltext see also
http://www.wunderground.com/climate/Antarctica.asp,
http://www.ossfoundation.us/projects/environment/global-warming/sea-level-rise/slr-research-
summary-2008/2007 Hansen.pdf

2L http://www.wunderground.com/climate/Antarctica.asp

22 http://www.igsoc.org/journal/54/185/j07j053.pdf
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2002. Lazzara et al. (1999) predicted the disintegration of the Ross Ice Shelf in 2000 and
2002 and associated it with rapid retreat of ice shelf grounding lines (Scambos et al.,
2008%%). Figure 4.7 shows the iceberg B-15A break up off Cap Adare on 27 October 2005.
The stations deployed on icebergs have been equipped with seismometers, automatic
camera to observe the calving process and icebergs collision, GPS receivers and other
sensors which operated during several years transmitting information about the integrity and

behaviour of icebergs.

Figure 4.7 Location of Icebergs studied by the University of Chicago on 9 November 2004. The stars
correspond to the stations deployed on icebergs and equipped with seismometers, automatic camera
to observe the calving process and icebergs collision (credit MacAyeal et al.,** 2008 p. 372)

Figure 4.8 shows the radar image of B15A three days after iceberg break up.

2 http://www.igsoc.org/journal/54/187/j08j007.pdf, http://www.igsoc.org/journal/54/185/j07j053.pdf
%4 http://geosci.uchicago.edu/research/iceberg_drift research.shtml Figure 1
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Figure 4.8 Radar Image on 30 October 2005 of the Tabular Iceberg B 15A Break up on 270ctober
2005, Cape Adare (credit Envisat radar image 30 October 2005, ESA”, 2010 n.p.)

The iceberg B15A was 100 km long and 30 km large (300 km®) when surveyed in October
2005 by researchers from Madison University (MacAyeal et al., 2008). Large projects of
iceberg transportation aims in terms of sizes this range of size of icebergs (See Chapter 7).
The evolution of the firn temperature at ‘nascent Iceberg’ in anticipation of iceberg calving
and located on the Ross Ice Shelf between 2006-2008 is shown in Figure 4.9. The
temperature variation, transmitted by a thermistor deployed in the top 16 m of the firn layer

at nascent iceberg is between -25°C at 16 m depth and 0°C at the surface.

% European Space Agency ESA http://geosci.uchicago.edu/research/iceberg_drift_research.shtml,
http://www.esa.int/esaCP/SEMCYK638FE_index_0.html
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Figure 4.9 Temperatures in Firn between 2006-2008 in a Zone of Expected Nascent Iceberg
(credit®® 2010 n.p.)

According to Vaughan (2007% n.p.): “[Dluring the last half-century years the Antarctic

Peninsula has experienced dramatic warming at rates several times the global mean”.

The consequences of this warming are difficult to assess. Summer is particularly important
to Antarctic terrestrial ecosystems that are hanging at the interface of ice and water. The
climate warming and the potential collapse of the West Antarctic Ice Sheet have been
simulated by computer models (Comiso, 2003; Turner and Solomon, 2007). According to
such models, a collapse of the West Antarctica ice sheet is considered possible, if not highly
probable, over the next few centuries. This collapse is predicted to result in a potential global
sea level rise of about 5 m or more, if changes propagate into the east Antarctic ice sheet

(Bindschadler and Bentley, 1997; Bindschadler, 1998). The time scale for this phenomenon

. 2 4 . . .
is between 10 and 10 years (centuries or millennia).

The formation of glaciers which are the original source of tabular icebergs is a geological

process that can take millions of years. The formation of drifting tabular icebergs is a

26 http://geosci.uchicago.edu/research/iceberg_drift research.shtml
2" http://www.antarctica.ac.uk/bas-research/science/climate/antarctic-peninsula.php
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perennial phenomenon in Antarctica. The use of several tabular drifting icebergs as a fresh
water resource for Australia or for other countries would not have a significant impact on the
geological processes of iceberg formation, or on physical processes in Antarctica. The
number of icebergs taken from the system for this purpose would be very small. Indeed, the
harvesting of icebergs would even respect their natural logic as a perennial phenomenon -
they fall into the sea and they drift and melt away. If more icebergs are going to be released
as an effect of climate change, iceberg transportation would help to minimise the resulting
increase in global water levels (Bindschadler, 1998).

4.3.3 Icebergs Drifting and Melting

Antarctic tabular icebergs float with about 80% of their bulk submerged. Giant icebergs have
a different melting pattern than that of smaller icebergs, due to the mass of ice, size, and
relation between surface and volume. According to Silva et al. (2006 p.1) “an estimated
35% of giant icebergs' mass is exported north of 63° S versus 3% for smaller bergs,
although giant bergs spend more of the earlier part of their history nearer to the coast”.
Tabular icebergs have an important role in the freshwater budget of the ocean, on the
amount and distribution of free water. The contribution of giant icebergs to the Southern
Ocean freshwater flux was estimated by combining information from a database of iceberg
tracks (Hult and Ostrander, 1973) with a model of iceberg thermodynamics developed by
Silva et al. (2006). According to Silva et al. (2006% p.1), “[[]n the period 1979-2003 the mass
of “giant” icebergs (icebergs larger than 18.5 km in length) calving from Antarctica averaged
1089 + 300 Gt yr* of ice”.

This value given by the IPCC (2007) is half of the value of snow accumulation over the
continent (2,246 + 86 Gt yr''). The average melt water input can exceed the precipitation
minus evaporation ratio (P - E) in certain areas. In the warming area of the Antarctic
Peninsula, more and more icebergs are released with related large episodic carvings.
Changes in sea ice extent and ice movements would affect the extent of winter sea ice,
which over 1979-2003 has declined in area and duration in the West Antarctic Peninsula

where around 80% of life in the Antarctic occurs.

28 http://www.agu.org/pubs/crossref/2006/2004JC002843.shtml
29 http://www.agu.org/pubs/crossref/2006/2004JC002843.shtml
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Icebergs, in addition to being large floating ice volumes, contain scours, rock mass eroded
by the action of glaciers. Icebergs moving, breaking up and melting away from Antarctica
carry a large burden of rock. Ice rafted debris gouged from the underlying land surface is
dropped onto the sea floor and set down on the sea bed. Scours carried by icebergs and
deposited on the sea floor can exhibit a large range of sizes. Icebergs can transport 50
million t/year. In the Arctic, scours have been reported up to 1 km in length (Mertz, 2005;
Syuvitski et al., 2001). The ability of icebergs to transport sediments and scour the sea floor,
as well as the Heinrich Events (Heinrich, 1988) are processes which all have the ability to
affect the sedimentary record in polar seas (Whillans and Bindschadler, 1988). Heinrich
Events consists in a release (related to warming climatic conditions) of an exceptional
guantity of icebergs containing sediments of eroded minerals and leaving debris on the sea
floor as they melt. At areas adjacent to and beneath the foot of a glacier, sediments are
periodically disturbed by the calving of icebergs from the glacier and related scouring (Smale
et al., 2008). The icebergs melting in open seas have consequences on the nutrient
provisioning. Glacial deposits cease at about 60° S and are replaced by a 200 km zone of
yellow diatom ooze®. In a zone from the continent to the northern limit of the pack ice,
benthic sediments are nearly all ferruginous in origin. Small areas of diatom sponge spicules
or recent volcanic deposits are present within this ferruginous zone (Dayton et al., 1969).
According to Brown (2008 n.p.%'), “Many factors influence the probability of an iceberg
impacting on an area of seabed. These include depth, seabed topography, proximity to an
iceberg source, wind direction and tidal regimes”. According to McLamb (20083 n.p.):
“Antarctic icebergs can affect marine life as deep as 500 m”. In addition to the mechanical
effects of icebergs on the continental margins, they can also introduce nutrients or carbon to

their environment as can be seen from Figure 4.10

% Deep Sea Drilling Project Initial report vol 29, site 280, pages: 225 — 271 n.d.
www.deepseadrilling.org/29/volume/dsdp29 _07.pdf

31 hitp://www.sciencedaily.com/releases/2008/07/080717140451.htm

32 http://ecology.com/ecology-today/2008/12/03/antarctic-icebergs-affecting-marine-life-as-deep-as-
500-meters/
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Figure 4.10 Processes in the Marginal Ice Zone (MIZ) POC: Particular Organic Carbone, MSL: Mixed
Surface Layer, EuphZ: Euphotic Zone (1% of light); SIZ: Seasonal Ice Zone
(credit adapted from Ferreyra et al., 2004> p. 4)

In this figure three zones are illustrated: the seasonal ice zone, covered with seasonal ice,
the marginal ice zone and the open ocean. The distance between the ice cover zone and the
open ocean can be 200 km. In the ice covered zone, there is a very low production of algae
because only 1% of daylight can penetrate. In the MIZ a high production of phytoplankton
was observed because of the decreasing POC, the spatial and temporal variation of ice
cover and the increasing CO, supply. As expected, in the “open ocean” zone, low production

of algae was observed.

The availability of free water in sea ice affects the type and number of marine living
organisms found on the seabed and may cause changes in the distributions of key species
(Dayton et al., 1969).

3 yvertigo.revues.org/3172
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The cooling and nutritional effects of sea ice vary seasonally (Figure 4.11). In summer time
(June, July and August, in the Northern Hemisphere) the daylight penetrating into the sea
water, generates optimal life conditions for zooplankton and phytoplankton (Schwarz and
Schodlok, 2008%*; Vernet et al., 2009*).

Figure 4.11 Plankton and Seasons in the Northern Hemisphere

(credit Keck and Wassmann 1993, Strand, University of Tromsg®® 2008 n.p.)

As in the Northern Hemisphere, in the Southern Hemisphere there is a rich life of
zooplankton and phytoplankton under the sea ice, varying with the seasons. A specific
freshwater circulation system exists in icebergs which is ecologically important for benthic
nutrition. Icebergs shelter krill and indirectly some fish species. By modifying the
temperature, the salinity, and the day light transmitted into the sea ice and sea water,

icebergs drifting on the Southern Ocean have an important impact on living environments.

Figure 4.12 shows the maximal and minimal extension of ice and the Antarctic Zones
described as: SAF (Sub-Antarctic Front), APF (Antarctic Polar Front), PACZ (Polar Antarctic

Cold Zone), POOZ (Permanently Opened Ocean Zone). Icebergs harvesting would be most

3 http://precedings.nature.com/documents/1706/version/1/files/npre20081706-1.pdf
*http://polarphytoplankton.ucsd.edu/docs/publications/papers/Vernet MS %20lcebergs Subm04271

0.pdf
3 www.arcticsystem.no/.../primaryproducers.html
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appropriate in the outer limits of the Polar Antarctic in the limit of Polar Antarctic Cold Zone.
In this zone the impact on the local ecosystem would be minimal because of the absence of

sea ice and dependent organisms.

Figure 4.12 Antarctic Zones: SAF (Sub-Antarctic Front), APF (Antarctic Polar Front), PACZ (Polar
Antarctic Cold Zone), POOZ (Permanently Opened Ocean Zone) (credit adapted from Orsi et al.,
1995, NASA in Ferreyra et al., 2004%" p. 4)

4.4 Icebergs Impacts on Environments

In the proximity of icebergs the following effects are observed:

- decreasing sea and air temperature (Sachs, 2005);

- direct flora and fauna impacts: change of vegetation with temperatures cooling (Grimm et
al., 1993) or scouring;

- change in fauna with cooling temperatures (Grousett et al.,, 2000), flux in planktonic
isotopic make-up (due to changes in 5*°C, decreased 5'20);

- oceanic salinity decreasing due to the influx of fresh water;

- decreasing mammals abundance related to reduced salinity (Bond et al.,1992);

- deposition rates relative to background sedimentation (Heinrich, 1988);

37 vertigo.revues.org/3172
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- increased terrigenous runoff from the continents, and stronger winds (Porter and
Zhisheng, 1995);

- the spring depletion of ozone over Antarctica has been implicated in driving atmospheric
circulation change (Thompson and Solomon, 2002);

- changes in ocean current velocity (Roche et al., 2004);

- rising sea ice volume (Bar-Matthews et al., 1997).

The environmental impacts of icebergs can be local near the coasts, regional - for example

in the west Antarctic Peninsula, and in the ‘high seas’ - 200 km from the coasts. (Table 4.1)
Table 4.1 Summary of Iceberg Impacts in Antarctica

Icebergs impacts in Antarctica

Local scale Regional scale High sea

Scouring, cooling, ferruginous Wind direction, current regime, | Wind direction and current
Effects sediments, duration of winter sea cooling, ferruginous sediments, | regimes, ferruginous

ice and tidal regimes. duration of winter sea ice. sediments, melting pattern.

10 km range, deep as 500 m, ]
Range Ferruginous zone 60° S 200 km zone
nearer to the coast

About 65% of coastal fish species o
] ) 35% of giant icebergs melt
(Notothenioidei,Bathidraconidae,Channic | West Antarctic Peninsula where
Impact ] o o north of 63° S' and release
) hthyidea, Harpagiferidae) are confined | the majority of the Antarctic life )
Intensity o ) sediments 5 km away from
to Antarctic high latitudes. Smaller | occurs (80%). .
) icebergs.
bergs dominate.

. Some regions are more fragile. | In the open seas, the most
Ecosystems are fragile and ] ] o ]
. The ferruginous sediments of relevant potential impact is
Comment numerous. Iceberg scouring has ) ) i )
) icebergs are important determined by the icebergs
important effects. ) o i
resources. nutrient provisioning function.

The intensity of local, regional and high sea impacts is also related to climatic change in

Antarctica and will be discussed in the next section.

4.5 Icebergs and Climate Change in the 20th Century

The 20™ Century has been characterised by unprecedented climate change, which is often

synonymous with global warming. The United Nations Convention on Climate Change
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(1994 % n.p.), which is an international framework for governments to cooperate for
adaptation to the impacts of climate change, defines climate change as:

[a] change of climate which is attributed directly or indirectly to human activity that alters
the composition of the global atmosphere and which is in addition to natural climate

variability observed over comparable time periods.

The UN Convention on Climate Change entered into force on 21 March 1994,
Encyclopaedia Britannica noted that global warming expressed by the global average
surface temperature had resulted from the greenhouse effect and primarily from air pollution.
It was forecast that by 2100 global average surface temperature would increase by from
1.8°C to 4°C, depending on the greenhouse gas emission scenario, produced by human
activities such as industrial processes and transportation. In this case the term

anthropogenic climate change is used and refers according to Zaitseva (2009*° n.p.) to:

[a] significant change (such as a change having important economic, environmental and
social effects) in the mean values of a meteorological element (in particular temperature
or amount of precipitation) in the course of a certain period of time, where the means are

taken over periods of the order of a decade or longer.
In my thesis | will refer to this definition of climate change.

In a more general climatologic framework, climate change is a long-term evolution in the
statistical distribution of weather modes for set ranges of temporal and spatial scales
(decades, centuries, millions of years). Terrestrial climate change may result from changes
in solar activity, changes in the Earth’s orbital characteristics or natural internal processes of
the climate system. Furthermore, it is important to measure this change, determine the
consequences of the climate change, to predict the process of change and to provide

appropriate responses.

Glaciers are the most relevant indicators of climate change, being the most sensitive and
easy to survey by aerial photography and satellites (since the 1980s) with for example the
NASA Earth’s applied science program. Over recent decades, Antarctica and Greenland

have experienced climate changes that can be measured by changes in air temperature,

38 http://unfccc.int/essential _background/convention/background/items/2536.php
% http://nsidc.org/arcticmet/glossary/climate _change.html
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mass balances, sea ice extent, and ocean levels (Bromwich, 1988; Bamber and Payne,
2004; Overland et al., 2008).

According to Turner et al., (2005*), meteorological data published by Antarctic research
stations and data from different International Geophysical Years, (which started in 1958, the
last was in 2008) indicated that the western side of the Antarctic Peninsula has experienced

one of the largest measured annual near-surface warming in the world.

In my thesis | am particularly concerned to study climate change in Antarctica. It could have
a significant impact on the Antarctic ecosystem, sea ice and icebergs. The physical
parameters used to express the degree of climate change are: air, land and sea
temperatures, the mass balance of ice and changes in sea level. These parameters will be

discussed in the following sections.
4.5.1 Changes in Temperature

Changes in temperature in Antarctica, have been registered by different polar expeditions
and consistently, by Antarctic Stations and by satellites. The meteorological satellites in
geostationary orbit have been operational for two decades*'. The temperatures of land and
ocean surface are provided by meteorological data delivered by the United States NOAA -

operational polar orbiting satellites (WMO n.d. n.p.*).

In what follows | will discuss global temperature changes and temperatures changes in

Antarctica.

a. Global Temperature Changes

Over the last 40 years the average land, ocean surface and air temperatures have increased
significantly. From Figure 4.13 which shows the annual average temperatures since 1860 to

2005, a tendency of increasing temperatures is observed.

“9 http://www.scar.org/researchgroups/physicalscience/reader_turneretal.pdf

*1 CGMS - Coordination Group for Meteorological Satellites

DMSA - Directory of meteorological satellites applications

EUMETSAT - The European Organisation for meteorological satellites

*2 http://www.wmo.int/pages/prog/sat/CGMS/Directoryofapplications/en/cover.htm
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Figure 4.13 Record Global Average Temperatures (credit Brohan et al.,*® 2006 n.p.)

Figure 4.14 illustrates global land-ocean temperatures anomalies (°C) since 1880 to 2008.

2008 Global Temperature Posted January 21, 2009

2008 Surface Temperature Anomaly (C)

35 25 15 <1 06 02 02 06 1 15 25 15

0k Global Land-Ocean Temperature Anomaly (')

0 4: Annual Mean .
o S-year Mean 2008
+0.44
04— uncertainty
1880 1500 1920 1940 1960 1380 2000

sequired lanuary 1, 2008 - December 1, 2008

Figure 4.14 Global Land-Ocean Temperatures Anomalies (°C) since 1880 to 2008 (credit
Weather underground*, 2008 n.p.)

43 www.michaelmandeville.com/earthchanges/gallery/Climate/orbital _cycles.htm
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In 2008 the average increasing in global temperature anomalies was +0.44°C. In the
Antarctic Peninsula, surface temperatures anomalies were relatively high, namely +3.5°C.
When the temperatures anomalies on the Northern and Southern Hemispheres are
compared, it seems that the Southern Hemisphere has fewer anomalies as can be seen
from Figure 4.15 and Figure 4.16.

March Land & Ocean Surface Mean Temp Anomalies
NCDG!NESDISJNOA# {Smlth et al. i2008]]
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Figure 4.15 Temperatures Anomalies on Northern and Southern Hemispheres, compared with global
temperatures (credit NOAA Smith et al.,*® 2008 n.p.)

Mclintyre (2007) calculated temperature variations per decade (°C/decade) between 1985
and 2005 from the satellite data published by Spencer and Christy and concluded that in
North Pole zone there is a warming tendency of 0.497°C/decade (Figure 4.19).

* http://www.wunderground.com/hurricane/2009/2008.png
S http://global-warming.accuweather.com/marchanom-thumb.gif
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Figure 4.16 Satellite Temperatures for Ocean Latitudinal Bands from MSU (credit McIntyre*, 2006
n.p.)
In the South Pole region no significative temperature variation was observed (-
0.075°C/decade). To understand climate evolution in a broad perspective, Clark et al.,
(1999*") reviewed the deglaciation in the Northern Hemisphere and noted the millennial

climate changes as cited (p. 149) below:

Orbitally induced increase in northern summer insulation after growth of a large ice
sheet triggered deglaciation and associated global warming. Ice-albedo, sea level, and
greenhouse-gas feedbacks, together with tropical warming from weakening winds in
response to polar amplification of warming, caused regional-to-global synchronisation of
deglaciation. Effects were larger at orbital rather than millennial frequencies because ice
sheets and carbon dioxide vary slowly. Ice-sheet-linked changes in freshwater delivery
to the North Atlantic, and possibly free oscillations in the climate system, forced
millennial climate oscillations associated with changes in North Atlantic Deep Water
(NADW) flow. The North Atlantic typically operates in one of three modes: modern,

glacial, and Heinrich. Deglaciation occurred from a glacial-mode ocean that, in

“% http://vortex.nsstc.uah.edu/data/msu/t2It/uahncdc.lt
" http://earthscience.ucr.edu/gcec_pages/docs/geo224/Alley%20and%20Clark%201999-
AnnRevEPS-The%20Deglaciation%200f%20the%20Northern%20hemisphere.pdf
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comparison to modern, had shallower depth of penetration of NADW formed further
south, causing strong northern cooling and the widespread cold, dry, and windy
conditions associated with the glacial maximum and the cold phases of the millennial
Dansgaard-Oeschger oscillations. The glacial mode was punctuated by melt water-
forced Heinrich conditions that caused only small additional cooling at high northern
latitudes, but greatly reduced the formation of NADW and triggered an oceanic
“seesaw” that warmed some high-latitude southern regions centred in the South
Atlantic.

In a very large time context, it seems that the warming during the past century studied by
Labitzke and Shindell (2008) since 1895 probably have been overestimated. Scafetta and
West (2007) in their study on the temperature record since 1600 report the same tendency
to over-estimation. Data from the Global Ocean Surface Temperature Atlas reveals air
temperature has been warming by approximately 0.2°C/decade for the past 30 years. Data
collected by eight scientific organisations (among them CSIRO), since 1900 to 2000 and

global warming projections 2000-2010 are shown in Figure 4.19.

Global Warming Projections

—— CCSR/NIES

— CCCma
CSIRO
Hadley Centre
GFDL

—— MPIM

— NCAR PCM

— NCARCSM

Temperature Anomaly ("C)

g

1900 1950 2000 2050 2100
Figure 4.17 Global Warming Projections 2000-2100 (credit IPCC*, 2007 n.p.)

However, the extent to which this warming is related to natural exothermic sources is largely
unknown. Changes in solar radiation, in atmospheric transmission of solar radiation, in
global surface, pressure fields and in the solar magnetic field are the main factors affecting

global maritime temperature variations (Newell et al., 1989, Wu et al., 1990, McIntyre, 2007).

8 commons.wikimedia.org/wiki/File:Global Warming-Predictions.png
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Warming depends on changes in the southern annular mode (Marshall et al., 2004).
According to a UK report (ATCM 2008 XIII, p. 4*) “warming does appear to be correlated
with atmospheric circulation (van den Broeke and van Lipzig, 2003)”; D’Aleo et al., (2009%°)
has argued that the total solar effect may be responsible for a substantial part of the
warming since 1900. The prediction of global warming by modelling has been confirmed by
experimental observations. From this literature | have selected the following examples:

- global warming: models have been proposed by Arrhenius (1896), Callendar (1938),
Plass (1956), Sawyers (1972) and Broecker (1975). These models have been confirmed by
Crowley (2000), Philipona et al. (2004), Evans and Puckrin (2006), Lean and Rind (2008),
Mann et al. (2008);

- the Artic warms more than Antarctica and phenomena related to Antarctica: models have
been proposed by Arrhenius (1896) and Manabe and Stouffer (1980). These models have
been confirmed by: Fyfe et al. 1999, Doran et al. 2002, McKnight et al. 2002, Comisso
2003, Turner et al. 2007;

- tropical green house effect: a model has been proposed by Vonder Haar (1986). This
model had been confirmed by Lubin (1994) ;

- increased coastal up welling of ocean water: a model have been proposed by Bakun
(1990) and confirmed by Goes et al. (2005) and McGregor et al. (2007).

b. Temperature Change in Antarctica

To study temperature change in Antarctica, it is necessary first to study temperatures in the
Southern Ocean around this continent. In Antarctica the current trends are due to
temperature changes in the oceans, on land surfaces and in the air. The global ocean
temperature measured between the surface and 700 m depth has risen by 0.1°C in the last
70 years (IPCC, 2007). The same trend has been observed in the Southern Ocean, at 900 m
depth, from 1930 to 2000 which has on average experienced an increase in temperature of
around 0.01°C. From Figure 4.18 it can be seen that while some areas (zones in blue) have
experienced a decrease in temperature, other areas (zones in red, yellow and orange) have

experienced an increase in temperature with maximum 0.40°Clyear.

9 www.ats.ag/documents/ATCM31/ip/ATCM31 ip050 e.doc
*0 http://www.aai.ee/~olavi/ISPM-app2f.pdf,
http://icecap.us/images/uploads/US Temperatures and_Climate Factors since 1895.pdf
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Figure 4.18 Temperature Trends in Southern Ocean at 900 m Depth from 1930 to 2000 (credit
IPCC™, 2007 n.p.)

Unlike the continent’s interior, Antarctica’s coastal areas and western zone have undergone

significant rises in temperature over recent decades (Figure 4.19 and Figure 4.20).

Figure 4.19 Antarctic Yearly Surface Temperature Changes 1982/2004 (credit IPCC®?, 2007 p. 293)

*! icons-ecast.wxug.com/.../temperature-trends.qif/
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Figure 4.20 Approximate Boundaries of Antarctic Areas Warmed or Cooled over the past 35 years,
Deyo, University Corporation for Atmospheric Research UCAR (credit UCAR?, 2007 n.p.)

Mean annual temperatures in the Antarctic Peninsula have increased by up to 2.5°C since
the 1950s (Conway et al., 1999; Turner et al., 2006). Climate scientists, Vaughan et al.
(2003*%) and Fox and Cziferszky (2008) reported that this warming represents the most rapid

average annual surface temperature rise of anywhere on the planet (Figure 4.21).

Figure 4.21 Annual Surface Temperature Change between 1980-1999 and MMD-A1B Projections
2080-2099 for the Antarctic and the Arctic (credit IPCC®®, 2008 n.p.)

°2 http://www.ipcc.chlipccreports/ar4-wgl.htm |
http://www.wunderground.com/blog/JeffMasters/comment.html?entrynum=1178,
http://www.ipcc.ch/pdf/assessment-report/ar4/wqgl/ar4-wgl-chapter3.pdf

>3 www2.ucar.edu/news/941/climate-models-overheat-antarctica-new-study-find#mediaterms 2007
> http://www.wunderground.com/climate/Antarctica.asp

%5 www.arabic.wunderground.com/climate/Antarctic.asp
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Figures 4.22 and 4.23 show the temperature change in Antarctica over the past two decades.

Figure 4.22 Two Decades of Temperature Change in Antarctica (credit Simmon, based on data from
Comiso, GSFC 2007%° n.p.)

*% http://earthobservatory.nasa.gov/IOTD/view.php?id=8239
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Figure 4.23 Antarctic Temperature Trend 1982-2004 (credit Comiso, NASA-GSFC 2006°’ n.p.)

Turner (2006) based on meteorological data published by Antarctic research stations and
data from different International Geophysical Years (which started in 1958, the last was in
2008), indicated that: “the western side of the Antarctic Peninsula has experienced the

largest measured annual near-surface warming in the world”.

As an example, at the Ukrainian-run Faraday/Vernadsky Research Station located off the
west coast of the Antarctic Peninsula in the Wilhelm Archipelago, an average temperate

increase of about 0.55°C per decade has been recorded (Comiso, 2000).

However, few temperature changes occurred at the surface across the rest of the Antarctic
continent. Doran et al. (2002) reported a slight cooling in recent decades which contradicts

the increase of 0.11°C per decade of near-surface temperatures across the Earth since the

> http://earthobservatory.nasa.gov/IOTD/view.php?id=6502
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1950s (Turner et al., 2006). However, in recent projections for 2080-2099, the IPCC expects
temperatures to rise (IPCC, 2007; see also Figure 4.21).

The Antarctic Peninsula differs from other regions in Antarctica by having a summer melting
season. The number of days per year during which the melting of ice occurred in the last
decade increased by 74% in the Antarctic Peninsula (Scambos et al., 2003). The warming
experienced by the Antarctic Peninsula is supposed to be a regional manifestation of the
greenhouse effect (Lubin, 1994). The Antarctic Peninsula is an area of rapid climate change
and has warmed faster than anywhere else in the Southern Hemisphere over the past half
century (Fyfe et al., 1999; Turner, 2007). Climate records from the west coast of the
Antarctic Peninsula show that air temperatures in this region have risen by nearly 3°C during
the last 50 years (BAS, 2007). The West Antarctic Ice Sheets temperature fluctuates in
response to changes in ocean temperature, which underlies most of the ice sheet in this
region (Scambos et al., 2003%).

Contemporary scientific understandings of the consequences of the Antarctic Peninsula

warming are contradictory and hence difficult to assess.
According to the UK information paper of ATCM XIII (2007 p. 4):

Notwithstanding the uncertainty of whether climate warming will continue, it is reasonable
to suppose that continued warming over the summer would cause substantial regional
impacts such as the retreat of coastal ice and the loss of snow cover [which could provide

new habitats for expanding flora and faunal].

Two decades of marine ecosystem monitoring the Peninsula have revealed transformation
at various trophic levels (McKnight et al., 2002). A reduction in sea ice affects the entire
Antarctic ecosystem. In particular according to the UK information paper of ATCM XIlI (p. 4)
Atkinson et al. (2004) reported that: “the balance between krill and salps, the main grazers of
phytoplankton. The loss of krill has impacts on higher predators like albatrosses, seals,

whales and penguins”.

Walsh et al. (2001) have researched the impact of carbon dynamics on the Southern Ocean
phytoplankton community. They found that the role of light and grazing is demonstrated in

affecting both sequestration of atmospheric CO, and food availability to larval krill (Pollard et

%8 http://web.pdx.edu/~chulbe/sciencel/reprints/ScambosHulbeFahne ARS03.pdf
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al., 2009*°). Phytoplankton converts CO, to organic carbon. The conversion requires
nutrients such as nitrogen, phosphorus, silicon and iron (Geibert et al., 2010%). CO, is

remineralised in Deep Ocean. 38 x 10*® g of carbon is stored in deep oceans. Phytoplankton
bloom acts as a biological pump for the sequestration of atmospheric CO,, (Figure 4.24).

Figure 4.24 Solubility and Biological Pumps (credit Convention on Biological Diversity 2009, p.14
Figure modified from a graphic by Z. Johnson. credit Strong, Cullen and Chisholm, 2009, pp. 236-
261°Y)

Increased temperatures in West Antarctica (Vaughan et al., 2003) are likely to have resulted
from large regional atmospheric warming as well as diminishing winter sea ice. Shepherd et
al. (2004%%) estimate that a 1°C increase in water temperature under an ice shelf increases
the basal melt rate by about 10 m/year and could lead to ice shelf thinning and structural

instability. Hansen (20072 n.p.) has suggested that: “increased rates of summer surface

%9 http://140.115.35.249/h/PGGM-new/latest_news/nature07716.pdf

€0 http://www.geos.ed.ac.uk/homes/wgeibert/ GBC_Geibert2010 ForWebPage.pdf

®1 http://www.cbd.int/doc/publications/cbd-ts-45-en.pdf
®2www.geo.utexas.edu/edu/courses/387H/PAPERS/Sheperd/Shepherd%20et%20al%20GRL%20200
4%20ASE.pdf

% http://www.ossfoundation.us/projects/environment/global-warming/sea-level-rise/slr-research-
summary-2008/2007_Hansen.pdf see also Shepherd and Wingham (2007)
http://www.sciencemag.org/content/315/5818/1529.abstract
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melt in West Antarctica raises the danger that feedbacks among these climatic processes

could lead to the nonlinear growth of ice discharge from the Antarctic”.

The amount of ice melted in Antarctica during summer months has increased by 75% over
the past 10 years. According to Alley et al. (2001 p. 3%): “[Clomplex interactions of the
ocean with atmosphere, sea ice, ice shelves and the grounded ice sheet centred on West
Antarctic continental shelves provide one of the two major sources of cold bottom water in

the world’s oceans”.

This deep water link helps drive the global circulation of the oceans which, in turn, plays a
major role in the world’s climate system (Broeckern, 1994; Wong et al., 1990). According to
Hansen (2007 n.p.%): “[W]arming of the ocean surface around Antarctica (Hansen et al.,
2006a) is small compared with the rest of world, consistent with climate model simulations

(IPCC, 2007), but that limited warming is expected to increase”.
4.5.2 Changes in Mass Balance in Antarctica

Recent events in the Antarctic Peninsula suggest that ice shelves are vulnerable to climatic
change (Rott et al., 1996; Vaughan and Doake, 1996), because of several factors, including
snow accumulation, loss of glacier ice mass, shrinkage of underlying rock and reductions in

the extent of the ice shelves.

El Nifio has strongly modulated snow accumulation in a sector of West Antarctica (120° W -
180° W, 75° S - 90° S) for the period 1980-1998 (Bromwich and Rogers, 1999). Research by
Bromwich and Rogers (1999) has established that a strong correlation exists between the
net flux of water on the Earth’s surface and the Southern Oscillation Index. Ice shelves
masses related to west Antarctic glaciers is decreasing by 95 Gt/year. Ice shelves masses

related to east Antarctic glaciers are increasing by about 143 Gt/year (Bindschadler, 1998°%).

®http://books.google.com.au/books?id=NnMkzzi2UmUC&printsec=frontcover&dg=The+west+Antarcti
ctice+sheet:+behavior+and+environment&source=bl&ots=YhYOEJVKAF&sig=8YxjNh3P8WcKEX44i-
RIGSogUrc&hl=en&ei=280KTaialMf4rQeU6KTiCw&sa=X&oi=book _result&ct=result&resnum=3&ved=
0CCwQ6AEWAg#v=0nepage&q&f=false

% http://www.ossfoundation.us/projects/environment/global-warming/sea-level-rise/slr-research-
summary-2008/2007 Hansen.pdf

% http://www.geo.utexas.edu/courses/387h/Lectures/Bindschadler 06.pdf,
http://www.grida.no/climate/ipcc _tar/wgl/pdf/TAR-11.pdf,
www.asoc.org/LinkClick.aspx?fileticket=v0ty 7MxetG4%3D&tabid=36,

http://www.ipcc.ch/publications _and data/ar4/wgl/en/ch4s4-6-2-2.html
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According to Bindschadler (1998), the rates of mass loss can be related to the potential for
ice shelf instability. The West Antarctic Ice Sheet is a marine-based ice sheet; its edges lying
below sea level flow into floating ice shelves. As explained by Anderson (1999) and
Burroughs (2008° p. 2) the mass of the ice sheet has caused the underlying rock to shrink
by between 0.5 and 1 km through a process known as by isostatic depression. Accelerated
flow rates of West Antarctic glaciers seem mainly due to the decrease in ice shelves extent.

Collapsing of the West Antarctica ice shelves is caused by several factors such as basal
lubrification and grounded ice thins, that will be discussed further. Bindschadler and Bentley
(1997) note that for relatively thin ice with low surface slopes, as found in the West Antarctic
ice sheets, the enhanced basal lubrification may be the most likely mechanism for enhancing
ice discharge. When grounded ice thins, it drives the grounding line further inland. This

positive feedback loop could cause complete ice sheet collapse (Weertman, 1974).

For basal lubrification, several hypotheses have been advanced. In the case of stabilising
responses, ice stream is widening and the speed increasing. According to Alley et al. (2001
p. 7): “if the bed has numerous sticky spots or is a till whose strength permits only a slow
increase of strain rate with increasing stress ... extra stress from ice stream widening may be

transmitted to the ice stream bed”.

If the ice begins to thin, colder ice will move nearer to the bed, which may begin to freeze,
generating more sticky spots and producing stabilisation (Payne 1995; Engelhardt and
Kamb, 1998, Anandakrishan et al., 1999). On the other hand, Houghton et al., (1996 and
2001) suggest that enhanced velocity may trigger a string of positive feedbacks in which
increased motion creates increased friction, generating more basal water, enhancing
lubrification and increasing the motion of the ice sheet. Models developed to understand
these complex dynamics commonly involve sophisticated solutions of heat and mass
balance, often involving ice shelf physics needed to set parameters for surface mass

balance ice shelf physics and parameterise surface mass balance.

Research conducted in the late 1980s suggested that the head region of Ice Stream B was

thinning as the ice stream extended into inland ice (Shabtaie and Bentley, 1987; Shabtaie et

®7 ftp://140.208.31.106/pub/cml/ThesisNLB.pdf
®8http://books.google.com.au/books?id=NnMkzzi2UmUC&printsec=frontcover&dg=The+west+Antarcti
c+ice+sheet:+behavior+and+environment&source=bl&ots=YhYOEJVKAF&sig=8YxjNh3P8WCcKE X44i-
RIGSogUrc&hl=en&ei=280KTaialMf4rQeU6KTiCw&sa=X&0oi=book_result&ct=result&resnum=3&ved=
0CCwOQB6AEWAg#v=0nepage&g&f=false
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al., 1988). According to the UNEP (2007), the Larsen B Ice Shelf sector average rate of
melting more than doubled between 2004-2005 and 2005-2006. Scambos et al. (2003%)
noted that in 2002, thinning of about 1 m/year of the ice shelf preceded the fragmentation of
3,300 km? of the Larsen B Ice Shelf in the West Antarctic Peninsula. Under specific
conditions, shelves internal instabilities can amplify the ice thinning phenomenon as is the
case for the thinning of ice stream B (Alley et al., 1994; Payne, 1995; Payne et al., 1997;
Anandakrishan et al., 2003). If the ice shelf collapses, it cannot regulate the flow from the
glaciers to the sea and the glaciers flowing into the ice shelf start moving with a higher
speed. This was the case in 2002 after the break-up of the Larsen B ice shelf, when the
speed of ice shelf movement became eight times greater than the speed which had been
recorded prior to the fragmentation. The glacier surged ice was supported by the parts of the
ice shelf undergoing widespread glacial retreat (Rignot et al., 2004; 2005 and 2008 "°;
Scambos et al., 2004™; Cook et al., 2005).

According to Stammerjohn et al. (2008), in 2004 in the Antarctic Peninsula, the sea ice
retreated 31 days earlier and advanced 54 days later than in 1979. The ice season extended
by 85 days. Moreover, in the western Ross Sea region, the sea ice retreat occurred 29 days
later and advanced 31 days earlier than in 1979; the ice season was extended by 60 days.
Rood and Martens (2008) argued that the atmospheric conditions have a more visible
influence on the sea ice advance than on the sea ice retreat, probably attributable to the

circulation patterns, by free expansion to the Southern Ocean.

If this trend is confirmed in the Antarctic Peninsula, then the thinning of the West Antarctic
ice sheet will probably continue, exacerbating sea level rise (Stammerjohn et al., 2008).
Furthermore, it is not clear that the bed of ice sheet B is presently warming over wide
regions. Extreme contrasts and feedbacks play an important and complex role in the
dynamics of the West Antarctic ice sheet; the collapse may be favoured by several factors
and one of the most important could be internal ice sheet instability. According to NSICD
(20047 and Scambos et al. (2004 n.p.”®) several ice shelves have collapsed since the
1980s, namely, Prince Gustav Channel, Larsen Inlet, Larsen A, Larsen B, Wordie, Muller

and Jones.

%http://web.pdx.edu/~chulbe/science/reprints/ScambosHulbeFahne ARSO03.pdf

0 http://www.nasa.gov/pdf/121652main_RignotetalGRLPeninsulaAccel.pdf, http://trs-
new.jpl.nasa.gov/dspace/bitstream/2014/40866/1/05-0586.pdf,
http://www.phys.uu.nl/~broeke/home_files/MB pubs pdf/2008 Rignot_ NatGeo.pdf
" www.vliz.be/imisdocs/publications/140205.pdf

"2 http://nsidc.org/news/press/20080325 Wilkins.html

3 www.vliz.be/imisdocs/publications/140205.pdf
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The Wilkins ice shelf had already lost 6% of its surface compared to a decade ago
(Scambos, 2006). Recently a 570 km? ice island collapsed from the Wilkins ice shelf (Figure
4.25).

Figure 4.25 Wilkins 40 km Long Strip of Floating Ice Bridge Snaps (credit ESA™ 2008 n.p.)

Anandakrishan and Alley (1997) studied the semidiurnal tidal cycles and noted that
increased backpressure from the ocean slows the forward motion of grounded ice. Data from
satellite measurements suggests that the stress state at the grounding zone would be more
expanded if the Ross Ice Shelf were to be instantaneously removed (Jezek et al., 1985;
MacAyeal et al., 1987). This suggests that the West Antarctic Ice Sheet will remain stable as

long as the Ross Ice Shelf stays stable and is reinforced by local grounding.

Indeed, West Antarctica has proven to be one of the most complex and interesting regions
on the globe for the dynamics of the ice sheet (Oppenheimer, 1998). Retreat of the West
Antarctic ice sheet has been occurring since the 1950s and studied by Cook et al. (2005).
Recent observations by the BAS have cast doubts on the stability of the West Antarctic Ice
Sheet (Tirpak et al., 2005). The collapse of the West Antarctic Ice Sheet can be studied, as a
model for the scientifically understanding of the phenomenon, despite a low probability of

occurring during the next century (Vaughan and Sponge, 2002).

Regions adjacent to West Antarctica have differences in ice flow rates, despite similar

gravitational driving stresses (Diersen et al., 2002). Decadal regional changes observed

" www.eitb.com/.../89802/89802 antartida_mini.jpg
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between 1900 and 2008 in both Arctic and Antarctic sea ice extents are shown in Figure
4.26.

Figure 4.26 Regional Changes in Arctic and Antarctic Sea Ice Extents 1900 - 2008
(credit Ahlenius, UNEP/GRID-Arendal”, 2007 n.p.)

However, many of these changes average out over larger areas. According to Allison et al.
(2003 n.p.”®) “[S]ea ice losses in West Antarctica over the past 30 years have been more

than offset by increases in the Ross Sea region”.

According to (Wingham et al.,, 2006 p.1627) “[M]ass gains from accumulating snow,
particularly on the Antarctic Peninsula and within East Antarctica exceed the ice dynamic
mass loss from West Antarctica”. The West Antarctic ice sheet exhibits a more complex
pattern of flow than its larger colder and slower neighbour, the East Antarctic ice sheet. The
thinning of ice stream B is nearly balanced by the thickening of ice stream C (Shabtaie et al.,
1988). In the coastal region, ice flow in the lower reaches of ice stream C stopped just over a

century ago (Retzlaff and Bentley, 1993) but inland tributaries feeding the ice stream C

> http://polynya.gsfc.nasa.gov/seaice projects.html
% http://www.news.com.au/antarctic-ice-is-growing-not-melting-away/story-0-1225700043191,
ftp://ftp.soc.soton.ac.uk/pub/woceipo/SO/allison.pdf
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remain active (Anandakrishan and Alley, 1997) forming an enlarging ice protuberance
(Joughin et al., 1999). The differences in regional mass balance trends can be explained by
the increasing snow accumulation in eastern Antarctica, or by the dynamics of ice and
glaciers in West Antarctica (Davis et al., 2005). The central East Antarctic Sheet is dry and
cold. The main part of the sheet is stable and is not expected to melt considerably (Figure
4.27).

dSAdt {em yr')

<=50 -25 4] 25 =50
EEE T v

Figure 4.27 Changes in Mass Balance over the Antarctic Ice Sheet 1992-2003. Ice shelves are shown
by red triangles and purple triangles (thickening thinning > 30 cm/year)
(credit Davis et al.,”’ 2005b p. 365, Steffen et al., 2008 p. 49°%)

Figure 4.28 shows the thickening of the East Antarctic Ice Sheet while the West Antarctic Ice

Sheet is thinning.

" www.ipcc.chl.../ardiwgl/enffigifigure-4-19.jpeg www.ipcc.ch/.../ard/wgl/en/ch4s4-6-2-2.html,
http://www.ipcc.ch/pdf/assessment-report/ar4/wqgl/ar4-wgl-chapter4.pdf
8 http://downloads.climatescience.gov/sap/sap3-4/sap3-4-final-report-ch2.pdf
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Figure 4.28 Recent Changes of the Antarctic Ice Sheet (credit Ohmura and Greve’®, 2008 p. 6)

Measurements of snowfall variability indicates that the best estimates of the overall mass
trend is 27 + 29 Gt/year, which would represent a large enough reduction in ocean mass of
ocean mass to decrease global sea levels by 0.08 mm/year (Wingham et al., 2006). This
range is negligible regarding the general sea-level rise scale. Wingham et al. (2006%° p.
1634) noted:

What is clear from the data is that fluctuations in some coastal regions reflect long-term
losses of ice mass, whereas fluctuations elsewhere appear to be short term changes in
snowfall. While the latter are bound to fluctuate about the long term mean accumulation
rate, the former are not, and so the contribution of retreating glaciers will govern the 21

century mass balance of the Antarctic ice sheet.

NASA reported that in Antarctica a very slight increase (+1.2% per decade) was observed in
the extent of annual mean sea ice over the period 1979 to 2005. However, the IPCC (2007)
concluded that this increase of ice sheet mass was not significant and that there were no
consistent trends either during periods of observation or between satellite observation
locations. As noted by Huybrechts (2003) different types of numerical models have been
applied to investigate the Antarctic ice sheet and to predict its current and future behaviour
(Hulbe and Payne, 2001). There are indications that sea ice may be increasing more at the

period of minimum coverage (March) than at the period of maximum sea ice extent in

9 http://eprints.lib.hokudai.ac.jp/dspace/bitstream/2115/34393/6/Greve.pdf
8 http://rsta.royalsocietypublishing.org/content/364/1844/1627 full.pdf+html see also
http://www.cpom.org/research/djw-ptrsa364.pdf
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September (IPCC, 2007%). For example, regional variations include an increase in the Ross
Sea (+4.8% per decade) and a loss in the Bellingshausen Sea (-5.3% per decade).
Wingham et al. (1998% p. 457) noted:

The average elevation of the Antarctic Ice Sheet interior fell by 0.9 0.5 cm/year from
1992 to 1994. If the variability of snowfall observed in Antarctic ice cores is allowed for,
the mass imbalance of the interior, this century, is only -0.06 +0.08 of the mean mass

accumulation rate.

The IPCC (2007) reported that during the years 1993 to 2003 the overall Antarctic Ice Sheet
mass balance ranged from a growth of 50 Gt/year to shrinkages of 200 Gt/year. More
specifically, since the 1990s, SAR techniques were used to study the AIS (Jacobs et al.,
1992; Jezek, 1999). RADARSAT and Multiangle Imaging SpectroRadiometer (MISR) were
used to demonstrate that the iceberg-calving cycle on the AIS is sensitive to seasonal
changes in austral summer (December to March®®) (Young & Hyland, 2002; Fricker et al.
2002, 2005). Ice, Cloud, and land Elevation Satellite (ICESat) was used to analyse the rift
widening process with ice fragments, sea ice and wind-blown snow (Fricker, 2005).
Temperatures were also analysed through the AMISOR project (Allison, 2001; Church et al.,
2002%%). Ocean—-atmospheric general circulation models simulating a warming of 3°C in the
AIS region show that horizontal circulation of currents direction would change and that the
melt rates from the base would increase substantially (Williams, Warner and Budd, 2002).
The study found estimated that net mass loss of 14.2 Gt yr', would increase by
approximately 28.4 Gt yr'*°C™* suggesting that the mass loss rate is highly dependent of ice

shelves ocean temperatures.
45.3 Sea Level Rise

Data compiled and aggregated by the IPCC on global sea level rise from 1880 to 2007 are
presented in Figure 4.29. In 2000 a general tendency of sea level increasing (20 cm) has

been observed compared to 1900.

8 hitp://mww.ipcc.ch/pdf/assessment-report/ar4/wgl/ard-wgl-chapterd.pdf

82 http://www.sciencemag.org/content/282/5388/456.abstract

8 http://www.sciencedaily.com/releases/2005/06/050614002105.htm

8 http://www.antarctica.gov.au/ data/assets/pdf file/0009/21222/27 28 aam.pdf
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Figure 4.29 Global Sea Level Rise since 1880 to 2007 (credit IPCC®®, 2008 n.p.)

Sea levels change with time and space elements according to ocean mass depending on the
temperatures of the ocean and related expansion and contraction processes (White, 2008).
Sea level does not change uniformly. There can be large ocean regions with a decreasing
sea level even when the overall global mean sea level is increasing. There are many
processes that drive these changes. One of them is the exchange with ocean water of the
water stored on land by glaciers and ice sheets. Ice shelves melting and mass loss does not
affect sea levels because ice shelves are already floating. Indirectly the sea level is affected
by the impact of ice shelves on the stream of glaciers. The ocean hydrostatic force affects
the margins of the ice shelves by decreasing the ice shelves discharges (Dierssen, 2002).
Sea level projections closer to and beyond 2100 are dependent on potential impacts of
future greenhouse gas emissions, with both ocean thermal expansion and the ice sheets
potentially melting. In addition, dynamic responses of the Greenland and West Antarctic Ice
Sheets could lead to a more rapid rate of sea level rise than that from surface melting alone
(Dieckmann and Hellmer, 2003). Present day contributions from Greenland come from both
surface melting and iceberg calving, while for the Antarctic, they come more from iceberg
calving. Computer model simulations of the potential collapse of the West Antarctic Ice
Sheet have been conducted by Bindschadler and Bentley (1997), Bindschadler (1998),
Bliesner et al. (2006) and Vaughan (2006%). Nasa (2006% n.p.) explained that Zwally et al.

8 http://en.wikipedia.org/wiki/Current_sea level rise
8 http://www.jstor.org/pss/4095837
87 http://www.nasa.gov/vision/earth/environment/ice _sheets.html
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(2005) reported that satellite surveys and mapping confirm that: “there was a net loss of ice
from the combined polar ice sheets between 1992 and 2002 and a corresponding rise in sea
level”. A collapse of the West Antarctic ice sheet is considered possible, if not highly likely,
over the next few centuries, with a potential to raise global sea levels by approximately 5 m
(Bindschadler, 1998). Still larger sea level rises are possible, if changes propagate into the
East Antarctic ice sheet (Zwally et al., 2005%). Simulation of the sea level increases in case
of a total melting of the Antarctic and Greenland Ice Sheets is shown in Figure 4.30.

Figure 4.30 Simulation of the Behaviour of Antarctic and Greenland Ice Sheets (credit Ohmura and
Greve®, 2008 p. 3)

Oceanographic and meteorological impacts of vertical land movement increase the
uncertainty about what might happen to relative sea levels at regional scales in the future
(ASOC, 2010). The maximal average increase of the sea level on Earth is expected to be
between 18 cm up to 1 m by the end of the 21* century (IPCC 2007, Australian Climate
Institute ACI, 2007).

4.6 Discussion

This chapter had presented an assessment of the iceberg environment according to
geophysical, ecological and climatic conditions and within a context related to climate

change and global warming. Icebergs have important ecological roles. Icebergs have

8 http://www.ingentaconnect.com/content/igsoc/jog/2005/00000051/00000175/art00001
8 http://eprints.lib.hokudai.ac.jp/dspace/bitstream/2115/34393/6/Greve.pdf
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impacts in Polar Regions and interact with the polar ecosystems as well as with climatic
systems such as currents and winds. Icebergs are a perennial and natural source of
disturbance of coastal ecosystems and a source of mineral and organic matter deposits

when calving.

Large icebergs have been calved from Antarctic ice shelves more frequently in the three last
decades in the warming context of West Antarctica (Kenneally and Hughes, 2006). Climate
change affects the Antarctic Peninsula. Large calving events started in 1989 on the west
side of the Antarctic Peninsula (Doake and Vaughan, 1991) with disintegration of the Wordie
Ice Shelf, followed by the George VI Ice Shelf in 1995 and the Wilkins Ice Shelf in 1998
(Scambos et al., 2000). In the east side of the Antarctic Peninsula, the Larsen Ice shelf
started to disintegrate in 1995 (Rott et al., 1996). The disintegration phenomena have been
propagated in the Ronne Ice Shelf and the Filchner Ice Shelf in 2002. In the Ross Iceshelf in
2005 the calving of giant icebergs started in 1987 (Keys et al., 1998) and culminated on 27
October 2005 with the calving of giant iceberg B15.

The current global climate change debate is contemplating changes in temperatures on a
global scale and, in Antarctica, major changes in ice mass balances and potential rises in
sea levels. Giant icebergs drifting in the Southern Ocean melt in the Circum Antarctic

current, extracting heat and affecting the ecosystem.

Having in mind the aim of my thesis to transport one tabular iceberg from Antarctica to
Australia, the use of icebergs may affect a number of ecosystems including Antarctica itself,
transportation routes in the Southern Ocean and target destinations. In Antarctica, the
impact is likely to be on the marine ecosystem and will reflect the particular transportation
system employed. To eliminate the risk of transporting local marine fauna or flora (Jenior,
1978) on the benthic communities, zooplankton and phytoplankton in the vicinity of icebergs,
iceberg capture should take place at least 200 miles offshore. As noted by Ryland (1997) at
this distance the probability of disturbing marine populations is much reduced. In any case,
the development of a new iceberg transportation project from the AAT to WA must give close
consideration to interactions with the environment. In case of hypothetical large ice shelves
calving, large iceberg transportation projects could help reducing the global impacts on sea
levels and climate but this would need further investigation and complex studies. The thesis

will now focus on the history of iceberg transportation.
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Figure 5.0a Tabular Antarctic Iceberg, December 7, 1898, 55°47’ South, 29°32’East, (credit Chun,
1903 Iceberg seen on December 7, 1898. “In: "Aus den Tiefen des Weltmeeres" p. 219.The Valdivia
tows a tabular iceberg at 55 47 South Latitude, 29 32 East Longitude. NOAA Photolibrary no 3573")

Figure 5.0b Iceberg Transportation Simulation (credit 3DS, 20102)

It is true that any energy source is transformable but the scientist is not surer to find in his
researches something economically benefiting than the explorer to reach a fertile land.
(Translated from Weil, 1935 p. 27)

"hitp://mww.photolib.noaa.gov/htmls/ship336l.htm
% http://perspectives.3ds.com/environment/how-to-tow-an-iceberg-pt-1/
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Transportation geography studies the historical changes of transport networks engendered
by transportation technologies, within a certain area and the technological, economic social
and environmental conditions of transport systems (Rodrigue, 2009). The objective of this
chapter is to critically analyse the scientific and technical literature of the last four decades
on iceberg transportation. Historical examples of iceberg transportation operations are
examined to investigate how far these projects went and the reasons why these projects
failed. The idea of towing icebergs rose since 1890 and systematically dropped because of
technological and financial institutional lacks. Three main periods are observed for icebergs

freshwater transportation, during the 20™ century and at the beginning of 21 century:

- the feasibility period, during the 1970s. Iceberg transportation projects were developed
actively to estimate the feasibility of a large scale transportation process. Most of the
projects were based on petrol based transportation systems;

- the technical period 1980s/1990s. Feasibility studies were more focused on transportation
systems and transportation routes considered were shorter. Costs were still too high.
Projects did not receive enough funding to be developed;

- the frozen period from the 2000s to present.

While previous attempts to move icebergs have met with many difficulties, collectively they
provide a number of insights and innovations that may be applicable to future projects for a

sustainable iceberg transportation system from Antarctica to West Australia.
5.1 Pioneering Achievements

The idea of iceberg transportation is closely associated with the development of polar
explorations. Since the middle of the 19™ century, polar exploration shipping has been the
most practical means of attempting iceberg transportation. First iceberg transportation
experiments are not well documented. James Cook crew of the boat The Resolution used an
iceberg of 15 t as a source of fresh water in 1773 (Holmes, 1993°). First proper attempts of
iceberg transportation started in the 1850s when 20 m long sailing boats were used to tow

small icebergs over 4,000 km from Laguna San Rafael in Chile to Callao in Peru (Weeks,

*http://207.112.105.217/PEN/1993-06/holmes.html see also Beaglehole, 1974 pp. 361-363
http://www.nzetc.org/tm/scholarly/tei-Bea04Cook-t1-body-d20.html
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1980). These icebergs were used to supply ice to the emerging ice market in Peru. A
transportation process based on small barges carrying 5 million t icebergs was developed
but was abandoned in the late 1890s because the ice often melted quickly and the operation

was not economically competitive (Charlier, 1991).

In the late 1950s, the oceanographer Professor John Isaacs from the Scripps Institute US
suggested that icebergs could be transported from the Arctic to Los Angeles, California (Burt,
1956a,b). Isaacs’ proposal consisted of towing a tabular iceberg with a 3 million tonne tug

boats, but this expensive plan was never carried out.

Later in the 1960s Merrill (1966) designed an innovative patent for iceberg transportation
project (Figure 5.1 and Figure 5.2). This design inspired the work of Mougin and Sobinger in
the 1980s.

Dec. 6, 1566 G. E. MERRILL 3,289,415
METHOD AND APPARATUS FOR TRAWSPOHTING FPOTABLE
WATER TO RELATIVELY ARID AREAS
Filed Deg. 21, 1962 4 Zheets-Sheet 1
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Figure 5.1 Method and Apparatus for Transporting Potable Water to Relatively Arid Areas (credit
Merrill, 1966 p. 1%)
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Figure 5.2 Method and Apparatus for Transporting Potable Water to Relatively Arid Areas (credit
Merrill, 1966 p. 2°)

*http://www.freepatentsonline.com/3289415.pdf
*http://www.freepatentsonline.com/3289415.pdf
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This project was based on encapsulating in a case an iceberg towed to the coast of a
relatively arid region. The melting water of the iceberg would have then be collected,
processed and supplied to the coast.

In the 1970s the international context changed with the oil crisis. Meanwhile, in the 1970s an
expansion of interest in new freshwater resources on a global scale reflected increasing
population growth, and the growing financial power of nations rich in oil and poor in water,
such as Saudi Arabia, which initiated and supported large projects that considered icebergs
as a potential supply of freshwater. Crandell (1971) published a study on lahars impacts on
underground waters underlying the possibilities for collecting melted freshwater from an
iceberg under tow. Then, in the early 1970s Weeks and Campbell (1973) and Hult and
Ostrander (1973) studied in detail iceberg towing. The first investigation of iceberg
transportation to Australia was initiated by the Australian Academy of Science According to
Schwerdtfeger (1981 p. 1): “[lln 1974, the Australian Academy of Science formed a special
committee to investigate the feasibility of icebergs being towed to southern Australia

augmenting existing sources of freshwater supplies”.
5.2 First International Conference on Iceberg Utilisation

In the 1970s, the growing interest in iceberg transportation led to the first international
conference on iceberg utilisation held at lowa State University, Ames, lowa from October 2-6,
1977. The proceedings of the conference were published by Pergamon, New York as
Iceberg Utilisation for Fresh Water Production, Weather Modification and Other Applications
(Husseiny, 1978; Balaban, 1979). The conference was a key event for the development of
iceberg transportation technologies (Husseiny, 1978; Balaban, 1979). The conference drew
attention to the potential of icebergs as a water and thermal energy resource. Speakers at
the conference provided information and recommendations on the determination of the
location, shape, characteristics and dimensions of icebergs for transportation. Delegates
canvassed ideas associated with iceberg transportation including satellite technologies,
radar, iceberg properties and behaviour, freshwater loss, geophysics, harnessing, towing,
transportation reliability, safety, itineraries for transportation, sea and meteorological
conditions and sailing plans. This conference was the first international recognition of
icebergs transportation as an academic discipline and became the corner stone for future

iceberg transportation research.
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In the years immediately following this conference, scholars and academics commented on
the feasibility of iceberg transportation, as described below. Weeks and Mellor (1978)
argued that tabular icebergs were the most convenient to harvest, because their large, flat
shape can prevent rolling induced by waves and transportation. Tabular icebergs are more
commonly calved from the Antarctic ice shelves. In the Arctic regions tabular icebergs are
rarer and smaller. In the Arctic, Kovacs (1977) reported iceberg thicknesses varying between
25 m and 70 m. The variability of the size of tabular icebergs in Antarctica was analysed and
discussed by David (1978). He argued that 20% of the tabular icebergs in Antarctica have a
length between 1 and 3 km and the optimum transportation size, in terms of logistical
feasibility, was between 0.04 - 0.05 km®, corresponding to 400 m long, 600 m large and 150
m deep (David, 1978). He suggested the economical optimum size was 1.5 km long, 350 m
wide and 250 m thick, representing a volume of about 0.12 km?®. Data on the thickness

(between 30 m and 280 m) of icebergs was also reported by Swithinbank (1977).

From these studies it was suggested that Antarctica was the ideal region to operate icebergs.

Two specific harvesting sites were targeted: the Amery Ice Shelf and the Ross Ice Shelf. The
Amery Ice Shelf was seen as a supply for Australia, and the Ross Ice Shelf for South
America for the western hemisphere (Kelley, 1978). Burrows (1976) argued that the Amery
and Ross Ice Shelves were ideal source locations for an iceberg transportation project from
the AAT to Australia.

Remote sensing techniques (radar, SAR - Synthetic Aperture Radar and satellites) to detect
and locate icebergs were proposed by different authors (Brodsky, 1978; Kovacs, 1978;
Moore, 1978; Swithenbank, 1978; Campbell et al., 1980; Orheim, 1980) as a useful
technology for tracking icebergs. Since the 1970s the development of satellite-based global
positioning technologies has meant the distribution of icebergs can be monitored precisely in
real time. Satellite images can be used to select accessible areas in which icebergs having
appropriate characteristics for transportation can be identified and chosen. The first
Canadian project (Iceberg dynamics Project 1971 Fenco, see also NFLD, Ltd, PERD
Database- Shape Database Report no. R21) was related to towing icebergs southward, to

protect maritime routes and oil and gas offshore facilities.

In the late 1970s there was unprecedented interest and enthusiasm for studies which
examined technical aspects of harnessing icebergs, determined by the development of gas
and oil offshore industry in North Canada. Studies by Huppert and Turner (1978), Cluff
(1979), Robe (1979), Russell (1979) and Smith (1979) investigated the deterioration
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properties of icebergs. Frisch and Kresta (1979), Humphry (1979), Hussain (1979) and
Mougin (1978) examined techniques and technologies for ‘bagging’ icebergs. Mellor (1978)
and Chirive and Miller (1978) conducted empirical investigations on the movement of
icebergs, while Denner (1978) examined the environmental impacts of iceberg transportation
and Murphy (1979) and Mauviel (1980°) modelled various aspects of iceberg dynamics. Both
De Marle (1978; 1980°) and Roberts (1978) looked at the possibility of using icebergs for
power generation. Additional expertise and knowledge about iceberg transportation was also
inspired by the practical considerations of the CIS - Canadian Ice Service Canada, which,
since the 1970s, had developed a range of complex techniques for diverting icebergs that
threaten oil platforms along the Canadian coast. Successful iceberg towing was performed
from the 1970s.

In the vast majority of iceberg transportation projects tugboats have been proposed as a
means to control and move icebergs. Tugboats generally range in size from 600 hp to over
10,000 hp, however larger tugboats can have power ratings up to 25,000 hp (20,000 kW)
(Chirivella and Miller, 1978). The length of a tugboat varies between 10 and 70 m, and the
width varies from 7 to 20 m. Technical details of a tugboat and an example of a working

tugboat are provided in Figures 5.3 and 5.4.

Figure 5.3 Schematic Representation of a Tugboat (credit Dahl®, 2007 n.p.)

® http://www.igsoc.org/annals.old/1/igs _annals vol01 year1980 pgl123-127.pdf
"http://www.igsoc.org/annals/1/igs_annals vol01 year1980 pg129-133.pdf
®http://en.wikipedia.org/wiki/File: Tugboat_diagram-en_editla.svg#globalusage
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Figure 5.4 A Working Tugboat on Sea Propeller (credit Schneider®, 2007 n.p.)

Ocean going tugboats are classified such as conventional, notch, articulated, and integrated
according to how a tug boat interacts with other water craft. Monfort and Oudendijk (1979)

have reviewed different technical solutions for towing (Figure 5.5).

Figure 5.5 Iceberg Prepared for Towing (credit Husseiny, 1978 Bowring et al., 2010™ n.p.)

9http://en.wiki|:>edia.orq/wi ki/File:VSPBoxer.jpg
Ohttp://web.mit.edu/12.000/mww/m2012/finalwebsite/solution/glaciers.shtml
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Several tugs would be needed to transport an iceberg, increasing considerably the
transportation costs. According to Weeks (1980, p. 4):

As tug size increases, the thrust/power ratio invariably decreases, giving a supertug less
than half the efficiency of small tugs. The simplest solution to this problem would be to
use multiple small tugs to start a tow, decreasing their number as the tow proceeds... This
procedure would also help resolve another problem: that the safe working load of the
largest available wire rope is 3 times less than the force required to move a useful sized
Antarctic iceberg.

In iceberg transportation, human safety is a major consideration. Tugboats must provide

good living conditions, work facilities, food, and communication facilities for the staff.

Other propulsion systems have been studied such as a paddle-wheel system (El-Faisal,
1978). Paddle-wheel systems consist in automatic paddles using hydrodynamic drag and
velocity. However paddle-wheel systems were not designed to operate in open seas and it is
not clear if the 13 MW maximal power obtained by the system is achievable (Figure 5.6,
Figure 5.7 and Figure 5.8).

= =
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Fig. [5§) Poodie—Atesl Alloched 1o Side of loeery

Figure 5.6 Paddle-Wheel Attached to Side of Iceberg (credit Husseiny, 1978 in Bowring et al., 2010"
n.p.)

Yhttp://web.mit.edu/12.000/mww/m2012/finalwebsite/solution/glaciers.shtml
http://web.mit.edu/12.000/www/m2012/finalwebsite/solution/glaciers.shtml
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Figure 5.7.Paddle-Wheel Side View with Lifting and Lowering Winch (credit Husseiny, 1978 in
Bowring et al., 2010™ n.p.)

wl@Te & IOCEERG

Figure 5.8.Paddle-Wheel Configuration (credit Husseiny, 1978 in Bowring et al., 2010** n.p.)

Another study consisted in using solar energy form osmotic pressure from seawater and

melting iceberg water (Davis, 1978; See also Figure 5.9).
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Figure 5.9 Osmotic Propulsion System Pump (credit Husseiny, 1978 in Bowring et al., 2010™ n.p.)

Bhttp://web.mit.edu/12.000/mww/m2012/finalwebsite/solution/glaciers.shtml
“http://web.mit.edu/12.000/mww/m2012/finalwebsite/solution/glaciers.shtml
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Another alternative option considered was to use the natural migration of icebergs (Fuchs,
1978). Transportation systems were designed to self-propel icebergs with OTEC Ocean
Thermal Energy Conversion systems and thermodynamic energies of the differential
between sea water temperature and ice temperature. Propulsion plans between 2 and 10
million newtons and 7 and 30 MW were designed. 60 GW are required to propel a tabular
iceberg. The thermodynamic fluid cycle relying on the use of large amounts of ammonia or
propane, the process would be associated with high pollution risks in case of capsizing
(Figure 5.10).

Figure 5.10 Iceberg Self Propulsion System: Installation of a Self Power-Plant with Propulsion rods
and Otec Condenser in Iceberg (credit Husseiny, 1978 in Bowring et al., 2010 n.p.)

De Marle (1978) and Roberts (1978) studied the potential to produce fresh water and also to
produce energy from icebergs. They noted that a large amount of energy could be obtained
through the thermal gradient if the icebergs are transported to lower latitudes (50° S). The
power plant developed by the Automotive and Aerospace American Corporation - TRW Inc.

is shown in Figure 5.11.

Bhttp://web.mit.edu/12.000/www/m2012/finalwebsite/solution/glaciers.shtml
Bhttp://web.mit.edu/12.000/mww/m2012/finalwebsite/solution/glaciers.shtml
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Figure 5.11 Concept of a 100 MW, OTEC Power Plant. One of the four 25 MW power modules.
Platform diameter 100 m. TRW Systems Group, Inc. 1975 (credit Cohen, 1982 p. 149)

Iceberg melting was studied. Average melting rates as high as 0.116 m/day were calculated
(Frisch and Kresta, 1978; Hult and Ostrander, 1978). Techniques to envelop the icebergs
were also proposed (Hult and Ostrander, 1973""; Frisch and Kresta, 1978; Mougin, 1978).
An envelope in polyurethane was chosen because of its insulating properties. For the
deployment of this envelope, a process based on the spraying of a foam material to wrap the

iceberg was proposed (Hult and Ostrander, 1973; Mougin, 1978, see also patent p. 176).
5.3 Feasibility Studies during the 1970s

The most significant studies into the feasibility of iceberg transportation undertaken in the
1970s are described below. As mentioned by Burt (1956a and 1956b) the first Scripps
Insitute Corporation proposal by John Isaac did not obtain enough financial support and was
not successful. Weeks (from the CCRL) and Campbell (from the USGS) (1973%) decided to
review Isaac’s project and designed a transportation project to tow a 120 m by 85 m iceberg.
It consisted in towing “an individual unprotected iceberg to the most easily reached

destinations, such as Australia” (Weeks, 1980*° p. 1).

Yhttp://www.rand.org/pubs/reports/2008/R1255.pdf
Bhttp:/journals.cambridge.org/action/displayAbstract?fromPage=online&aid=5656788
Phttp://mww.igsoc.org/annals/1/igs_annals vol01 year1980 pg5-10.pdf
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5.3.1 RAND Corporation Proposal

Later in the 1970s, two scientists at the RAND Corporation, Later Hult and Ostrander (1973),
supported by the National Science Foundation, continued their work and designed a towing
system for iceberg transportation of a 3 km long and 300 m deep iceberg with insulation
equipments and train systems. In 1978, the California State Senate engaged the RAND
Corporation to tow icebergs from Antarctica to provide freshwater to California. Hult and
Ostrander (1979) noted that during an 8,000 km iceberg tow and before reaching tropical
waters, up to 1,300 m of its thickness would melt. This represented an average melting rate
of 2 m/day. Their calculations showed that the project was not economically feasible as the
icebergs melted too much, resulting in loss of 80% of the iceberg volume. The operation was
also deemed to be technically too risky, especially considering the extreme meteorological
conditions (winds, waves, precipitations) that persist in the Southern Ocean and the physical
manipulations required at destination. To improve towing capacity and decrease towing time,
they proposed the use of a ship powered by nuclear generators to tow trains of icebergs.
These ideas of an ‘iceberg trains', comprising icebergs linked together, driven by electric
propellers and powered by a floating nuclear plant were studied by Grossman (1978) and
later studied by Redmond and Tharp (1993) (Figure 5.12).
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Figure 5.12 lllustrations of a Train of Icebergs (credit Hult and Ostrander, 1978%° p. VIII)

Dhttp://mww.rand.org/pubs/reports/2008/R1255.pdf
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5.3.2 Saudi Arabia Project

In the late 1970s, the Saudi Arabian Prince Al-Faisal commissioned the French explorer
Victor and the American RAND Corporation to tow an iceberg from Antarctica to Jeddanh,
Saudi Arabia. It was proposed that the operation would use four tugs, and the iceberg would
be covered by a plastic envelope in order to limit melting (Victor, 1979). The main advantage
of iceberg transportation for freshwater was that it was expected to be cheaper in terms of
infrastructure costs than desalination plants. Victor (1979 and 1986%) concluded that a
tabular iceberg would be suitable for transportation and he estimated that icebergs of around
150 million t, or about 1,200 m long, 350 m wide and 350 m thick, would start to make a
towing transportation system profitable. Profits were roughly estimated as the difference
between the price of water supplied and the energy costs for transportation. The predicted
transportation cost was around US$50 million. The estimated price of freshwater was around
0.40 US$/t, 50% less than the price for the same quantity of freshwater obtained from
desalination. Victor estimated that more than 10,000 icebergs of this size (1200 x 350 x 350
m) melted away every year in the Southern Ocean. He determined that the optimum size of
iceberg for transportation would be 50 km long, 350 m wide and 350 m thick, corresponding
to a volume of 7 km®. This volume of ice represented the freshwater consumption of Saudi
Arabia for several years, and would be likely to yield a profit of US$3 billion. Owen and
Griffin (1977%%) estimated the loss of water from the iceberg to be 2.25 m/day in 10°C
seawater and a temperature gradient of 17°C in the case of tabular iceberg transported
between Antarctica and Saudi Arabia. Victor estimated that towing operations from
Antarctica to the Arabian Peninsula could be performed by wrapping the iceberg in sailcloth
to slow its melting, and by using powerful tugboats to drag the iceberg. Utilising existing
technical skills and with the assistance of a large monetary investment, Victor claimed that
the company ‘lcebergs Transport International’ (founded by Prince Faisal) would be able to
undertake the proposed operations. The forecast towing speed was about 1 knot (2 km/h) for

a distance of 4,700 km. It was argued that the trip would take 10 months.

Victor (1979) also noted that a slight modification of the local micro-climate at the destination
in Saudi Arabia could be expected because of iceberg melted water, but he didn’t take into
account the environmental impact of this melted water on the ocean, probably because the

guantity of melted water from only one iceberg was thought to be too small to have an

Zhttp:/findarticles.com/p/articles/mi_m1310/is 1986 May-June/ai 4375017/
“http://dx.doi.org/10.1115/1.3450058 see also (Russell-Head, 1980; Hamley and Budd, 1986)
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ecological impact. Small scale experiments were carried out (Mauviel, 1980%; Appendix 6).
Experimental natural drift tests were carried out by Mauviel for Iceberg Transport
International Ltd. in 1979 to determine the effect on drag of small variations in the shape of
tabular icebergs. It was shown that Arctic icebergs constitute suitable 1 :10 scale models of
Antarctic icebergs and that towing experience in the Grand Banks can provide useful
information. The effects of various environmental conditions were studied as well as the drag
coefficients for various model shapes with or without insulation skirts, the effects of added

mass, the rotation of the models, and the steering possibilities on two models:

- a 1:100 model icebergs on Brienzer See, Switzerland where current velocity varies between
30 and 50 mm/s, and corresponds to the reduced current of the Southern Ocean. The model
was built on site, as a 10 m by 5 m by 2.5 m wooden pontoon with a draught of 2.10 m kept
at this depth by polystyrene foam blocks. Several drift tracks and velocity measurements
were recorded with a net of buoys for reference. Mauviel calculated that for a tabular iceberg
of 1,000 m by 500 m 250 m thick a tow force of 950,000 pounds was necessary for a speed
of 0.5 knot in calm conditions. The tow force could be reduced to 630,000 pounds for a
lozenge-shaped iceberg. With an angle of 0° between the iceberg axis and the iceberg track
energy savings were optimal however the instability of the iceberg increased. The average
natural rotation velocity of a 1,000 m long tabular iceberg was equal to 15°/h. A 20 pounds
towing force would be sustain the same rotation velocity. This result indicates that iceberg
steering could be carried out using a source of low power.

-a1:60 19 m by 9 m by 4 m steel model chamfered at the corners was used in 700 m by
200 m by 7 m St. Malo harbour, France. The model corresponded to a 1,140 m by 540 m by
240 m thick iceberg. The model could be ballasted to desired draught. The tests consisted of
towing the model, equipped with various measuring devices in order to determine the
relationship between the drag forces and the towing speed. These two parameters were
measured by first towing the model with a rope with an embedded dynamometer to measure
the towing force and a protractor to calculate the orientation of the model compared with the
rope. Fifteen hydrodynamical drag tests and drift monitoring during the, the sail tests were
undertaken at different towing forces and orientations. With lateral skirts overlapping the
model by 1.5 m reducing the frictional drag, drag was lower. The form drag coefficient
represents the main part of the hydrodynamic drag of the iceberg. The form drag coefficient
for the bow part was 63% higher than for the uncovered model. For a short transfer an

iceberg with a draught high enough to reduce the ratio of drag: ice mass and not equipped

2 http://www.igsoc.org/annals.old/1/igs_annals vol01 year1980 pgl23-127.pdf
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with a frontal skirt should be chosen. Acceleration tests were performed at different flow
angles and showed that the added mass of water is a linear function of the orientation of the

drag force.

The movement of the models followed the wind direction (the main axis of the models staying

perpendicular to the wind vector). The models had the same trajectories as fullscale icebergs.

Sail propulsion was tested. Five panels made of sail cloth were arranged on the model; their
total area was 22 m? which corresponded to 80 000 m? at full-scale. The model heading
relative to the wind direction was self-controlled through a simple system. Drifting rods of 4 m
length, ballasted at the same draught as the model, were set around the model; their drift
tracks constituted a reference as they were supposed to integrate the variations of the wind
action. Tests showed a significant deflection of 10° between the model drift and the reference
frame of the rods. The orientation control unit functioned well, maintaining the sail profiles at
an incidence of 300° to the wind direction. It was also found out that lateral insulating skirts
improve the dynamic performance of a protected iceberg, whereas a bow skirt has a bad

influence on the total drag.

The Saudi Arabia project experimental transportation was not successful (Victor, 1979).
Weeks (1979) argued that crossing the equator the iceberg would quickly melt and despite
the thermal insulation around the iceberg, most of the water would be lost. During the
feasibility studies a series of other technical problems arose: the iceberg proved to be highly
unstable during transportation; there was a lack of appropriate infrastructure at the arrival
port; and the refuelling of tug boat vessels at sea by a 50,000 t tanker was fraught with
difficulties. A 15,000 hp tug boat with a fuel storage tank of 1,000 t required 30 to 35 t of fuel
a day. The two tugs used for the voyage would have needed 15,000 t of fuel, each, making
the total fuel cost of the trip around US$5 million. Another obstacle the project had to
negotiate was to navigate across the Gulf of Aden, which was not deep enough for the
iceberg. One proposed solution to this problem was to cut the iceberg into smaller pieces.
Slicing thick ice had been undertaken by previous polar expeditions as reported by CICERO
Company (1975). However, no effective techniques for cutting or processing huge blocks of
ice emerged at that time. The use of explosives to trim and shape icebergs was studied by
Mellor (1982; 1985) and he noted that this technique was not effective. Page (1985) studied

later similar techniques (Figure 5.13).
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Figure 5.13 Fracturing Icebergs (credit Page®, 1987 p. 7). Numbers refer to the patent description

During the 1980s in Saudi Arabia, desalination technology came to be considered as more
reliable than iceberg transportation for generating freshwater, and a better long-term
investment. Interest in desalination technology also grew elsewhere. Desalination
technologies benefited from increased investment, around the world during the 1980s.
However, the maintenance costs and the negative externalities from pollution which result
from desalination plants were underestimated at the time and have been only recently more

widely appreciated (See special issue of Desalination, 2003 vol 157, no 1 - 3).

5.3.3 Early Australian Projects

In the Southern Hemisphere during the 1970s, the Australian Antarctic Division (AAD) was
playing a significant role in detecting icebergs. The first Australian remote sensing papers on
icebergs were published by scientists working at the AAD (AAD, 2008%). The first Australian
iceberg transportation research was reported by Job (1978a?®, 1978b, 1978c) and was
related to the grounding of an iceberg on the continental shelf, offshore the mouth of Murray
Darling River. Job "took a large number of factors into consideration” (Weeks, 1980 p. 4). A

site was selected just north of Carnarvon in WA because of its depth by Warner (ERA, 1980;

Zhttp://www.freepatentsonline.com/4640552.html
Bhttp://www.antarctica.gov.au/__data/assets/pdf_file/0013/21064/ml_39573613275463 200805-
antarctic-climate-science-report. pdf

http://www.igsoc.org/journal/20/84/igs_journal_vol20 issue084 pg533-542.pdf
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see also Day, 1980 p.31) and also in South Australia because of the depth of the shelf off
the coasts while Crandell studied underground water recharges (Day, 1980 p. 32). Budd et
al. (1980) and Hamley and Budd (1986%) studied the melting process of icebergs and
suggested that Western Australia aquifers could be ‘charged’ with iceberg melted water
instead of creating surface reservoirs and distribution systems with their related expense and

evaporation problems.

The AAD noted (Parliament of Australia, 1984 p. 3): “Antarctic ice has the potential to supply
not only Australia, but such water poor regions as Northern Africa and the Middle East”. The
projects developed in the 1970s and described in this section and their key characteristics
are presented in Table 5.1. It can be noted that the estimated cost of freshwater was
between 0.1 and 0.4 US$/m* 0.5 and 1.6 US$/m? (in 1970 and 2010 values).

Table 5.1 Key Characteristics of Iceberg Transportation Projects in the 1970s

Projects submitted by:

Parameters Victor Hult &Ostrander Others

Location Antarctica - Saudi Arabia Antarctica - California Antarctica - Australia/Arctic - North America
Transportation Duration 6 months / 1 year 3 months/1 year 3 months

Iceberg volume 0.06 km*to 4 km® 0.5 km?® to 20 km?® 0.005 km?® to 1 km?*

Project Cost Up to US$100 million US$200 million Around US$15 million

Price (US$/m>water ) 0.5 US$/m° 1 US$/m® around 1.5 US$/m®

Propulsion 10'W 1.56 10°W 10'W

Advantages No pollution, climatic engineering  Costs and Quantities |Human Scale

Improvements expected |Satellite Operating Nuclear Propulsion Plastic sheets, power plants, detection

5.4 Projects and Studies in the 1980s

In the early 1980s Schwerdtfeger (1982) published a review of the current status of iceberg
transportation for freshwater supply. In that review the author concluded that conventional
towing transportation systems were economically unviable because of the high cost of fuel.
This insight set the scene for studies throughout the 1980s, which often focused on
alternative means of transportation (Smith, 1978; Connell, 1982%®: Rowden-Rich, 1982;

Sobinger, 1986). These studies highlighted the economic feasibility of iceberg transportation

Z"http://mww.igsoc.org/journal/32/111/igs_journal vol32 issuelll pg242-251.pdf
ZBhttp://www.freepatentsonline.com/4334873.html
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over short distances, revealed cheaper ways of transportation based on non-fossil energy
sources, and saw the development of new methods for collecting iceberg melted water.

The research programs developed during this decade, Australian projects, Sobinger's
project, Polarstern expedition that | will discuss in this section have been focused on:

- icebergs detection, location and selection;

- icebergs behaviour during transportation (melting rate);

- icebergs wrapping, bagging and maritime current drifting;

- transportation routes, towing and sailing using non fossil energy;

- freshwater delivery at destination.
5.4.1 Australian Projects in the 1980s

The Australian entrepreneur Smith proposed transporting five 40,000 t icebergs from
Antarctica to Australia to supply freshwater to Adelaide, South Australia (Smith, 1982%°). His
team proposed using a tugboat and the currents of the Southern Ocean to assist in a
transportation process that was scheduled to take five months. Smith’s team proposed a
system that would moor and protect the delivered icebergs with a skirt (or a dam). Having
arrived at their destination, icebergs would be ‘mined’ with a strong flexible floating boom
and small pieces of ice would be transported to a coastal reservoir where a wave generator

would increase the rate of melt (Figure 5.14).

Figure 5.14 Hypothetical Iceberg in a Flexible Floating Boom Skirt, Mined and Transported
(credit Keys and Williams, Omega, Sept/Oct 1982 n.p.)

http://mww.orf.i.net.au/, http://www.orf.org.au/test/Antarctica2001Report.doc
http://www.orf.org.au/test/mawson_centeneryMay2006.htm
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The melt water was expected to be collected with 20 m long barges located on the sides of
the icebergs at the waterline interface. The plant would utilise the natural thermal gradient
between the temperatures of the iceberg water and the sea water to melt the icebergs.
However, the mining process was too expensive to conduct and the project was seen as too
adventurous. Smith’s proposal has been a source of inspiration for later iceberg projects.
Key aspects of his project, including the icebergs’ proposed routes, the skirt, and the melting

rate measurements in situ are still relevant to contemporary iceberg transportation projects.

In 1982 the Australian scientist Rowden-Rich created a company called Ocean Research to
study the transportation of icebergs from Antarctica to South Australia (Rowden-Rich, 1982).
He reviewed different iceberg transportation techniques, proposed methods to increase the
buoyancy of the transported icebergs and proposed to attach sails to the wrapped iceberg
in order to use wind energy to reduce fuel transportation costs. Mauviel (1979) previously
carried out experiments to model the efficiency of sails propulsion on icebergs (See

Appendix 6).

Rowden-Rich (1986) focused on small waterproof wrapped icebergs (500,000 t), and
proposed to use the currents for iceberg transportation. Once off the Australian coast, the
iceberg melting rate would be increased by cutting and watering. This project was
specifically designed for Australia and illustrated how iceberg transportation evolved from oil
based systems to natural energies based systems, relying more on the natural routes of
icebergs. Rowden-Rich’s proposal heralded Australia as a unigue destination for iceberg
transportation with a unique opportunity in terms of sustainability and profitability. His
proposal represented the first transportation system relying mainly on the use of non fossil
energies. At this time the AAD noted (Quilty, in Parliament of Australia, 1985 p. 711) that
Antarctic ice has an “enormous potential to supply Australia and even such water poor areas
as Northern Africa and the Middle East”. However notwithstanding having published detailed
cost studies Rowden-Rich (1986) project did not attract financial support. The monetary
investments were considered too risky by financial authorities for Australia and any other

country. Rowden-Rich eventually abandoned his project because of lack of financial support.
In 2006 Melikov (patent RU 2281878 2006) proposed a similar system having anchors and

cables fastened to the icebergs and connected to aerostat sails filled with gas to raise the

sail system (Figure 5.15).
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a. b.
Figure 5.15 Sailing Iceberg Legend: a. Sail Entertaining Simulation (credit Maddox, 2007%° n.p.),
b. Sailing Iceberg with Multiple Aerostats (credit Melikov, RU 2281878 2006n.p.*") Legend: 1 iceberg,

2 tugboat, 5 dirigibles, 6 sail, 8 radio command, 9 connection bare, 10 and 11 anchoring point for sails

The idea to use the wind force and a sail for icebergs propulsion could be further
investigated. New types of sails have been designed such as Danish winship sails (Figure

5.16) or more recently Providice®.

http://mww.thebestpageintheuniverse.net/c.cqi?u=af07 _more_truth
3http://www.ntpo.com/patents_water/water 1/water 684.shtml
32 http://providice.com/acc-1.html
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Figure 5.16 New Types of Sails (credit Hamer, 2005% p. 44)
5.4.2 Sobinger’s Project

In the mid-1980s, Sobinger (1985) worked on developing what would become an original
‘Sobinger project’ for iceberg freshwater transportation. He calculated the regeneration rates
of icebergs and found that tabular icebergs of a size suitable for a commercial operation
were released in Antarctica on a continuous and steady yearly basis. Sobinger (1985) noted
that the main reason why previous projects have failed was the costs of the experiments.
The amount of US$70 million was a critical threshold in expenditure for iceberg

transportation. Technical problems related to real scales were not addressed.

The purpose of his research was to tow a small 0.3 km? tabular iceberg of 300-350 million t,
requiring a towing power of around 450,000 hp, from the Antarctic Peninsula to deliver
freshwater anywhere in the world. He proposed an innovative transportation system

involving wrapping icebergs in bags (Figure 5.17).

Figure 5.17a Sobinger’s Project for Wrapping an Iceberg (credit Sobinger 1985 p. IX)

Shttp://www.newscientist.com/data/images/archive/2488/24881601.jpg
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Figure 5.17b Sobinger’s Project for Wrapping an Iceberg (credit Sobinger 1985 p. X)
Legend: 1 bag 2 towing bar 3 towing bars 4 cables 5 loops 6 loops 12 cables for towing net

Figure 5.17c Sobinger’s Project for Transporting an Iceberg (credit Sobinger 1985 p. II)

Figure 5.17d Sobinger’s Project for Wrapping an Iceberg (credit Sobinger 1985 front page)

The phases of the Sobinger project were:

1. phase one was focused on reviewing the existing literature on iceberg drifting patterns,

melting rates, water quality, potential for obtaining freshwater and ecological considerations;

Page 161

161




Chapter § A History of Iceberg Transportation

2. phase two was related to the selection of the wrapping foil that would be used to wrap the
iceberg. This phase also required simulations in the North Sea that investigated procedures
for harnessing and wrapping icebergs, the towing power of various boats, and the study of
iceberg melting times;

3. phase three examined experiments of the bags/sacks in winds and waves, the air
pressure, towing gear, studying the behaviours and acting forces on the tow gear, the lateral
reinforcement of bags, the towing force distribution into the bag, the general behaviour of the
sack towed at three knots, and the general manoeuvring of icebergs;

4. phase four was devoted to testing at sea a wrapped ice block of 3,000 t.

Sobinger’s study demonstrated that it was possible to completely wrap an iceberg at sea in a
fibre-reinforced plastic film in calm oceanic conditions. A streamlined waterbag allowed a
reduction in the towing power required to transport the iceberg. Sobinger assessed that 800
kW were needed to tow 300,000 t of melted iceberg water in a bag at a speed of three knots,
instead of 2,200 kW of fossil fuel for the same volume of water in the form of an iceberg
(Sobinger, 1985). The experiments were undertaken at the Hamburg Shipbuilding and
Experimental Institute and in situ with the German icebreaker RV Polarstern. Iceberg
wrapping has been experimented on an ice floe of 3,000 t. This experiment can be extended
to an iceberg of 1 million t**. The test was executed on the 3,000 t iceberg with a tug going
into the upstream side of the iceberg using welded 2 m wide enrolled plastic sheet. The main

steps were the following:

the plastic sheet was dropped by gravitation under the iceberg;

the plastic sheet was aligned to the iceberg by the current;

the current moved the plastic sheet downstream until the end of the iceberg;

the underside of the iceberg was provided with airbags to help the plastic sheet to rise,
excluding the sea water and lifting the plastic sheet to the top;

- on top of the iceberg, air filled rollers were installed to overcome the friction between the
sheet and the ice;

- on the top of the iceberg, the plastic sheet was pulled by cables installed on the tug;

- the plastic sheets had been welded, forming a giant bag;

- the giant bag covering the iceberg could be towed to the currents for transportation to its

required destination.

*www.freedrinkingwater.com/water _quality/quality1/13-08-icebergs-for-drinking-water.htm
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Sobinger (1985 and 1986) pointed out the following advantages of using bags for
transporting icebergs and the freshwater produced by icebergs:

- no more melting losses are incurred as the iceberg melts in the bag;

- very small towing power is required due to the optimal flow resistance of bags;

- the ability to transport a larger variety of icebergs; small icebergs (300,000 to 1 million t)
are preferred;

- Bags can be reused and the same bag can be used as a storage tank, when the melted
water is continuously consumed; no investment are required for additional water storage;

- selecting the bags size according to the destination harbour facilities is simple;

- low expenses for water transportation and storage.
5.4.3 Polarstern Expeditions

Since 1982, the German icebreaker RV Polarstern (Figure 5.18) has completed more than

30 expeditions in the Arctic and the Antarctic.

Figure 5.18 RV Polarstern in Antarctic (credit Alfred Wegener Institute®®, 2007 n.p.)

The 1984 expedition in Antarctica in collaboration with the German Hydrological Institute
was undertaken to observe measure and classify icebergs in the Weddell Sea. It also
assessed whether meteorological conditions during summer months in the Antarctic are

favourable for icebergs wrapping. According to the Polarstern Expedition Report 1984/1985

*blogs.nature.com/climatefeedback/ocean.jpg,www.treehugger.com/R_V-Polarstern-floating-la
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(Hempel, 1985) the main achievements of this expedition have been related to the following
aspects:

- the icebergs can be selected and wrapped,;

- the testing of procedures for wrapping an iceberg of 300,000 t;

- an air-filled roller system was developed to wrap the iceberg;

- experimental technology for welding the wrapping sheet;

- the behaviour of the wrapped iceberg;

- the handling of the air released during the melting of the iceberg;

- the towing force for a relatively thin and flexible foil for wrapping;

- the stability of wrapped iceberg;

- the quality of the melted freshwater was tested, and found as appropriated for human;

consumption as drinking water.

Sobinger (1985) designed a specific ‘'mega bag’ for insulating the iceberg from sea water
and towing it. During melting the mega bag is in an unstable situation, because of the
modification of the centre of gravity of the bag. For transportation the mega bag (in which the
iceberg was slid) must be towed. On the mega bag, loops enabling uniform distribution of
traction forces during towing were attached. This approach improved the stability of the

mega bag during towing and transportation. Further assessment needed to be undertaken.
5.4.4 Other Projects in the 1980s

In the 1970s, exotic methods (feathered paddle wheels, parachutes, osmotic propulsion,
kedging or self-propulsion) of transporting icebergs were imagined (Heizer, 1978; Husseiny,
1978; DeMarle, 1979; Weeks, 1980). Later on, Camirand et al., (198136) designed a patent

to operate iceberg with an OTEC ocean thermal energy conversion plant (Figure 5.19).

Figure 5.19 Iceberg OTEC Plant (credit Camirand et al., 1981 p .1%")

http://mww.freepatentsonline.com/4295333.pdf
3"http://www.freepatentsonline.com/4295333.pdf
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Both Connell (1982) and Cohen (1982) studied the potential to produce fresh water and
energy from icebergs. According to Cohen (1982), the advantages of using icebergs to
generate energy relates to their ability to lower the condensing temperature of conventional

stations operating with fossil fuels (Figure 5.20).

EXHAUST COMPRESSOR
— D—- NON-CONDENSABLE GASES

STEAM TURBINEFGENERATOH
DEGASIFIER
STEAM

FLASH
EVA PORATDR
BAROMETRIC
CONDENSER

WARM WATER WATER WATER

¥

!

COLD WATER

Figure 5.20 The OTEC Ocean Thermal Energy Conversion Open-cycle System or Claude Cycle, used
flash evaporation of seawater under a partial vacuum (credit Cohen®, 1982 p. 412)

Connell (1982*) designed a self-propelled tabular iceberg system. This system is based on
the conversion of the iceberg melted water gravity to create a propulsive power (Figure 5.21

and Figure 5.22).

Figure 5.21 Iceberg Wrapping (credit Connell, 1982 p. 1)

Bhttp://www.freepatentsonline.com/4334873.html
http://mww.freepatentsonline.com/4334873.html
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Figure 5.22 Iceberg Operating (credit Connell, 1982%° p. 3)

According to Connell (1982) (in Husseiny, 1978 p. 359): “the temperature differential
between the iceberg and the surrounding water is used to power a heat cycle engine, which,

in turn, drives a generator to provide electricity which runs propeller drive motors”.

This technology was developed in the 1990s*, with commercial market applications *?
providing electricity and by-products such as drinking fresh water, as can be seen from Figure
5.23 (Bharathan et al., 1990).

Electricity

Sun Drinking
Desalinated water

OTEC Irrigation

Warm water
Cold-water discharge

Phytoplankton
Building Cold-walst
air- refrigeration

conditioning

Air-conditioning

Figure 5.23 OTEC Commercial Applications (credit National Renewable Energy Laboratory US®, visited
October 2010 n.p.)

“Ohttp://mww.freepatentsonline.com/4334873.html
“http://mww.lockheedmartin.com/products/OTEC/index.html
“2http://mww.nrel.gov/otec/
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5.5 Projects and Studies in the 1990s

In the 1990s technologies emerged based on the conversion of the substantial potential
resource of the oceans as the renewable energy (tides, currents, waves, salinity and thermal
gradients of sea water). The thermal resource of the oceans is assessed as a function of
geography, site considerations, constructability, locations, seasonally and daily weather cycles,
and environmental impacts. These elements have been considered in the development of
technologies for buildings and deploying offshore petroleum facilities that can resist and avoid

icebergs mechanical impact.

During the last decade of 20™ century, two main projects related to icebergs transportation
have been reported, namely the American ‘Alaskan Project’ and a Canadian project
proposed by the C-CORE which developed the most advanced techniques in terms of
iceberg harnessing. The C-CORE conducted research for many years on iceberg
manoeuvring to protect offshore petrol platforms. This shows how on-going research had
positive results in terms of developing practical operational skills that could be used for

iceberg transportation. These two projects will be discussed in this section.

5.5.1 Alaskan Iceberg Project

Davidge (1994*), from the Alaska Hydrologic Survey Department of Natural Resources,
USA was involved in the 1990s in a water transportation project associated with waterbag
companies. As 75% of Alaskan water is stored in glacial ice, he considered that waterbags
could transport water from several sources such as iceberg ice, rivers, underground water,
or Alaskan icebergs. Davidge (1994) assessed the key problems related to the market
demand for freshwater, by reviewing several types of bags, comparing their characteristics
and calculating the drag forces for a case study of waterbag transportation of Alaskan water
to southern US states. He compared the costs and benefits of several water delivery
systems (pipelines, tankers, bags and tugboats) and concluded that waterbag transportation

was economically more profitable.

“http://mww.nrel.gov/otec/applications.html
“http://www.waterbank.com/Newsletters/nws12.html
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5.5.2 Canadian Projects

In Canada, the Centre for Cold Resources Engineering based at the University of
Newfoundland in St. John’s and the Ocean Research and Development Corporation Limited,
a Canadian private company, were both involved in the detection of icebergs in the Northern
Hemisphere in the early years of iceberg transportation research (LeDrew and Culshaw,
1977).

In 1982 in Canada, the C-CORE designed a more ambitious iceberg transportation project
(ICE Eng. - R42 - Icebergs Field Survey See also ICE Eng. for MacLaren Plansearch®)
consisting of selecting icebergs, towing and then cutting them into small sections and
transporting them by trucks from Newfoundland to North America (Bosma, 1979). The
technology developed in Canada for harnessing and towing has been an invaluable step for
future iceberg transportation projects. It was concluded that Newfoundland was an ideal
region for iceberg towing because of the potential benefits for commercial maritime routes,
fishing zones and for the offshore petroleum and gas industry. The 1990s research activity in
Canada has enhanced the development of high technological standards for iceberg
detection, towing and harvesting. The growing range of satellites and radar technologies
minimised the possible gaps in spatial temporal, meteorological and environmental
conditions. However, the problems of cutting up or destroying icebergs appeared to be too
expensive to study icebergs harvesting on a larger scale (Diemand, 2001).The Canadian
research activity for icebergs harvesting during the 1990s inspired the processes in use
today in the Grand Banks of Newfoundland on the East Coast of Canada. The technologies
for detection and towing of icebergs are in common management practice by the International
Ice Patrol. The icebergs harvesting technologies have a huge economic and financial impact
on the safety of offshore petroleum and gas facilities, avoiding collision and protecting

maritime navigation in the North Atlantic.

First attempts of commercial utilisation of iceberg for bottled freshwater started in Canada in
1986. In 1995 vodka production from iceberg water started in Newfoundland, based on the

harvesting of small quantities of iceberg ice.

Having in mind that icebergs are a perennial source of freshwater, | will investigate later in

my thesis, to which extent the technologies developed in the Northern Hemisphere can be

“Sftp://ftp2.chc.nrc.ca/CRTreports/PERD/Berg_shapes 99.pdf
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adapted, for iceberg transportation in the Southern Hemisphere, from Antarctica to Australia
or other destinations over the world.

5.6 Recent Projects in Early Years of the 21 century

According to PERD/CHC Report 20-84 (2007%), the production of icebergs has recently
increased at an unprecedented rate in response to rapid air and ocean temperature warming
in the last decade. However in the first decade of the 21°%' century studies on iceberg
transportation were still marginal (Smakhtin et al., 2001*"). Two studies were undertaken by
the Iceberg Water Harvesting Group (IWHG), formed in Munich in 1998, and by the South
African Division of Water. Smakthin et al. (2001), from the South African Division of Water,
proposed to tow icebergs from Antarctica to South Africa in order to develop freshwater
resources for African countries where there is an enormous deficit in freshwater. In this
project, icebergs would be steered rather than towed using the kinematics of iceberg drift by
maritime currents. The IWHG have proposed a new technology converting naturally
occurring ocean phenomena, such as currents, waves, salinity gradients and melting kinetics,
that optimised the routing for individual icebergs. Icebergs routes can be simulated using
advance computing models. The modelling included the following aims: minimisation of
energy input for tugs, minimisation of travelling time, and maximisation of the ice mass at the
destination site. In this proposal, the icebergs would complete a substantial part of the
navigation by tracing their natural path and by drifting on currents with winds. However the
principles of this project can be described: the study argued that sublimation melting rates
needed to be calculated depending on the sizes, routes and travel durations of icebergs.
Smakthin et al. (2001) noted also that the stability of the iceberg during transportation is a

major concern for the success of icebergs management (Smakthin et al., 2001).

The 2000s were a productive time for iceberg transportation technical designs. Fuerle (2003*%)
worked on a project of iceberg transportation and designed models of bags. Shick (2004%)
and Abramovitch (2004*°) also presented patents with detailed technical elements. These
projects are however focusing on very specific aspects of transportation such as bags,
propulsions and stability issues. These designs are technical and also represent a valuable

conceptual contribution for iceberg transportation. Abramovitch (2004) studied the use of on

“Sftp://ftp2.che.nrc.ca/CRTreports/GB_Iceberg_Manage Overview 07.pdf
“"http://www.waternet.co.za/we/docs/pete_unconventional_sources.pdf
“Bhttp://www.freepatentsonline.com/6616376.html
“Shttp://www.freepatentsonline.com/6688105.html
http://www.freepatentsonline.com/y2004/0265062.html
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enrolled double layers cloths tightened by belts around the iceberg for melted freshwater
collection. Kazlousky (2010) studied also a double layered clothing.

Iceberg transportation was considered later in 2004 by a group of British entrepreneurs to
transport icebergs from the coasts of Canada to Portugal which was facing a crisis of water
shortage. Two years later, in 2006, the British company Thames Water considered to tow an
iceberg from the Arctic to England to provide an emergency water supply in response to a
shortage crisis. The largest sized projects for iceberg transportation was conceptualised by
Thames Water Comp. UK which intended to tow Arctic icebergs up Thames River in a train
of barges (Smith, 2006). However, like many iceberg transportation proposals, interest
waned and the project was abandoned soon after. Wadhams and his group from the
University of Cambridge, Orheim and Mougin are working on a project of thermal plants

modelling using icebergs (Wadhams, 2009).
5.7 Patents for Iceberg Transportation, Bagging and Propulsion

In this section | will summarise the patents relating to production of freshwater from icebergs
and icebergs transportation, bagging and propulsion which have been published since the
First International Conference on Icebergs Transportation held in 1977. The patents are
described in Table 5.2.

Table 5.2 Patents on Melted Freshwater and Icebergs Transportation

Patent number and author Patent title
US Patent 3289415 12/1966 Author: Merrill
US Patent 4258640 03/1981 Author: Mougin

US Patent 4289423 09/1981 Author: Mougin

Method and Apparatus for Transporting Potable Water
Tabular iceberg protecting device

Protective skirt for an iceberg

170

US Patent 4299184, 11/1981 Author: Mougin

US patent 4334873 06/1982 Author: Connell

European Patent WO005609 12/1985 DE 3327242

DE 1983333 15744 19830430 Author: Sobinger

US Patent no 4854780, 1989 Author: Hewlings

US Patent no 6616376, 2003 Author: Fuerle

US patent no 6688105, 2004 Author: Shick

US patent no 0265062, 2004 Author: Abramovitch

RU 2281878 2006 Author: Melikov

European Patent WO/099797 09/2010 Author: Kazlousky

Method of towing large masses

Iceberg propulsion system

Flexible cohering for icebergs, flexible casing for icebergs,
Regular distribution of a traction force.

Damping waves towing. System with ice field

Bagging icebergs

Icebergs utilisation process

Icebergs insulation method for freshwater production
Sailing Iceberg with Multiple Aerostats filled with gas
Shell for Packing and Method for Iceberg Transporting
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The patents submitted by Mougin (1980°*) for icebergs transportation introduced protective
flexible panels for thermal and mechanical protection of icebergs against wave erosion
(Figure 5.24).
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Figure 5.24 Model of Iceberg Skirt (credit Mougin, US Patent 4,289,423 Figure 1 and 2 1981 n.p.)
Legend: A to F particular winch post; 10: tabular iceberg; 12: panels of protective skirt; 18: horizontal
straps; 20: winch post; 21,22,23: intermediate post; 24: buoyancy chamber of floating post;

40,42: tugs; 50,52, 54:main spans of lower protective portion;

*Ihttp://www.freepatentsonline.com/4223627.html, http://www.freepatentsonline.com/4178872.html,
http://www.freepatentsonline.com/4177748.html, http://www.docstoc.com/docs/43650817/Method-Of-
Manufacturing-A-Protective-Skirt-For-A-Tabular-Iceberg---Patent-4172751
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Connell (1982) designed a patent in which he proposed an innovative propulsion mechanism
for long distance icebergs transportation requiring minimum fossil energy. Two sub-
mechanisms were discussed, the first related to the gravity flow of melted ice and the
second using temperature differentials between the iceberg and the surrounding sea water.
The mechanisms were meant to produce a propulsion power up to 2,000 HP. Sobinger's
patent concerned a insulating iceberg megabag (Sobinger, 1986). Hewlings (1989 °?)
designed a patent which did not concern a large scale iceberg transportation system directly
but he developed and designed a shield collar that could be used to protect the delimited
field of ice from collision with other icebergs and from wave erosion. The edge of the bag
opening is equipped by a float connected to a buoy. The large bag could be used to
transport the melt water and the iceberg (Figure 5.25).

Figure 5.25 System of Damping Waves (credit Hewlings US Patent 4,854,780 1989 Figure 1, Figure 6,
Figure 7 n.p.)

Fuerle (2003) proposed a detailed logistic process for bagging an iceberg slid in a large bag
(Figure 5.26, Figure 5.27 and figure 5.28).

>2http://www.freepatentsonline.com/4854780.html
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Figure 5.26 System of Iceberg Bagging (credit US Patent no 6,616,376, 2003 p. 1)

------------------ " T | *‘*;—.{ 15
O, - :
7 \\\ 8 9\ ‘;f -7 J"
. e - —/--'_',
N\ T3

FIG. 4

Figure 5.27 System of Iceberg Bagging (credit US Patent no 6,616,376, 2003 p. 5)
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Figure 5.28 System of Iceberg Bagging (credit US Patent no 6,616,376, 2003 p. 7)

Shick (2004) studied icebergs transportation from Antarctica to a coastal destination. During

transportation the iceberg is protected against thermal decay by a kelp netting system
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(Figure 5.29). At the destination, the iceberg is towed with a submersible tug into a carved
channel. The iceberg is enclosed in the container, slowly delivering freshwater.

Figure 5.29 Kelp netting System (credit Shick, 2004 p. 9%°)

Abramovitch (2004) designed a protective iceberg cloth as shown in Figure 5.30.

Figure 5.30 Protective Cloth of the Iceberg (credit Abramovitch, US Patent 20,040,265,062, Figure 1
2004 n.p.)

The cloth is a double layered water proof foil, tightened by belts in separate cells. The cloth
cells are connected to a net of pipes acting as connection lines (Figure 5.31). Some of the
connection lines conduct the air to inflate the cells and other connection lines collect the
melted water at the destination. The cloth insulating bag is used for both transportation of
melted water and its delivery at destination.

Shttp://www.wikipatents.com/US-Patent-6688105/iceberg-utilization-process-improvement
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Figure 5.31 Cells in the Cloth Wall (credit Abramovitch, US Patent 20,040,265,062 2004 n.p.)
Legend: Connection lines 1 cover all the cloth in the shape of a net with separate cells in the form of

squares or rectangles representing air cushions 2

In 2010, Kazlousky patented a case of transporting iceberg (Figure 5.32).

Figure 5.32 Shell for Packing an Iceberg and a Method for Transporting said Iceberg (credit
Kazlousky, 10.09.2010 WO/2010/099797 p. 1°%)

This patent proposes a mirror-like reflective coating for the iceberg case to enhance the
melting.

My critical analysis of these patents is related to the following points:

**http://www.wipo.int/pctdb/images/PCT-IMAGES/10092010/EA2010000002_10092010_gz_en.x4-
b.jpg,
http://www.wipo.int/pctdb/en/wo.jsp?W0=2010099797&IA=EA2010000002&DISPLAY=STATUS

Page 175


http://www.wipo.int/pctdb/images/PCT-IMAGES/10092010/EA2010000002_10092010_gz_en.x4-b.jpg
http://www.wipo.int/pctdb/images/PCT-IMAGES/10092010/EA2010000002_10092010_gz_en.x4-b.jpg
http://www.wipo.int/pctdb/en/wo.jsp?WO=2010099797&IA=EA2010000002&DISPLAY=STATUS

Chapter § A History of Iceberg Transportation

- the iceberg floating in a progressively increasing quantity of melted water in the bag
creates a problem of stability, modifies the iceberg’s centre of gravity and produces shocks
between the solid ice and the walls of the bag, increasing risks of bag breakage. The patents
studied did not assess enough the stability problem associated with wrapped melted iceberg
during drifting and transportation;

- the use of bags for icebergs transportation has not progressed to a practical stage;

- the patents were not subject to intensive technical development;

- new materials derived from space industry research have not been used to date for bags;
- the technological studies are not reliable as they do not measure, the risks and the costs

associated with the development of untested icebergs transportation technologies.
5.8 Discussion

Previous projects have failed to live up to expectations for different reasons which will be
discussed below. Having in mind the physical characteristics of icebergs and the harnessing
related hazards, to develop an efficient transportation system (suitable resource and
destination locations, large capacity, sustainable technical operating process, low cost) the

guestions which need to be answered are:
- What are the needs and the required capacity for iceberg melt freshwater?

WA could use between 2 and 20 km?® on different time scale. A maximum of 200 km?® would
be appropriate in environmental terms. Transporting iceberg water from the SAF to WA
would using wind and current energies, the circumpolar geography of Antarctica could,
evidently, provide access from the AAT to WA regions interested in fresh water from iceberg

resources.
- Where are suitable sources and destination locations?

Locations of major shipping routes are of strategic interest (Rodrigue and Notteboom,
2009°°). For a large iceberg transportation system, West Australia could be an optimal
location in terms of relative proximity to the iceberg resource location in Antarctica, provision
of existing infrastructure, the ability to take advantage of water currents, as well as having a

high demand for large volumes of freshwater.

*Shttp://people.hofstra.edu/Jean-paul Rodrigue/downloads/Rodrigue+Notteboom-paper-JTG-draft.pdf
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Thanks to the advances with previous projects and remote sensing technologies it is
possible to accurately locate Antarctic icebergs resources. The major routes of iceberg
movements have been tracked and mapped using satellite technology and are consequently
well known and predictable. For example, the British Antarctic Survey have provided detailed
surveys of icebergs production drift and decay. The International Ice Patrol locates icebergs
on a daily basis in order to alert shipping traffic. The Sea International Authorities (SIA) and
the International Maritime Organisation (IMO) also deliver daily complementary data on
iceberg activity.

As a specialised industrial activity, transporting icebergs to supply freshwater is affected by
local and regional characteristics. It requires a supply destination optimally located in terms
of demand, distance, environmental characteristics, and infrastructure. In most iceberg
transportation projects, the transportation system (comprising the iceberg and the tug)
follows a route from Antarctica to various destinations, such as: Saudi Arabia (Montfort and
Oudendijk, 1979; Victor, 1979; Connell, 1982), the USA (Hult and Ostrander, 1978; Shick,
2004), or Australia (Weeks and Campbell, 1973, Smith, 1979; Rowden-Rich, 1986). These
studies concluded that the technological solutions proposed have not been economically
viable. The routes from Antarctica to Saudi Arabia or to the USA were too long and the
technology proposed was not able to avoid iceberg decay and melting and to ensure
freshwater collection. The propulsion costs using fossil fuel were extremely high. During
those days the iceberg transportation systems have been at an early ‘conceptualisation’

stage of development. Routes from Antarctica to Australia are more economically realistic.

- Considering that iceberg melting would produce modification of iceberg gravity
centre, cracking or breaking inducing high hazards for the transportation convoy,
what would be the technical solutions to ensure safe iceberg transportation and

what could improve stability during transportation?

In the projects described previously, a popular means by which iceberg stability was
improved, during transporting process, was by using bags (Merrill, 1966; Hult and Ostrander,
1978; Connell, 1982; Wilson, Frisch and Kresta, 1979; Humphry, 1979; and Hussain, 1979).
While these studies advanced arguments for the importance of using bags, they remained
either too vague or too specific about the technical deployment of bag technology. Mougin
(1980) and Sobinger (1986) proposed more detailed technical designs. Mougin (1980)
proposed large bag designs which were not tested and of which the risk of breakage still

remained a problem especially considering large scales. Sobinger (1985) proposed a sail
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cloth bag to wrap an iceberg of 300,000 t, which had been tested in the North Sea. In these
experiments the bag was anchored or tied off across the top of the iceberg. However,
Sobinger’'s experiments did not show enough reliability for transportation for Southern Ocean
sailing conditions and the scale of iceberg water demand requires bigger and more reliable
bagging techniques. Controlling such bags in Southern Ocean conditions is difficult and

requires specific meteorological conditions. The design of the Sobinger's bag is suitable to

melt the iceberg but not to collect and transport iceberg melt water efficiently which remains

an issue.

Another possibility to optimise the iceberg stability consisted in separating the melting water
from the decayed iceberg using a collecting bag (Sobinger, 1986; Rowden-Rich, 1984) or
enveloping the iceberg in a net (Sobinger, 1986; Hewlings, 1989; Fuerle, 2003; Shick, 2004,
C-CORE, 2005a; 2005b; and 2005c; see also Figure 5.33).

Figure 5.33 Kelp Netting (credit Shick 2004 p. 4)

Except Hult and Ostrander, Weeks and Campbell, Mougin and Sobinger’s studies which
represent the most advanced studies on iceberg transportation systems, the other studies
were more ‘conceptual’ or focusing on one particular aspect of an iceberg transportation
system without providing a comprehensive solution for iceberg transportation systems. They

were not ‘adapted to’ any global transportation system.
Technical aspects of the iceberg transportation process, such as train systems to optimise

convoy stability, were studied by Hult and Ostrander and Rowden-Rich, could be optimised

by improving iceberg stability (decay and collecting of melted water), harnessing, towing
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transporting and drifting. My thesis aims to assess the potential techniques concerning these
aspects.

- Could non fossil fuel (wind, maritime currents) based transportation systems be
appropriate for iceberg transportation?

Transportation models are proposed in the literature to optimise transportation propulsion
forces, techniques and costs (Serletis, 2007). The optimisation of the distance is mostly
derived from the cost of the transportation process. For example: how much distance can be
travelled within a given amount of time is not as important as asking how much can the cost
of transportation be minimised. The physical or temporal distance matters less than the pure
cost of the transportation process, which may be a significant challenge in itself. Over a set
distance, this can be achieved by minimising the costs of the energy required. Iceberg
transportation systems were traditionally based on towing processes which involved giant
tug boats powered by nuclear energy yet used as icebreakers in Polar Regions (Weeks and
Campbell, 1979; Hult and Ostrander, 1979; Shick, 2004) or petrol engines (Weeks and
Campbell, 1979; Hult and Ostrander,1978 and 1979;Montfort and Oudendijk, 1979; Victor,
1979, Connell, 1982; Smith, 1978 and 1979; Rowden-Rich, 1982 and 1986; Sobinger 1986;
Fuerle, 2003; Shick, 2004; Abramovitch, 2004).

Previous studies of iceberg transportation have advocated the use of tug boats to meet the
time and distance objectives of bulk maritime transportation, to meet the technological
requirements of polar maritime transportation. However, the major obstacle in using tug
boats to tow icebergs is the overall cost of operation over a long distance. Iceberg
transportation systems that use fossil fuels have high energy costs because of the distances
(> 1,000 km) across which icebergs have to be moved. Therefore, an efficient transportation
system should optimise the distance covered by the transportation process. The cost of
transportation depends mainly on the energy cost, the amount of energy spent during the
transportation operation and the infrastructures costs. In the case of iceberg transportation,
cheaper energies (winds and maritime currents), or less energy spent, would improve the
overall cost and therefore provide easier access to the iceberg resource through a new
transportation system. As noted by Serletis (2007) the transportation speed plays a less
significant role and efficiency and capacity are more important. The propulsion
characteristics of the transportation system need to be adapted to the specificities of the
iceberg resource. In previous projects, alternate propulsion systems have been largely

limited to conceptual speculation, for example the suggestions made by Connell (1982),
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Smith (1983) and Rowden-Rich (1984) that giant sails could be used to reduce energy costs.
The use of currents to support towing systems has been considered in some cases (Montfort,
1980; Oudendijk, 1978; Smith, 1982; Rowden Rich, 1984; Sobinger, 1986; Smakthin et al.,
2001). Current or sail based sailing systems seems to me to be the most promising being
environmentally friendly. Projects enumerated before, based on non fossil fuel transportation
systems, failed because of lack of appropriate technology. However, studying the principles
described previously, and having in mind the progress achieved in producing new materials
used for air and space applications, it may be possible to find a semi-automatic propulsion
system that is cost efficient for iceberg transport systems. New technologies based on wind
and maritime currents could be developed. Such a system (which will be described in
Chapter 7) would be able of carrying very large icebergs over long distances while remaining

stable in extreme climatic conditions. Winds and currents would be favourable.
5.9 Conclusion

This chapter has assessed the range of transportation technologies that have been
proposed to transport icebergs. Iceberg transportation projects faced several challenges.
This chapter has reviewed the scientific and technical literature published in the last four
decades on iceberg transportation. The results from the range of projects commented in this
chapter demonstrates the considerable potential that exists for transportation of icebergs
and their freshwater. However none of the iceberg transportation projects that have been
advanced in the last decade have had an appropriate technical and spatial frame to
successfully design a sustainable operating system for icebergs transportation from
Antarctica to Australia. Iceberg transportation was considered to be economically unviable.
Costs studies did not identify enough potential benefits to progress to a world-scale project.

A number of technical issues remained unresolved:

- because of the instability of the convoy, the depth of the iceberg, the melting rates, as
well as the energy costs, projects based only on towing technology are judged to be
infeasible;

- the freshwater melting losses during transportation issues; In the 1980s new
technological advancements were suggested, chief among which was wrapping icebergs in
a large bag. Wrapping icebergs techniques have been developed and patented. The
pioneering Sobinger’s (1985) work was carried out on a full-scale 3,000 t iceberg wrapped in

a bag. This experience was carried out on a real scale. Techniques using bags need to be
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perfected. No techniques have been designed to ensure a stable iceberg transportation
using a bag. In the 1980s the ability to successfully carry out an iceberg transportation
project on a large scale was still uncertain. The bags designed were not tested for melting
instable iceberg and during transportation in the harsh conditions of the Southern Ocean. To
ensure safe iceberg transportation and avoid breaking the bag, techniques inspired by
Mougin (1981), Sobinger (1985) and Fuerle (2001) could be adapted to an AAT WA project.
Bag technology has changed since the period of these studies and bag costs are certainly
lower than in the last century and accessible today;

- iceberg stability issues; the mass metacentre of the iceberg can change because of
melting and cause capsizing (Bowring et al., 2010). The iceberg could be stabilised with
specific techniques and its behaviour could be controlled while its melt waters could be
transported in specific bags which would have the required resistance under the harsh
conditions of the Southern Ocean; harnessing icebergs is a crucial aspect of iceberg
transportation (C-CORE, 2001a; 2001b; 2002; 2003a; 2004a; 2005a; 2005b; 2005c).

- energy costs; Australian projects submitted by Smith (1983) and by Rowden-Rich (1986,
2004) identified that the currents from Antarctica to Australia were favourable for icebergs
drifting, but these maritime currents, like other natural energy sources, are highly variable in
force and direction. They assumed the fact that to deliver freshwater melted from icebergs,
surface maritime currents could be used to propel icebergs drifting naturally from Antarctica
to Australia. However the lack of knowledge on the direction and steadiness of maritime
currents from Antarctica to Australia represented the main obstacles for the success of this
approach and no technigues had been specifically designed to provide a system for iceberg
transportation based mainly on currents, or to provide a steady and consistent direction to

icebergs while being transported only by currents.

Putting together all the findings of the previous projects and experiments and analysing them
can help to create a new transportation system for freshwater melted from icebergs, from
Antarctica to Australia. The use of effective detection harnessing technigues of the C-CORE
at larger scales, existing relatively small bags (15,000 t) for collecting melted water and the
technical progress of propulsion systems (i.e. wind or current propulsion) could overcome
the obstacles of the harvesting of the icebergs resource with substantial investments. In this
way it is possible to select areas of research to advance the design of an efficient,
sustainable and profitable iceberg transportation system. After examining iceberg
transportation projects, the thesis now turns to the technical feasibility and environmental
sustainability requirements for my proposed future project which will be outlined in Chapter
7.
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Figure 6.0a Waterbag Moored at Loading Terminal (credit Monohakobi Institute®, 2008 n.p.)

Figure 6.0b Giant Kite for Commercial Cargo Scale Propulsion Prototype (credit Skysails®, 2006 n.p.)

! http://www.monohakobi.com/en/research/water bag/index.html
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Social and economic evolutions of the 20™ century had a major influence on transportation
technical progresses. In transportation geography, technological engineering analyses of
transportation systems are broken down into a number of components such as: the
investigation of the resources available, utilising spatial interaction models to study the
motive forces of transport supply on models, the transportation planning, the construction of
transportation systems infrastructures and their maintenance. The main outcome of such
studies is, in the context of this thesis, to determine what techniques and operating
conditions will be suitable for developing an iceberg water transportation system from
Antarctica to Australia. Since the 18™ century, new technologies have revolutionised polar
transportation which became faster and more efficient. In recent years, new transportation
techniques have been developed for maritime transportation and were used in projects that
could suit the scale and requirements of iceberg transportation. This chapter aims to assess
those transportation technologies that would be best suited to the transportation of icebergs
and melted freshwater from the AAT to WA.

The objective of this assessment is to identify which techniques could be appropriate to the
scale of iceberg transportation and adapted to such transportation in a sustainable manner.
It will then be possible to select the combination of components and processes of efficient
and sustainable systems of transportation that would be the most valid for the transportation
of icebergs and melted freshwater resulting from icebergs. Key criteria for assessing the
performance of possible transportation systems include the volume of ice to be transported,
the detection of the icebergs and the stability of the systems of transportation. In turn, these

considerations raise further questions including:

- what type of detection techniques are available? With which associated accuracy level?

- what type of transporting materials and processes adapted for iceberg might be used?

- what environmental conditions are the most conducive to stable transportation of large
volumes (such as icebergs)?

- what type of propulsion is most suited for large volumes?

- what speed could these systems move such volumes (comparable to icebergs)?

2 http://solaripedia.blogspot.com/2009/10/tethered-sails-power-cargo-ships-with.html
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Chapter 5 highlighted the fact that previous iceberg transportation projects based on the
management of large ice mass at the operating and destination sites, short travelling time
and fossil energy input for icebergs transportation with tugs, have not been successful. We
also saw previously how far technical studies went and that a large range of technological
options was proposed but were too specific and did not provide a global solution for iceberg
transportation systems. Especially, areas such as iceberg selection, the management of
iceberg (harvesting and stability) and maritime transportation were not investigated with a
specific iceberg sustainable transportation focus.

However, recent technical improvements in these areas of research could fill' the
technological ‘gaps’ of previous projects. This chapter will therefore investigate three aspects
of recent innovations: icebergs selection process; icebergs management; new technologies
for icebergs transportation and development of water bag technology for melted fresh water;
currents and kites to aid the drifting of icebergs.

6.1 Iceberg Detection Techniques

Different techniques are available for iceberg detection. Since tabular icebergs are massive,
it is possible to detect them by sight. Orheim (1983) proposed an international logging
scheme for iceberg sightings in which considerable details about icebergs can be seen
(shape, size, colour, volume, homogeneity). Norwegian Polar Institute (2003) monitored
icebergs sightings. However, the visual detection above the sea level of icebergs is severely
limited by fog (Figure 6.1).

Figure 6.1 Large Tabular Icebergs in Fog in Antarctica (credit Scambos, NSIDC® n.d. n.p.)

® www.nasa.gov/.../169455main_TedScambos NSIDC.jpg, see also
http://msuinantarctica.blogspot.com/2010 01 01 archive.html
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It is also possible to detect icebergs by the sounds caused by high-pressure air bubbles
discharge of melting ice in warmer waters (Scambos et al., 2003; 2005). According to
Rafferty (2010 p. 168):

[IIn the open sea, an iceberg produces noise, squealing, popping, and creaking sounds
caused by mechanical stresses [induced by melting or colliding] ... In summer, icebergs

can also produce a high-pitched hissing sound called bergy seltzer.

These sounds and noises can be detected underwater up to 2 km away (Urich et al., 1971,
Scambos et al., 2003; 2005; MacAyeal et al., 2008). Decaying icebergs have to be detected
continuously because they are often surrounded by growlers and bergy bits which represent

potential threats to maritime transportation.

However nowadays there is a heavy reliance on remote sensing techniques. Remote
sensing is a general term, which refers to non-contact techniques for data acquisition of
targets or phenomena in real time or after recording by spacecraft, satellites, aircraft, buoy or
ship, using imaging sensor technologies. Remote sensing techniques for icebergs detection
and icebergs deterioration dynamics have been discussed in an abundant literature (Skolnik
and Merrill, 1980, 2001; Benedict, 1972; Clay and Medwin, 1977; Robe et al, 1977; Gustajtis
and Rossiter, 1979; Buckley et al., 1985; Newell, 1993; Davidson et al., 1997; Hoxtel and
Miller, 1983; Canadian Seabed Research Ltd., 2000; PERD report 20 - 46 2000* Dykstra,
2002; Le Chevalier, 2002). Remote sensing tools located on satellites are used to detect

icebergs.

Environmental factors such as adverse sea conditions and weather will affect deployment
options and overall functionality of any remote sensing sensor. The techniques employed for
iceberg detection, location, morphology measurements and towing, drafting and decay of

icebergs are classified such as:

- electromagnetic techniques: high frequency radar techniques - (300 MHz to 30 GHz) for
radars using microwaves for ice dielectric properties measurements , with scatterometers
and low frequency radar techniques (10 to 100 kHz), measuring the electrical conductivity of
sea ice and water. Satellite altimetry is able to detect objects rising straight over the sea

surface. The return echoes of the altimeter (or waveforms), have an earlier return of the

* ftp://ftp2.che.nrc.ca/CRTreports/PERD/Max_draft 00.pdf
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signal when there is something rising over the sea on which the radar beam can be reflected

(Tournadre, et al., 2008). lcebergs smaller than one km? are difficult to detect on a global

scale using satellite mounted remote sensing technologies. Interference with clouds can

make it difficult to detect small icebergs.

Radar is a key technique in most iceberg detection systems (Veitch and Daley, 2000).
According to Wadhams (2009 n.p.):

[tihe most useful type of sensor for detecting icebergs is the SAR - Synthetic Aperture

Radar - which combines high resolution with day-and-night weather-independent

capability. Remote sensing tools with a pixel size of about 20 m are capable of resolving

most bergs. The new generation of SAR tools developed in the early 21% century, such
as the Canadian RADARSAT and the European ENVISAT, are able to survey wide

swaths (up to 400 km wide) in every orbit and are thus capable of surveying entire zones

once per day.

Since 1998, C-CORE has conducted considerable research into the satellite detection of

icebergs. Table 6.1 provides a summary of the research projects into the satellite radar

detection of icebergs conducted between 1999 and 2006.

Table 6.1 Research Projects on Satellite Radar Detection of Icebergs (from PERD/CHC, 2007 n.p.)

Program

ADRO 1997/1998

ADRO 1999

ADRO -2, CIS 2000

ADRO &CIS,
ENVIRSAT 2003

CIS/IIMI 2003/2004

CIS GMES 2005

Barents Sea 2003

Reference

Randell et al., 1999
and 2000

Flett et al., 2000

Power et al., 2001

Lane et al., 2003

Howell et al., 2004
and 2006

C-CORE, 2005b

C-CORE, 2006a

Notes

RADARSAT 1 fine mode iceberg detection - ground truthing off
Newfoundland and Antarctica

RADARSAT 1 range of scansar and wide resolution modes - ground truthing

off Newfoundland - some data on ship discrimination

RADARSAT 1 range of scansar and wide resolution modes - ground truthing
off Newfoundland - POD assessments based on wind speed and look angle

RADARSAT 1 & ENVISAT POD assessment based on wind speed and look

angle
RADARSAT 1 & ENVISAT effect of polarisation in ship/ ice discrimination

ENVISAT ship - iceberg discrimination

ENVISAT - Ground truth ship and icebergs - inexact ground truthing hence
correlations uncertain
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Wu et al. (2008) worked and detected the seasonal and geographical patterns of 8,000
icebergs in the Southern Ocean (Figure 6.2).

Figure 6.2 Antarctic Peninsula on March 8, 2006. Highly detailed image showing large icebergs of

hundreds meters long, floating amid smaller pieces of ice (credit Formosat-2 Liu and Wu®, 2008 n.p.)

- optical techniques: photography, video cameras, fluorescence line imager, compact
airborne spectrographic imager (CASI), used by LANDSAT satellite series thematic mapper,
NOAA satellite series or High Resolution visual Scanner (HRS). Techniques exist for
detections above and under water line, under poor visibility and at night. According to AAD

(n.d. n.p.):

In the Antarctic, satellite images are used to track glaciers rifts tens and even hundreds of
kilometres inland from the outer margin, and running parallel to the margin. These rifts

typically develop and extend over many years till an iceberg breaks off.

Landsat imagery has been used to detect icebergs (Nazarov, 1962; Hult and Ostrander,
1974). Nazarov’'s (1962) map of iceberg sightings in the Southern Ocean revealed that
icebergs form ‘streams’. Using Landsat imagery, icebergs with a freeboard of about 700 m x
40 m x 40 m could be detected.

® http://earthobservatory.nasa.qov/IOTD/view.php?id=8604 see also
http://www.ncku.edu.tw/~earth/people/liu/3.pdf
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- acoustic techniques which for underwater applications employ ultrasound to determine
the underwater iceberg profile (sonar). Acoustic techniques sonar profiling methods are used
for the determination of icebergs characteristics. These techniques help to understand the
process that result in icebergs melting and collecting of resulting melted freshwater. Figure
6.3 schematises the principle of acoustic technique (sonar) used to determine the
underwater dimensions of icebergs (Hodgson et al., 1988).

Figure 6.3 Schematics of the Principle of Acoustic Technique (sonar) Used to Determine the
Underwater Dimensions of Icebergs (credit Hodgson et. al., 1988 in Timco, 2000° p. 59)

Measurements of the above-water characteristics of an iceberg are undertaken as the
iceberg is circumnavigated. These acoustic techniques can be used to select icebergs and

measure the size of icebergs and to record deterioration during operation.

According to McKenna et al., (2000 p. 65). “[LJinear dimensions are determined
trigonometrically using the recorded ranges and angular dimensions”. For below water
measurements, Hodgson et al. (1988) conducted experiments for measurements of iceberg

draft using sonar systems off the coast of Labrador (Figure 6.4).

® ftp://ftp2.che.nrc.ca/CRTreports/PERD/Max_draft 00.pdf
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Figure 6.4 Polarscan during the Mobile 1984 Iceberg Survey (credit Canadian seabed Research Ltd,
2000 p. 577)

In these experiments an iceberg was encircled with rope to which were attached four
acoustic receiving transducers (transponders). The transponders, which received pulses
emitted from an ultrasonic generator, were positioned at equal intervals and suspended
around the iceberg at depths between 80 and 100 m. According to McKenna et al., (2000 p.
58):

The assembly collected range information from the acoustic transponders and
determined the iceberg profile along the horizontal swath. A compass mounted in the

scanning head the vessel provided an azimuth reference for the sonar data.

On completion of the horizontal profiles from one position, the vessel was moved to a station
between another set of transponders, and profiling begun again, until data were collected
from between all four transponder locations. Finally, a 3D image of the iceberg was
obtained. From these experiments it was deduced that an average uncertainty of about 15%
for iceberg underwater profile can be expected from this method (Hodgson et al., 1988). A

number of operational problems were identified during the experiments, including:

- lassoing icebergs and deploying transponders are intricate and complex operations even in

calm sea conditions;

" ftp://ftp2.che.nrc.ca/CRTreports/PERD/Max_draft 00.pdf
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- calving and rolling events required repositioning the transponders before profiling could
begin again;

- the position of the transponders in relation to the iceberg could not be defined very
accurately and the motion of the vessel, while trying to stay on stationary position produced
a significant degradation in profile accuracy.

The complete survey of an iceberg using in acoustic field methods is a lengthy process.
Canadian Seabed Research Ltd (2000) found that it took 10 daylight hours to complete
the measurements. The duration of the experiment was influenced by: the size and the
shape of the iceberg, the weather and sea conditions and the ability of the vessel to
maintain its position relative to the iceberg throughout the survey. Numerical and
experimental physical models of iceberg deterioration have been proposed in the last ten
years (Veitch and Daley, 2000; Liang et al., 2001; Moores et al., 2001). These models
have successfully integrated a number of critical factors responsible for iceberg
deterioration, such as iceberg orientation, floatation, stability and mass evolution due to
continuous melting and morphological changes. For precise details of iceberg shape and
under water dimensions, an Autonomous Underwater Vehicles (Dhanak and Holappa,
1996) can be used to survey icebergs. According to Weeks (2011, communication) there
are any realistic modeling of iceberg behavior during transport would flaws that control
their strength under wave induced flexing. According to Fernandes et al., (2003 p. 1):
‘[AJutonomous underwater vehicles (AUV) are unmanned submersibles that can be pre-

programmed to navigate in three dimensions under water” (Figure 6.5).

Figure 6.5 Autonomous Underwater Vehicle - Autosub onboard RRS James Clark Ross (credit British

Oceanographic Data Centre Natural Environment Research Council®, 2010 n.p.)

8 http://mwww.bodc.ac.uk/projects/uk/autosub/
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According to Brandon and Banks (2006° p. 1):

In 2001, an AUV, the Autosub Il, was deployed at the north-west edge of the Weddell
Sea as part of the Under Sea Ice and Pelagic Systems (USIPS) program. ... [the project
had two main objectives:] to investigate the physical and biological environment of the
Antarctic Marginal Ice Zone and to assess the potential of the AUV for improving acoustic

estimate of biomass.

This AUV was equipped with a complex array of sensors and had 6.8 m long, 0.9 m
diameter, 3,000 kg, endurance over 400 km at 1.7 m/s diving depth to 1600 m. During these
campaigns, Autosub Il observed 22 icebergs. Their drafts varied from 12 m to 146 m
(Brandon and Banks, 2006). Spatial statistical methods were used in conjunction with the
data obtained from the AUV survey to ascertain the likely distribution pattern of the icebergs
in the area, and it was found that there is a particular type of distribution of iceberg in the

region studied.

Table 6.2 synthesises the icebergs detection systems and the supporting platforms for

icebergs detection, location, decay during drifting.

Table 6.2 Detection Systems and Supporting Platforms

_ Autonomous Air craft and )

Systems Vessel/ship . Satellites
underwater vehicle | helicopter

Visual X
Radar X X X
Infrared X X X
Optical X X X
Acoustic- Sonar | X X

6.1.1 Discussion

Remote sensing technologies underpin safety and efficiency issues for icebergs
management planning and operations for icebergs and resulting melting freshwater

transportation, such as:

® http://adsabs.harvard.edu/abs/2006AGUFM.C41B0323B
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- ship based observations near the zone of iceberg capture. They include the deployment of
autonomous observation stations fitted with sensors linked to an ARGOS satellite for
information on strain and tilt, atmospheric pressure, positioning. The ARGOS satellite
system for environmental data which operates from both fixed and mobile platforms over the
world;

- satellite image data analysis (Envisat, Radarsat, ALOS) at different spatial resolutions with
a “pattern-recognition algorithm” to detect and select small icebergs. According to McKenna
et al. (2004 n.p.):

Radar imagery could be used to monitor the physical changes in icebergs, such as
surface melting. Estimates of the freshwater flux could be made by combining size
information from satellite imagery with freeboard elevation from satellite altimetry (ICESat,

CryoSat, Envirsat), and both could be compared with modelled melt rates.

The technological advancements of remote sensing for iceberg detection and selection can
successfully supply information on the location, shape, size, environment, and stability
characteristics of icebergs with high levels of accuracy allowing iceberg selection and
management. However to determine tabular icebergs dimensions large-scale draft

measurements are sufficient (Weeks, 2011 personal communication).
6.2 Iceberg Selection Process

A wide range of techniques allow for assessing the parameters concerning the locations of
the resources, the volumes and shapes, the oceanic conditions and the currents, the
deteriorations of icebergs and the environmental impacts. The selection of the iceberg is
undertaken considering the accessibility to the site and iceberg stability. To secure the
transporting operations, iceberg should be selected using specific criteria (Smakhtin et al.,
2001):

- physical characteristics of the iceberg selected for transportation, including its type, shape
and size. The shape is related to the stability, the size to the water volume at the destination;
- icebergs life duration estimation is critical in order to quantify the volume of water
delivered at the destination site. The iceberg must remain stable during its melting voyage
for six to twelve months depending on its size;

- trajectories of icebergs and risks of collision with other icebergs and frequent boat trips;
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- meteorological data, such as the direction of prevailing winds, atmospheric pressure,
isolines which can predict fog probability, storms and cyclones, currents and their periodicity
which are related to transportation;

- regional environmental situation within which an iceberg transportation system would
operate. Temperature variations of local sea water could be in the order of 10°C and of the
air greater than 25°C, which can affect local temperatures and local marine organisms.

6.2.1 Operational Selection

Iceberg sizes can be determined with operations performed via remote sensing techniques
(SAR, Sonar) (Williams and Rees, 1999; Lane et al., 2002). The IIP in Newfoundland
developed a methodology to detect specific icebergs from iceberg distributions in a particular
geographic region using satellite data (Gladstone and Bigg, 2002). It consists of designing
several zones with different criteria and to undertake progressively a precise selection: for
example, in the ‘Confirmation Zone’ icebergs physical characteristics are detected and in the
‘Tracking Zone’ the drift tracks of icebergs are evaluated from the exact location of the
icebergs by a computer system. Detailed icebergs tracks are established while the icebergs
are still far enough away (20 to 30 miles and 24 - 72 hours). According to the Iceberg
Management Procedures suggested by the IIP, a daily survey of icebergs provides
information that can be used to ascertain the directions in which icebergs are drifting and are
likely to drift in the future. The 'tactical zone' constitutes the environment within which the C-
CORE and the IIP towed icebergs. They had to negotiate a range of hazards (such as other
icebergs) while undertaking towing operations for this purpose. The size, the position and
the drift speed of an iceberg are estimated precisely. In Canada, Provincial Aerospace Ltd™
is also involved in management of planning maritime operations in the Grand Banks. In each
spring season general area for icebergs presence is determined (PERD/CHC, 2007). Figure
6.6 shows sighting drift history (51° N - 46° N) of a tabular iceberg in 2002 in Canada. The
same remote sensing techniques and procedures are currently undertaken in Antarctica
(See Coleman, 2003 for the Amery Ice Shelf) and work with the same range of surveying
practices and a focus on iceberg transportation projects could provide useful detailed

information.

% Environmental Service Division http://wwww.provincialaerospace.com/
Yhttp://mww.antarctica.gov.au/ __data/assets/pdf file/0018/22284/ml_378866908564815 loosetooth.p
df
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Figure 6.6 Drift History (51° N - 46° N) of a Tabular Iceberg in 2002 (credit Scott et al.*?, 2010 n.p.)

Table 6.3 gives details for ice season 2002 in East Cost of Canada detected by different
techniques of icebergs of different sizes and shapes emerged from the sea and arrived by

waves as a hundred in the same time.

Table 6.3 Evolution of icebergs in spring ice season in 2002 in East Cost of Canada (data from Scott
et al., 2003 n.p.)

Date Sighting source Size Side-Scar Sonar

26 Mar Dept of Fishery and Oceans Canada | 7 km long

06 April | Dept of Fishery and Oceans Canada | 2 km long

18 April | Dept of Fishery and Oceans Canada | 1.8 km long

10 May | Provincial Airlines Limited - ice flight 1...2 km long

S o o 500 m long, 200 m wide 12.5 Million t
13 May | Provincial Airlines Limited - ice flight ) o
200 m long, 100 m wide 1.3 Million t
23 May | Vessel 2 large pieces
) ] 612 m long, 420 m wide 30 Million t
27 May | National ice Centre
222 m long, 137 m wide 2.5 Million t

12 \www.vos.noaa.gov/MWL/fall_03/icebergs.shtml and
www.vos.noaa.gov/MWL/Images/iceberg figl.jpg
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Currently it is in Canada that exists the most advanced operational detection techniques.
Iceberg resources operations are well documented and experimented in Canada and allow
different levels of detection accuracy (Veitch and Daley, 2000™*; C-CORE, 2002'). This
information could be used in case of iceberg transportation projects to manage the
transportation systems. The results of these zone definitions could be evaluated for an
iceberg transportation system through more sepcifically environmental assessment
measures. The sites of iceberg utilisation would have to be chosen considering the limiting
obligations to respect the characteristics of their ecosystems. Similar detection process

could be applied to carry on an iceberg survey in a region between the Amery shlef and WA.
6.2.2 Operational Selection of Icebergs

The properties of the iceberg resource and its location determine the range of transportation
operations available: the selection criteria and the techniques to harvest icebergs and the
techniques to transport them have been studied in past projects. Many scholars, such as:
Merrill (1966), Fitch and Jones (1973), Weeks and Campbell (1982), Hult and Ostrander
(1982), Victor (1982), Connell (1982), Smith (1986), Page (1986), Mamo (1982), Sobinger
(2004) and Shick (2004) have given details on how icebergs can be chosen and how they
can be selected. The results of their studies in terms of their estimation of iceberg selection
are consistent. Icebergs are enormous and their sheer size represents a significant
challenge for any transportation system. In Antarctica, there is an abundance of differently
sized and shaped icebergs. According to Hult and Ostrander (1973), the annual yield of
iceberg could be about 1,200 km? and the total accumulation in the Antarctic Ocean about
7,000 km®. Estimates of iceberg annual production from Hult and Ostrander (1973) are given

in Appendix 3.

However, icebergs suitable for transportation projects need to be of a thickness (greater than
250 m) that will ensure that the iceberg does not break up/melt too quickly (Smakhtin et al.,
2001). While many different types of icebergs exist and could be transported, the studies
noted above have suggested that small and medium sized tabular icebergs are most easily
captured and transported (Bigg et al., 1997). Broadly, they all conclude that tabular icebergs,
of various sizes, are the most suitable for iceberg harvesting and transportation stability. The

thickness of tabular icebergs is typically about 700 m at the landward edge to about 250 m at

13 ftp://ftp2.che.nrc.ca/CRTreports/PERD/Iceberg_evol 00.pdf
14 ftp://ftp2.che.nrc.ca/CRTreports/PERD/Greenland _02.pdf
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the seaward front (Quilty, 2003). Tabular icebergs combine a relatively good stability with a
large volume of water, mineral integrity (Walton, 1987). In the projects described previously
and directed towards the movement of icebergs, the focus of operations has been on
maritime engineering. Quilty (2003 and 2006) has determined that icebergs of around 1
million t are the minimal size that could be profitably transported. Quilty (2003) specified that
the size of an optimal iceberg at an operational stage would measure about 0.04 km?® and
weigh about 36 million t, which is about 300 m by 600 m in area, with a depth under the
water of about 200 m. Quilty (2001 n.p.'®) compared the operational task of wrapping such
an iceberg with that of protecting a cricket ground from rain:

But with all that iceberg surface area, it is only about 40 times the area of the MCG
(Melbourne Cricket Ground), and so if they can cover the MCG fairly quickly in case of
rain, | suspect a couple of decent trawler operators could lead this lot under an iceberg

and start the wrapping process fairly readily.

In Antarctica, the Ross and Filchner ice shelves, covering an area of about 10° km?, produce
tabular icebergs (Schwerdtfeger, 1985). Figure 6.7, Figure 6.8 and Figure 6.9 show tabular
icebergs in Antarctica which would correspond to iceberg transportation projects average

and large scales targets (Chapter 7).

Figure 6.7 Iceberg C-18A Formed in Ross Sea Shelf in 2003, 18 km long and 6 km wide (credit
Chakos, MBARI*®, 2003 n.p.)

Bhttp://webcache.googleusercontent.com/search?g=cache:SL_NrasVa_wJ:www.abc.net.au/news/fea
tures/antarctica/+quilty+iceberg+surface+areatit+is+only&cd=1&hl=en&ct=clnk&gl=au
http://www.farmhand.org.au/downloads/82-93 Producing_more_%20water Part_8.pdf, Mansfield et
al., p. 90

18 http:/licestories.exploratorium.edu/dispatches/our-first-iceberg/
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Figure 6.8 Iceberg, B-15A 160 km long, 70 km wide, Drygalski Ice Tongue (credit ESA'’, 2005 n.p.)

Figure 6.9 Iceberg B-15A Grounded at Cape Washington in the Ross Sea (credit Van Woert, NOAA'®,
1997 n.p.)

6.3 Operational Icebergs Management

Hult and Ostrander (1978), Mougin (1980), Connell (1982), Sobinger (1986) and
Abramovitch (2004) all designed methods by which to approach an iceberg and to handle it

M http://earthobservatory.nasa.gov/NaturalHazards/view.php?id=14361
18 www.ens-newswire.com/ens/pics22/iceberg.ipg
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efficiently. However these handling methods were not tested in-situ on large icebergs. For
transportation operations, the stability of an iceberg and, in particular, the effects of melting
on iceberg stability and the sailing conditions represent major obstacles to iceberg handling
and determine the types of harnessing techniques which could be effectively used (Chirive
and Miller, 1978; Huppert and Turner, 1978; Mellor, 1978; Cluff, 1979; Robe, 1979; Russell,
1979; Smith, 1979). It is therefore important to forecast the iceberg deterioration and the
climatic conditions for operational and transportation purposes. C-CORE techniques

represent a benchmark in this area.
6.3.1 Harnessing Icebergs

Harnessing icebergs is a crucial aspect of iceberg transportation (C-CORE, 2001a; 2001b;
2002; 2003a; 2004a; 2005a; 2005b; 2005c). Harnessing decision is influenced by the
following factors: iceberg location, confidence in iceberg detection, features of the iceberg
(size, mass and shape), towing resource (location, availability, capacity), and meteorological
conditions. It was already established that ideal harnessing conditions require relatively calm

maritime conditions.
C-CORE (2004) suggested that the best methods for harnessing icebergs is to surround

icebergs with a network of steel cables below the centre of mass as shown in Figures 6.10
and 6.11.

Figure 6.10 Single Towline Slipped over the Iceberg, Program of Energy Research and Development
Canadian Hydraulics Centre (credit PERD/CHC, Report 20-84, 2007 p. 50)
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Figure 6.11 Iceberg Net Towing (credit PERD/CHC, Report 20-84, 2007 p. 49)

Iceberg harnessing is a process that consists of a number of specific operations:

- passing a tow wire around the iceberg;
- activating a system to recover the towline in the case of an iceberg breaking;
- wrapping the iceberg with a long cable;

- harnessing the iceberg by means of a large shackle to a towing tug.

For successful towing operation several key features were designed effectively harnessing

and towing icebergs:

- specific length of the net depending on each iceberg size and shape, to avoid the slipping
underneath after several hours of towing;

- improvement bridle design to prevent the collapsing of the net;

- simple configuration and assembly of the net to facilitate repairs at sea if necessary;

- enhanced handling through use of a purpose-built storage reel (Figure 6.12);

- iIf necessary easy disconnection of the towing vessel from the iceberg and evaluate

alternative management scenarios.
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Figure 6.12 Iceberg Net Storage (credit PERD/CHC, Report 20-84, 2007 p. 50)
Different types of material and process have been developed by the C-CORE in the years

2000s such as buoy, beacons, transponders, webs, dual vessel towing techniques, (Figure
13.a)

Figure 6.13a Two Vessels Towing (credit PERD/CHC, 2007 p.'%)

19 ftp://ftp2.che.nrc.ca/CRTreports/PERD/2 Ice-Structure Interaction 06.pdf
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Modern management techniques are used to deflect large icebergs, such as:

- single vessel towing, to deflect small masses of less than 100,000 t (icebergs of 50 to 100

m long);
- dual vessel towing, to deflect masses larger than 1,000,000 t (> 200 m long).

Figure 6.13b shows the procedure used by a single vessel for iceberg towing, which is
standard practice in iceberg management (PERD/CHC Report 20 - 84, 2007).

STROBE

LIGHT BUOY @ TOWING VESSEL
(OPTIOMNAL

SPARBUOY)

TAG LINE 10m TOWING HAWSER

HANDLING LOOP o=
(EYESPLICE) 4 - (/{/' JUNCTION ASSEMELY
I

FLOATING TOWLINE

TOWING VESSEL —‘

| FLOATING TOWLINE

[

Figure 6.13b Single Vessel Towing (credit PERD/CHC, Report 20 - 84, 2007 p. 27)

In many icebergs the mechanical action of waves creates a waterline groove which can be
used to catch and secure a hawser (thick towline) (Veitch et al., 2001). This reduces the
rolling movement of the iceberg from a given tow force. In this case, towing catenaries are

used to reduce the unstable iceberg overturning movement (Figure 6.13c and Figure 6.14).

Figure 6.13c Single Vessel and Towing Catenaries to Reduce Overturning Moment of Unstable
Iceberg (credit PERD/CHC, Report 20 - 84 2007 p. 26)
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Figure 6.14 Single Vessel Towing (credit PERD/CHC, 2007 p.2°)

According to McKenna et al., (2007 p. 28) to move larger or unstable icebergs:

Towing is conducted with two vessels to deflect larger or unstable ice masses. The
approach requires two vessels, a single wire rope, and one steel hawser for each vessel.
The approach is practical and can produce a significantly greater tow force; however,
there can be difficulties in having a balanced vessel thrust, a tendency to see-saw around
the iceberg while towing, and difficulty in maintaining depth control over the tow wire.
(PERD/CHC Report 20 - 84, 2007).

For larger icebergs up to four vessel arrangements can be designed (Figure 6.15).

Figure 6.15 Towing Configuration (credit PERD/CHC, 2007 p.?")

20 ftp://ftp2.che.nrc.ca/CRTreports/PERD/2 Ice-Structure Interaction 06.pdf
2L ftp://ftp2.che.nrc.ca/CRTreports/PERD/2 _Ice-Structure Interaction 06.pdf
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Iceberg harnessing is a very difficult task for towing effectiveness and all the processes have
to be undertaken with a great deal of caution, requiring skilled vessel handling. The
buoyancy forces and the gravity forces lead to large scale fractures of an iceberg. In the
Southern Ocean, winter storms with winds up to 130 km/h can produce 30 m high waves
(McKnight et al., 2000). Icebergs undergoing transportation are largely unaffected by the
effects upon the sea of earthquakes and other natural disasters such as tsunamis. Hult and
Ostrander (1973) reports that 250 m deep icebergs are not affected by 30m high sea waves.

6.3.2 Iceberg Deterioration

Landsat data suggested that many icebergs break into two almost equal parts, after
escaping from the relative protection afforded by pack ice. Smaller icebergs are more
unstable and ultimately overturn, which accelerates their decay. Iceberg deterioration
depends on drag, strength and thickness of crevasses. During iceberg transportation, the
heat transfer by convection usually takes place below the surface of the iceberg. The non-
uniform surface thickness of an iceberg favours ablation, which determines iceberg
instability. A significant risk associated with iceberg transportation is the calving due to wave
erosion and temperature gradient and the breaking into a number of pieces which roll over
after they drop into the sea. Therefore, iceberg stability is a critical technical parameter for
any towing operation. The physical behaviour of large icebergs during transportation could
be modelled with specific information on crevasse spacing, the effects of wave erosion and
basal melting. Developing performant modelling could allow analysing with correlation of the
modelling results the potential melting and the collection of freshwater by image acquisition.
In 2010 the 3DS team undertook a digital simulation of a new iceberg transportation project
from Mougin. The CATIA software and the SIMULIA Abaqus software allowed to assess the
interactions between the iceberg, and its transportation system and the potential
environmental impacts of an iceberg breakage, reproducing the ocean conditions, the speed

and temperature of the sea currents and winds (3DS, 2010%).
6.3.3 Sailing Conditions

Iceberg resources are located in Polar maritime regions (10% in the Northern Hemisphere
and 90% in Antarctica) and are far away from sites where freshwater is highly demanded as

for example from Alaska to south-western States of the USA and Mexico (Davidge, 1994) or

22 http://perspectives.3ds.com/environment/how-to-tow-an-iceberg-pt-1/
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from Antarctica to South Africa or Australia (Job, 1978; Mellor, 1980). The icebergs drifts
within the maritime space often interfere with the natural existing maritime routes. Iceberg
transportation projects forecasted the use of the same maritime transportation systems and
patterns as those currently used by regional shipping lines, related to frequent boat trips.
However, because icebergs are located many thousands of kilometres away from potential
consumers, the transportation systems for steering icebergs in a specific direction are limited
by the extreme climatic conditions existing in these high latitudes and by the cost of energy
required to shift icebergs across vast distances. Maritime environment components (state of
the sea, extremely strong winds, fog, ocean waves, and seasons) determine the
characteristics of any iceberg transportation system. These components can create serious
hazardous conditions for transportation. The physical environment of icebergs becomes
extreme in winter. Days have very little light, and there are low temperatures, ice conditions,
extreme winds, and fog. Poor visibility due to fog, low clouds, rain and snow are also
common occurrences in rough sea conditions and will have a significant influence on the
effectiveness on remote sensing techniques. The accessibility to the iceberg resource is
therefore limited by these climatic factors and restrains the schedule of the transportation
system to warmer Antarctic summer months. These extreme climatic conditions represent a
major challenge for any maritime transportation system. During break-up and freeze-up,
sailing conditions are particularly dangerous. The most violent storms in Antarctica blow in
spring and in autumn, with winds howling at force 9%. The iceberg transportation operation
involving deployment of the facilities would not be practical in winter such as iceberg
harnessing. On a relatively small scale, 100,000 t icebergs have been towed successfully
(Quilty, 2001). Sobinger (1986) successfully demonstrated that it is possible to tow 300,000 t
icebergs but these operation were able to be performed only in relatively calm maritime
conditions, which occur more often in summer. However, the obstacles represented by the
harsh maritime conditions can also be considered as a unique advantage for Polar
transportation systems and the strong winds, together with the powerful maritime currents,
could be employed as a motion force to assist in the transportation of the icebergs water if a

semi automatic system could be designed.

Iceberg drift velocities need to be monitored in order to steer it. The motion of an iceberg
depends on winds, currents, and the underwater characteristics of the iceberg. Maritime
environment components are also important to assess the economical feasibility for a

transportation system. Depending on the climatic conditions and the sea state, several

2 \www.weatheronline.co.uk/.../Antarctica.htm
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techniques are available to monitor iceberg deterioration and the sailing conditions. These
remote sensing techniques could secure specific operation, which would not involve the

deployment of large infrastructures, such as pure transportation using winds and currents.

Maritime transportation using natural driving forces, ocean current and winds could be the
most appropriate system to transport icebergs: it would decrease the costs of iceberg water
transportation and would minimise the amount of operations required to transport icebergs.
Indeed, presently, the technological advancements of remote sensing, could allow to
optimise the routing for individual icebergs (travel trajectories and duration) and efficient
utilisation of new alternative energy sources produced by the natural driving forces (ocean,
currents and winds) for icebergs transportation. The procedures used to tow the iceberg and
the effectiveness of the operation would also require continuous evaluation. Modelling could
provide information on simulated paths of iceberg drift. In calm maritime conditions, it was
found that on average an iceberg could be towed for 10 hours at an average drift speed of
0.5 m/s (180 m/hour) over a distance of 20 km. (PERD/CHC Report 20-84). These
conditions are likely to be experienced in the vicinity of locations in summer the AAT where
icebergs would be sourced from meaning that the initial speed that a harnessed iceberg

could be moved would be limited to similar speeds.
6.3.4 Risks Associated with Harnessing Icebergs

The main risks associated with the effects of Polar maritime conditions upon an iceberg
under tow relate to the possibility of the iceberg breaking up and capsizing and overturning.
This could damage the tug or the other transportation infrastructure (PERD/CHC Report 20-
84 2007). An ever-present fog can reduce visibility to zero for days. The phenomenon of
erosion induced by the sea waves at the water line of an iceberg produces protruding
underwater rams and cantilevered shelves above water. Therefore the dangers for an
iceberg transportation project are the risks represented by the collision among icebergs. In
bad sailing conditions, one significant danger that needs to be addressed is the possibility of
collisions between icebergs and icebergs and vessels. Veitch and Daley (2000) studied the
risk of icebergs impact on fixed or floating installations, or conventional ship navigation, sub-
sea installations, and pipelines in Canada. They have undertaken extensive studies related

to the modelling of icebergs shape and size evolution (see Appendix 4).
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Icebergs can be continuously detected with marine radar and discontinuously with airborne,
satellite and ships. These remote sensing systems can assist in minimising the risk of a
collision, excessive wear on vessel machinery and high fuel consumption for the vessel
master. Another danger lies in the requirement to carefully navigate an iceberg under tow
around and away from regions where large icebergs threaten to collide with the
transportation system. One other method for mitigating this danger is the possibility
advanced by Rudkin and Dugal (2001) of towing threatening icebergs away from the path of
a transported iceberg. A ship operating in the vicinity of a large iceberg could steer to avoid a
large parent berg, but it may consequently be also at risk from undetected close small
icebergs. Small icebergs, and growlers from 120 t to 5,400 t, may damage ships. In order to
control the direction of an iceberg, a range of specific techniques has been developed for the
deflection of an iceberg. The standard deflection techniques for small icebergs are water
cannon and propeller washing techniques. In the case of the former, water cannons (Figure
6.16a) are mounted on the superstructure of the vessel directing a high pressure steam of
sea water to deflect iceberg fragments of up to 40,000 t, and in 7 m combined seas and 30
knot winds (PERD/CHC Report 20 - 84, 2007).

Figure 6.16a Water Cannon (credit PERD/CHC, Report 20 - 84 2007 p. 26)

The vessel is supplied with 3600 m®h of water ejected at a speed of 54 m/s. The cannons
are mounted on the bow of the boat so that the boat can be manoeuvred more easily and
safely. The technique for deflecting icebergs known as propeller-washing is used for small
ice mass deflection. The forward motion of the vessel could act to brace the force of the
cannons; it is safer to meet the likely backwash that could eventuate from an iceberg being
moved (which can capsize, for example) on the bow of a boat than over the stern, which
could swamp motors. This position also reduces vessel-icing potential during operations. It is
an arduous task for the vessel master, requires high fuel consumption and exerts excessive

wear on vessel machinery (Figure 6.16b).
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Figure 6.16b Propeller Washing (credit PERD/CHC, Report 20 - 84 2007 p. 31)

However, the presence of sea ice limits the capability of the propeller washing as a

technique for shifting ice fragment as bergy bits and growlers.

The technigues developed, implemented and refined by the C-CORE offer the safest means
to harvest, handle and transport icebergs (PERD/CHC Report 20 - 84). These harnessing
techniques could be implemented effectively to deflect tabular icebergs for an operation of
tabular icebergs from the AAT to WA. To fulfil one of the objectives of this thesis (related to
collecting and transporting melted freshwater from the AAT to WA and using icebergs drift),
the operating technique described in this section could be used for giving directions to
bagged icebergs. The icebergs would then be melted and the melted freshwater would be
transported in bags. This would offer the potential of “revolutionising” the transportation of
icebergs for fresh water consumption. Novel forms of sailing propulsion, and in particular
kites and sails, have also been developed and some of these are potentially applicable to
bulk commodity transportation, such as icebergs (Spragg, 2004; Breukels and Ockels,

2007). These technologies will be presented now.
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6.4 Waterbag Technology for Melted Fresh Water Transportation

The advent of new industrial materials used in transportation packing has been applied to
the design of giant waterbags for freshwater transportation that are towed behind ships
(Nordic Water Supply®®). Figure 6.17a, b, ¢ and d shows a bag used for water transportation
being operated by Nordic Water Supply.

Figure 6.17a Giant Waterbag, Scale 1:20,000 (credit Nordic Water Supply, 2006 p. 5)

Figure 6.17b, c and d Real Image (left) and Sketches of Waterbag Scale 1:20,000 (credit NWS®,
2006 n.p.)

24 http://investing.businessweek.com/research/stocks/private/snapshot.asp?privcapld=4509140
% http://www.alshindagah.com/janfeb2002/Water _transport.htmi
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A significant difficulty in using ships to transport icebergs is that a method of dealing with the
melt water from an iceberg under long-distance transportation needs to be developed to
minimise the loss of freshwater. At the turn of the 20™ century, there has been renewed
interest in an alternative to tankers transportation to freshwater shipping transportation
technology using waterbags (OECD, 1999). Modern waterbag transportation is a fascinating
version of an idea first described by Barnes Wallis in the 1930s. At the end of the Second
World War, small types of rubber bags were designed and used by the US Army®. At that
time, these bags were less costly than tankers for the transportation of freshwater and less
detectable by radars. The bags had nearly the same density as sea water, but proved to be
very unstable during transportation. During the last decades of the 20™ century, a number of
technological advances have seen a continuous improvement in transportation efficiency of
waterbags. New types of waterbags were proposed by different specialised companies.
There are significant advantages to waterbag transportation; for an equivalent amount of
water transported, the bag itself weighs less than 1/6™ the weight of an equivalent sized
tankers transported volume. Waterbags are designed for bulk liquid transportation. The
water volume transported is adaptable to the market, sanitary and security requirements,
and flexible, depending on bags number (OECD, 1999). The bags used for oceanic
transportation of freshwater will be discussed in that follows. | will examine these new types
of waterbags and their systems below and assess how they could be used for iceberg water

transportation.
6.4.1 Specialised Companies in Waterbag Transportation

In 2007, at least five corporations had developed waterbag technologies:

a. Aquarius Water Trading and Transportation Ltd., a British company;

b. Nordic Water Supply Company in Oslo, linked with NYK Nippon Yusen Kaisha;
c. Medusa Corporation, Calgary, Alberta, Canada, linked with MH Waters;

d. Spragg and Associates, Washington State, California (with CH2M-HILL, US);

e. Fabric Solution Australia and Solartran Australia.

An analysis of each of these five corporations is now presented in order to identify the
elements, which could be involved in my thesis project of icebergs transportation feasibility
from the AAT to WA.

26 \www . history.navy.mil
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a. Aquarius Water Trading and Transportation Ltd.

Aquarius Holdings Ltd. is a British-based company funded by corporations such as Shell,
Lyonnaise des Eaux and subsidiaries of the Northumbrian Water Company?’. Aquarius
developed a sustainable low cost water transportation system using flexible polyurethane
bags®®. The bags are built in England (Southampton) and tested by independent institutions
and laboratories. The bags are patented by the National Sanitation Foundation (NSF) USA
and their use is regulated by the International Standard Office (ISO 14000). Aquarius rent
boats and operates eight bags with a capacity ranging from 720 to 2,000 t. In 1992 Aquarius
Water Trading and Transportation became the first company to tow bags of freshwater for
export. In 1997, Aquarius began to transport around 1 million m®year of water to the Greek
islands, to the north-east islands of the Aegean Sea and 2,000 t to the Cyclades islands.
Aquarius delivered commercial bulk quantities of freshwater to the Greek Islands of the
Agean Sea sourced from Turkey, a journey of about 100 to 200 km *°. The market for water
transportation to the Greek Islands has been estimated to be around 200 million t/year. Tugs
were used to tow the bags between loading and offloading sites. The company operates
from the Piraeus Harbour. The waterbags transportation technology is clean as it consumes
a small amount of fuel compared to the transportation of the same amount of water by boat.
Aquarius waterbags loading and offloading process is fast, flexible, cheap and simple.
Aquarius Water Trading and Transportation Company attempted to design larger bags of up
to 20,000 t, for water deliveries to islands in the Mediterranean, Israel, the Bahamas and
other islands in the Caribbean. Bags of this size could suit operation of volumes

corresponding to the volumes of water of a 0.2 km? iceberg.
b. Nordic Water Supply (NWS)

NWS* is a company based in Oslo, Norway, that began as a group of Norwegian ship
companies interested in pursuing economic opportunities associated with water
transportation. Since 1997, NWS has operated out of Cyprus. In October 1997, the
Government of Turkey contracted NWS to deliver seven million m? of water from Anatolia,

Turkey, to north of Cyprus, using 200 m long bags with a capacity of 35,000 m°.

" www.aqvariusholding.com link is unavailable as the company doesn’t exist anymore

8 www.aqvariusholding.com link is unavailable as the company doesn’t exist anymore

2 hitp://www.tve.org/ho/series2/waterways_reports/watercigars_greece.html

39 http:/linvesting.businessweek.com/research/stocks/private/snapshot.asp?privcapld=4509140
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To improve transportation in various climatic conditions NWS has developed waterbags
made out of new materials, such as waterproof polymers, which are ultraviolet-proof and
biodegradable. In 2000, NWS developed a 20,000 t waterbag and they have plans to
produce larger bags that are 350 m long with a capacity of 100,000 m® Recently NWS
cooperated with the Japanese shipping company NYK and some Middle East companies for
freshwater transportation by bags. Figure 6.18 illustrate the Japanese solution for towage
proposed by the Monohakobi Institute (2008).

Figure 6.18 Waterbags a. Waterbag in towage b. Waterbag Pick up on to Storage Reel (credit
Monohakobi Institute®*, 2008 n.p.)

c. Medusa Corporation

Medusa Corporation is based in Calgary, Alberta, Canada and produces elastic bags in

vinyl, nylon, or polyester (Figure 6.19).

Figure 6.19 Medusa Bag (credit MH Waters®, 2005 n.p.)

31 http://www.monohakobi.com/en/research/water bag/index.htmi
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Medusa Corporation®* has developed waterbags for transporting bulk water inspired by the
shape of jellyfish, which remain relatively stable in storms. A small 5,000 t model was tested
in the Howe Strait of British Columbia in 1997. Longitudinal encircling bands reinforced the
bag (Figure 6.20).

Figure 6.20 Bend for an Extremely Large Bag (three football pitches) and Optimisation of the Bag
Shape (credit Shepherd ** 2010 n.p.)

In the following years, other waterbags have been designed. During the development of
these models, the bag capacity was regularly increased: from 100,000 t to 1 million t, and
1.5 million t volume bags. The company tested new types of bags, and in 2000 investigated
a 4 million m® waterbag design. The cost of water transport in this case is estimated to be
only of 1% of the cost of super tanker transport, which is about US$1 million for 4 million m®
of water. Finally, Medusa settled on an optimal bag size given by the dimensions 650 m
long, 150 m wide and 22 m wide. The bags which are the safest to operate represent a
volume of 100,000 m® (Shepherd’s projects®). The technology developed to produce these
waterbag models is flexible, and the sizes and shapes of waterbags can be modified easily
depending on the market orders and the technical requirements (the materials quality, the
volume to be transported, the maritime transport requirements). These bags have a

hydrodynamic profile. The difference between the density of seawater and the density of

32 hitp://mhwaters.com/watertransport.html

% http://people.bath.ac.uk:/ps281/projects/waterbag old www.cix.co.uk:-savage/medusabag/index.htm
3 http://people.bath.ac.uk:/ps281/projects/waterbag

% http://people.bath.ac.uk/ps281/projects/waterbag
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freshwater allows the bags to keep equilibrium at 2.5% of their height above the sea surface,
which is 60 cm above the sea surface level for pressurised bags. During transportation, tugs

have to tow at low speeds, around two knots for bags to reach their mechanical equilibrium.

d. Spragg & Associates®

Spragg based in the US for more than 20 years invented and refined waterbag technologies,
developed and tested a number of waterbags for transoceanic freshwater transportation.

Some of the Spragg bags are shown in Figure 6.21 Figure 6.22 and Figure 6.23.

Figure 6.21 Filled Connected to full ‘Spragg Bag’ (credit Spragg®’, 2002 n.p.)

Figure 6.22 and Figure 6.23 Fabric Sleeve Connecting two Spragg Bags with Zipper during Inflation
Test (credit Spragg®®, 2002 n.p.)

36 \www.waterbag.com
37 www.waterbag.com/images/photo3.jpg
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The first experiments conducted by Spragg took place in Los Angeles in 1991 with a 2,916
m® waterbag. Maritime engineers and textile researchers from the Massachusetts Institute of
Technology (MIT) collaborated with Spragg to test appropriated materials for freshwater
bags. The Spragg team developed a special system of sliding zippers for closing bags and
connecting bags together, which allows bags to be added together to form ‘train wagons’ of
50 bags of 17,000 m* each, having 6 m diameter and 160 m long®. A closed envelope is
used for interconnecting the front and back parts of two bags. In this way, the maximum
inter-connection force is increased. This original solution makes the inter-connection softer
and more elastic in order to reduce the tensions induced by the differential movement of
undersea currents and waves. The train can therefore be towed by a single tugboat, with the
only energy to overcome water friction on the bag. For improvement of towing systems of
waterbags, the company CH2M-Hill Co. Ltd.*’ financed studies on loading and offloading
infrastructures needed for freshwater bag transportation: pumping stations, freshwater
stocking infrastructures on land, underwater pipelines towards a loading platform in the deep

sea, treatment stations, and other equipment to handle the empty bags (Spragg, 2002).
e. Australian Companies: Fabric Solution Australia and Solartran

The development of Fabric Solution Australia Ltd., products could provide solutions for the
transportation of freshwater in Australia. Fabric Solution Australia Ltd., develops tanks,
pillows, water storage devices and flexible tanks, used in different commercial and private
contexts. According to Solartran website, their “products are suitable for a wide range of
applications including mining, agriculture, emergency aid, aquaculture, petroleum and oil,

commercial and general industrial” (Figure 6.24*).

38 \www.waterbag.com

%9 http://www.waterbag.com/media/coverag.html
“O http://mww.ch2m.com/corporate/

1 www.fabricsolutions.com.au/
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Figure 6.24 a. Pillow b. Flexi Tank, Products for Freshwater Transportation (credit Fabric Solution
Australia Ltd.*, n.p.)

An Australian project for freshwater transportation by transporting water in bags, had been
proposed by Edmonds, from the Burdekin River in north of Queensland to Murray River
basin, to supplement supplies in the Murray River*®. Edmonds (2006) designed a project to
supply Australian cities with northern river water using the East Australian Current, which
flows from the Coral Sea down the east coast of Australia to Sydney (Figure 6.25). In this
project, the north of Queensland Tully River’s yearly discharge of water, 3 billion t, would be

captured and used to Northern River water for Australian cities (Edmonds, 2006**).

Figure 6.25 East Australian Current Flowing Thermal Image Past Gold Coast (credit Edmonds*®, 2007

Figure 2 n.p.). The colours show thermal gradients.

2 www.fabricsolution.com.au/

“3 www.waterengineeringaustralia.com.au/pdf/wea_0809.pdf
** http://www.solartran.com.au/tullywater.htm

5 http://www.solartran.com.au/tullywater.htm
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To transport 240,000 t/day of water 1,600 km from the Tully River to Brisbane about 40

60,000 t containers would need to be floated on the East Australian Current. Each container
would be separated from others by a distance of about 40 km (Figure 6.26).

—
Tully River i
9000 ML/day ﬂh 50 km

_’

East
Australian
Current

3 km/hr

1600 km

Brisbane .
\ 4

Gold Coast . ﬁ -

L= |y

Figure 6.26 Containers 60,000 t towed into and out of the Current towards the Gold Coast on the
Current Scale 1:1,500 (credit Edmonds*®, 2007 Figure 3 n.p.)

Edmonds (2007) proposed to use a bag in reinforced plastic membrane fabric of 200 m long,
30 m wide, 10 m deep (60,000 t), and 1 mm thick named ‘pillow tank’ containers. According

to Edmonds (2007), these containers are:

[Dlesigned to be self-supporting on land and withstand considerable hydraulic pressure
[when at sea]. The mass of the container is only about 20 t. Thus, after being pumped
empty at the Gold Coast, the containers can be removed from the water by rolling onto a

frame then loaded by a gantry onto a barge for transport back to the Tully River for

refilling (Figure 6.27).

“% http://www.solartran.com.au/tullywater.htm
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3
| 1 O :
4
=nl
2
5 |
"] Y

Figure 6.27 Device for Manipulation of Bags. Legend: Empty containers 1 rolled onto former 2 loaded
by gantry 3 wagon 4 barge 5 (credit Edmonds®’, 2007 Figure 4 n.p.)

The 40 containers would be 97% submerged in the sea and spaced at 40 km intervals up

the Queensland coast. The bags would have to be equipped with lights and radio receptors

in order for other ship to be able to spot them and monitor their location.
6.4.2 Waterbags Transportation Technologies

Table 6.4 summarises the characteristics of bags produced by different companies.

Table 6.4 Some Characteristics of Bags Produced by Different Companies

Company Capacity (103 t) Modularity Costs Million US$ Characteristics

Nordic Water Supply 35-100 1lbag 20 Seatbelts, radar, harnessing

Medusa 100 1 bag 20 Environmentally friendly hydrodynamic
Spragg 200 100 bags in train | 50 Zip system, offshore loading facilities
Fabrics Australian Ltd Solartran | 100 50 bagsintrain | 30 bag design, train project

We have seen that the existing waterbag technologies have been demonstrated to efficiently
transport large quantities of freshwater over long distances (2,300 km) (Edmonds, 2009 p.

18). Waterbags can offer profitable and environmentally friendly water transportation

" http://www.solartran.com.au/tullywater.htm
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systems. Furthermore, waterbags are inexpensive and environmental friendly. Edmonds
(2009 p. 20) noted:

Spilling cargo from vessels at sea is a major concern. However, spilling 250,000 t of
freshwater into the sea from waterbags would have the same effect as a heavy shower
of rain at sea, no effect. Colisions with a large vessel such as an oil tankers would
simply part the bag and would probably be imperceptible to crew on the vessel;

The materials from which the waterbags are made can be partly or completely recycled.
Recycled plastics are available in large quantities: 10 million t were recycled in 2007,
representing less than 10% of the world’s annual consumption (Subramanian, 2000).

Australia produces more than 1.3 million t/year of plastic.

The specific infrastructures required for systems that use waterbags to transport freshwater
would also be cheap, compared for example to a channel, a dam, a pipeline or a
desalination plant. For the same capacity, the costs are between 10 and 100 times higher
(Edmonds, 2009). Specific techniques exist to organise a liquid carriage in containers or
bags. The loading and the discharging of the transported waterbags are prepared under
specific conditions (criteria of stability, optimal offloading, stability forces acting on the bag,
techniques for fixing the bags during transportation). Having in mind the objective of my
thesis, the waterbag transportation systems presented before could be used for the
transportation of melted freshwater produced by icebergs. They woud have to be adpated to

oceanic conditions of the Southern Ocean and to the propulsion systems.

However, another aspect is related to the wrapping of the icebergs with a giant bag. Taking
into acount the necessity to transport simulteniously melted water and ice, it would be
necessary to develop and design appropriated waterbags, which are different from those
existing on the market today. For icebergs giant bags must be conceived, using appropriate
materials for low temperatures (-10°C). Another aspect is related to the resistence to friction
and shocks, between the external part of the bag skin and the sea, and, on the other hand
among the internal part of the bag skin produced by the blocks of ice floating in melted water
inside the bag . Findings of studies from Sobinger, Mougin and Fuerle could be combined

with the latest findings of waterbag technologies to develop a specific type of iceberg bag.
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6.4.3 Ocean Currents for Waterbags Transportation

Natural marine currents could be used for icebergs transportation. Having in mind the
objective of my thesis, the icebergs and the freshwater encapsulated in waterbags would
drift into the most favourable maritime currents from the AAT to WA. In Antarctica icebergs
drift in currents at an average speed of one to three knots.

One of the major technical challenges in icebergs transportation is how to direct an iceberg
to its final destination. International Water Harvesting Group (IWHG) developed a theory of
kinematics of icebergs drift, based on Epstein’s (1921) theory on the drift of Continental
Plates. With modern informatics tools, new software devoted to optimising the use of
currents for icebergs and waterbag transportation has been developed (Bauer, 2005).
According to Smakhtin et al. (2001 p. 17):

The IWHG has developed software that optimises the routing for individual icebergs and
includes rough melting kinetics. ... The software allows each possible iceberg route to be
simulated subject to the following constraints: minimisation of energy input for tugs,

minimisation of travelling time.

A safe sailing road can be defined as a function of multiple meteorological data (Kuznetsov
and Rodrigue, 2009). The parameters to be taken into consideration are: natural marine
currents, ice, the monsoon season, bathymetry, and the Earth’s rotation parameters (Coriolis
force). For the iceberg and the iceberg water transportations, special waterbag have yet to
be designed with specific shapes to optimise the use of the current drifting. According to
Linzee (1998 n.p.) currents: “are important to marine life as they help to move food and
nutrients, making them available for photosynthesis, metabolic requirements and/or
consumption”. The environmental and ecological impacts of a project dedicated to iceberg
transportation based on the use of currents should be monitored to ensure legal aspects at

national and international levels.
6.5 Kite-Assisted New Maritime Transportation Technology

In this sectionsection | give information about a new regenerative propulsion system of kite
assisted maritime transportation technology, which, in my project, could be used for

icebergs and waterbags convoys for icebergs freshwater transportation. The kite assisted
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transport technology optimises vessel propulsion using wind force and takes advantage of
strong winds above heights of masted sails (more than 150 m). The kite assisted maritime
transportation technology manages wind direction and speed to achieve an optimal

propulsion power, realising an important decreasing in transportation energy cost.

Two companies, Kiteship, based in the US, and Skysails, in Germany, have developed kite-
assisted wind propulsion systems for sporting yachts, fishing ships and cargo vessels. In
2006 a Skysails kite system was installed on the 140 m heavy cargo freighter MS Beluga
Skysails (132 m length, 15.8 m beam, 7.73 m draft, speed 15.5 knots). Kiteship designed
and built up to 5,000 m? high-performance giant kites made of synthetic materials (Skyship
2006). Figure 6.28 shows a kite used for the propulsion of a commercial cargo vessel.

Figure 6.28 Giant Kite for Commercial Cargo Project (a- project and b- real image) Scale 1:50,000
Real cargo (credit Skysails GmbH&C0.KG*®, 2010 n.p.)

8 http://www.skysails.info/english/products/skysails-for-cargo-ships/
http://sciencepal.blogspot.com/2008 10 13 archive.html,
http://www.ibiblio.org/hyperwar/NHC/CRS/propulsion.htm
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According to Skysails, the components of the kite assisted maritime transportation system

are: the towing kite, the towing rope, the winch, the control system, the launch recovery

system, the control pod and the kite mast (Figure 6.29).

Figure 6.29 Kite Assisted Maritime Transportation System (credit Skysails GmbH&Co.K *°, 2010 n.p.)

I will discuss the following points related to the kite assisted new technology: kite installation
(the structure of the system, the function of kites, the launching of kites), the navigation with
kites and the safety requirements for the crew and the maintenance.

6.5.1 Kite Installation

The Skysails system is installed with a specific process (Figure 6.30 and Figure 6.31).

Figure 6.30 Module for Mast and Kite Installation (credit Skysails GmbH&Co0.KG *°, 2009 n.p.)

9 http://www.skysails.info/english/products/the-skysails-technology/
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Figure 6.31 Installation of the Skysails Arrangement Module on the ROS-171 Maarrje Theodora,
(credit Brabeck, 2010 p. 7)

According to Skysails, the installation concerns:

- the mounts;
- a control system with electronics and hydraulic connections on the foredeck comprising a

small power supply and an interface to a computer supplying the system for a telescopic
device;

*0 http://www.skysails.info/english/products/installation-commissioning/
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- awinch and a launch and recovery system;

- afully automatic towing kite propulsion;

- a meteorological sensor system comprising a GPS, a wind direction gauge, an
anemometer and a wind optimised control routing system for automatic operation and a wind

optimisation system (Figure 6. 32 to Figure 6.34).

Figure 6.32 Routing System, Radar Scanner Unit and Position of Radar Antenna on Board MV
Beluga Skysails Earthing Sealing of the X-band (credit Wiintecc Layman’s Report, 2006 p. 10)

Figure 6.33 Main Components of the Skysails System (credit Wiintecc Layman’s Report, 2006 p. 6)
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Figure 6.34 Skysails System Components on the Foredeck (credit Brabeck, 2010 p. 4)

It follows the guidelines of the NMEA - National Marine Electronic Association standard (The
Georgia Engineer, 2007; Naval Architect, 2004; 2005; 2007a; 2007b). As described in the
Skysails technical note (Skysails, 2009): “[T]he Skysails kite system consists of a giant kite
with a big parafoil (600 m2) connected to the ship via a towing rope. The giant Kite is

assisted by a fully automatic control pod”. (Figure 6.35, Figure 6.36)

Figure 6.35 Skysails System Control Pod (credit Brabeck, 2010 p. 3)
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Figure 6.36 Towing Kite Mast 3 m, Kite String 30 m kite 5 m Scale 1:100 (credit Skysails
GmMbH&C0.KG ** n.p.)

According to Kiteship, their kites are composed of different composite materials: Fibreglass
rods or tubing materials such as filament-wound epoxy, all-carbon graphite, aluminium
carbon, and wrapped graphite. Sails can be made from lightweighted materials: Mylar,
Tyvek, ripstop nylon, or other laminates. According to Skysails, the four flying lines of their
kite are in “spectra fibres, which is a low-stretch synthetic yarnwith great tensile strength”.
(Figure 6.37 a and b).

a b
Figure 6.37Towing Rope a. Kite with Control Pod b. Towing Rope (credit Skysails GmbH&C0.KG*,
2010 n.p., p.2)

*1 http://www.skysails.info/english/products/the-skysails-technology/system-components/launch-and-
recovery-system/
*2 http://www.skysails.info/english/products/the-skysails-technology/
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The launch procedure is carried out automatically in 10 to 20 mn (Figure 6.38 to Figure 41).

Figure 6.38 Skysails Arrangement Module on Forecaslte deck (credit Layman’s Report, 2006 p. 9)

Figure 6.39 Skysails System Launch of the Towing Kite (credit Brabeck, 2007 p. 2)

Figure 6.40 Launch of the Towing Kite (credit Wiintecc Layman’s Report, 2006 p. 9)
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Figure 6.41 Skysails System Skysails Launching of the Skysails System aboard the MV Theseus
(credit Brabeck, 2010 p. 6, Brabeck, 2007 p. 6)

6.5.2 Kite Operation

To launch the kite, a specific autopilot system manages the deployment and lowering of the
kite (Brabeck, 2010). The propulsion operates fully automatically. According to Skysails, the
launching process is based on: “[A] telescopic mast raises the towing kite which is folded like
an accordion from the kite storage”. According to Skysails the Skysails kites can operate at
altitudes between 100 and 500 m and the Skysails system can be used for navigation under

the following conditions:

wind forces 3 to 8 Beaufort;

under 3 Beaufort cannot be launched but can be recovered:;

faster than 10 Beaufort the system must be recovered;

out of dense ship traffic, 3 miles separation area.

Optimal operation zone is between 100 and 300 m as winds are more stable and stronger
(Figure 6.42).
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Figure 6.42 Altitude of Skysails above Sea Level (credit Skysails GmbH&Co.KG %8 2010 n.p.)

According to Skysails: “at an altitude of 150 m, the average wind speed is around 25%
higher than at an altitude of 10 m”. According to Skysails “the cross-sectional profile of the
kite is adjustable to achieve optimal aerodynamic properties under various wind speed and
weather conditions”. Therefore, Skysails claims that their kite-assisted propulsion systems
can have a propulsion power of up to 5,000 kW. Towing power is a function of the drag
coefficient, the cross sectional area of the transporting device and the speed of towing
(Skysalils, 2006a p. 14).

6.5.3 Navigation

According to Skysails the kites also are operated automatically:

The autopilot installed on the bridges uses two computers for controlling the kite, one
supervises the kite to flight in eight in the sky and the second one adjusts the kite
direction from the pod ... data are transmitted by means of a cable integrated into the

towing rope. (Figure 6.43)

Figure 6.43 Figures of Eight in the Sky (credit Skysails™, p.10)

%3 http://www.skysails.info/english/products/the-skysails-technology
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