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6. IMPACT OF CLIMATE CHANGE ON SEA ICE MODELLING 

 GENERAL PROCESSES AND IMPACTS 
Sea ice is found in remote polar oceans and covers, on average, about 25 million km2 of the earth which 

represents about 7% of the Earth’s surface and about 12% of the world’s oceans (NOAA, Weeks 2010, 

Shokr & Sinha 2015). Most of the world's sea ice is enclosed within the polar ice packs in the Polar 

Regions (Arctic and Antarctic) which undergo a significant yearly cycling in their surface extent and 

thickness. In reaction to the global warming the declared goal of the United Nations Conference in 

Paris 2015 is to keep the average rise in temperatures below 2oC (United Nations, 2015). However, the 

increase of mean temperature can be 2 to 3 times higher in the Arctic (Stephenson et al., 2011) 

compared to the global average. This results in a reduction of seasonal and multiyear ice with varying 

impact. One is sea level rise, to which the melting of mountain glaciers and polar ice sheets contribute 

significantly as well as thermal expansion of the sea water (Chang et al. 2015). Furthermore, the 

melting sea ice affects the surface temperature of the water which in turn has an impact on the North-

Atlantic storm track (Harvey et al. 2015). In addition to atmospheric warming, sea-ice decline over the 

Barents Sea sector is partly caused by warm advection introduced by planetary waves and triggered 

by the Gulf Stream (Sato et al. 2014) 

Sea ice helps to keep polar climates cool, if there is sufficient expanse of ice to maintain a cold 

environment. There is a positive feedback relationship between sea ice formation and global warming, 

i.e. as the global temperature increases, the ice melts, and is less effective in keeping the climate cold. 

The bright surface of the ice plays a role in maintaining cooler polar temperatures by reflecting much 

of the sunlight (albedo effect). As the sea ice melts its surface area shrinks reducing the size of the 

reflective surface and increasing the absorption of solar energy by the earth. Even though the size of 

the ice floes is affected by the seasons, a small change in global temperature can strongly affect the 

volume of sea ice due to the reduction in the reflective ice surface which keeps the ocean cool. This 

initiates a cycle of ice shrinking and temperatures warming. As a result, the Polar Regions are the most 

susceptible places to climate change on the planet (ref.: NSIDC). 

Sea ice also affects the movement of ocean waters. During the ice growth process, much of the salt is 

squeezed out of the frozen crystal formations, but some brine still remains frozen in the ice. The 

drained brine becomes trapped beneath the sea ice, creating a higher concentration of salt in the water 

beneath ice floes. This concentration of salt contributes to the density of saline water. In the Northern 

Atlantic, the cold water of higher density sinks to the bottom of the ocean. This cold water moves along 

the ocean floor towards the equator, while warmer water on the ocean surface moves in the direction 

of the poles. This is referred to as “conveyor belt motion”, and is a continuously occurring process 

(NSIDC). Ice also contributes to the attenuation and dissipation of waves (Montiel et al.,2016; Squire, 

2007; Toffoli et al., 2015) which, for example, manifests itself in the Gulf of  St. Lawrence. At this 

location, seasonal sea ice has previously reduced the significant wave height by 12%, however wave 

attenuation is expected to become negligible by 2100 (Ruest et al., 2015) due to trends of global 

warming and related ice decay. Due to the action of wind, currents and temperature fluctuations, sea 

ice is very dynamic, leading to a wide variety of ice types and features (e.g. level ice, pressure ridges, 

ice floes, pack ice fields, etc.). These ice features may present a significant risk for offshore structures 

in ice-covered waters and can be an obstacle to normal shipping routes through the Northern Sea 

route and Northwest Passage.  
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6.1.1. Retreating Ice Cap and Decreasing Ice Thickness 

The monitoring of sea ice extent began in 1970s with remote sensing techniques and observations 

from ships. Its minimum extent has declined linearly at an average rate of 13.4% per decade. In 

September 2012, sea ice retreat set a new record—reducing by an area about the size of Texas from 

the previous record set in 2007. The new record extent lost 2.83 million km2 below the 1981 to 2010 

average minimum. Figure 1 shows the monthly Arctic sea ice extent in September for the period 1979 

– 2015, a decline of 13.4% per decade relative to the 1981 to 2010 average.  Barber et al. (2009) reports 

that in the northern hemisphere the ice thickness decreased in certain regions by up to 40 % and also 

a significant decay of ice. The rotten ice has partly a negative freeboard, i.e. it floats below the water 

surface, which allows wind driven swell to propagate far into the floe field and storms may even 

contribute to flexural fracturing.  

Forecasts of further increase in global temperature of 1-2oC may continue to accelerate the Arctic ice 

reduction in the future (Wang and Overland, 2009). At the same time, storm frequency and intensity 

have both increased in this region (Young et al. 2011). 

 

Figure 1. (left) Monthly September ice extent for 1979 to 2015 shows a decline of 13.4% per decade relative to the 1981 to 
2010 average. Credit: NSIDC; (right) Forecast of mean probabilistic Arctic sea ice extent for September 2015 (issued August 9, 
2015). The forecast value, or expected September mean Arctic sea ice extent, is 4.55+/-0.35 million square kilometres. Credit: 
Andrew Slater, NSIDC.  

Results of investigations regarding ice conditions performed by the Arctic and Antarctic Research 

Institute (AARI) in St. Petersburg, Russia, show that long-term changes of the annual average surface 

air temperature in the Arctic, the sea ice extent and other hydro-meteorological parameters are 

characterized by cyclical fluctuations (Frolov et al., 2007; Frolov et al., 2009). These fluctuations were 

observed simultaneously with the linear warming trend that is possibly a part of the 200-year cycle 

(ACCESS, D.213).  

The most significant fluctuation is found in a 60-year cycle. This cycle reflects all climate phenomena 

in the Arctic that happened during the 20th century: air temperature decreasing in the beginning of 

the century; Arctic warming in 1920-1940; cooling in the end of 1950th – middle of 1980th, following 

warming from the middle of 1980th with the maximum in the beginning of 21th century (Sherstyukov 

et al., 2010, Hansen J. et al., 2010, Humlum O., 2011). Changes of the sea ice extent in the Arctic Seas 

https://nsidc.org/sites/nsidc.org/files/monthlyhighlights/files/2015/10/monthly_ice_09_NH.png
https://nsidc.org/sites/nsidc.org/files/monthlyhighlights/files/2015/10/Andrew-Slater.png
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are characterized by negative linear trend. The changes with 60, 20 and 10 years fluctuations 

demonstrate spatial peculiarities. The most intensive negative trend of ice extent (15% ice 

concentration) was observed in the western Arctic seas (Barents Sea and Kara Sea).  Linear trends in 

the eastern seas (Laptev Sea, East-Siberian Sea, Chukchi Sea) are weaker, ice extent fluctuations are 

characterized by a stronger inter-annual variability and 60-year cycle is weaker as well.  

Fast ice thickness in the Arctic Seas  

The thickness of the fast ice during the cold climate periods (1965-1975) is more than the mean annual 

fast ice thickness. In Table 1 the fast ice thickness for various sites along the coastline of Arctic Seas is 

summarised. It is shown that the most significant change was observed in the Kara Sea (up to 14%). 

The fast ice thickness near the polar stations in the Kara Sea during the last period decreased by 18 cm 

in comparison with the cold period. The maximum decrease was observed near the polar station 

Dikson (24 cm). In the eastern seas the difference between average fast ice thicknesses in two periods 

is insignificant and does not exceed 2% from the mean annual value. In the Kara Sea such changes are 

in the range of 10% from the mean value (ACCESS, D.213). 

Table 1. Fast ice thickness in Arctic seas during cold period (1965-1975) and warm period (2001-2011); data source: AARI. 

Period Kara Sea Laptev Sea East-Siberian Sea Chukchi Sea 

Amderma Dikson Tiksi Kigilyakh Ayon Valkarkai Vrangel Vankarem 

1965-1975 129 cm 176 cm 228 cm 215 cm 191 cm 191 cm 180 cm 181 cm 

2001-2011 116 cm 152 cm 224 cm 214 cm 178 cm 190 cm 172 cm 185 cm 

Difference 

 

13 cm 24 cm 4 cm 1 cm 13 cm 1 cm 8 cm -4 cm 

10 % 14 % 2 % 0 % 7 % 1 % 4 % -2 % 

 

At present, scientists expect that Arctic summer sea ice could eventually disappear. Conservative 

estimates suggest that it is likely to disappear by the end of the century, while others suggest the Arctic 

Ocean may be free of summer sea ice within two or three decades (NSIDC).  

Sea ice thickness in the Baltic Sea 

Areas covered with ice during winter, with particular relevance to Europe, are the Barents Sea, Kara 

Sea and Baltic Sea. In Finland all harbours are ice covered in winter as well as many Swedish harbours. 

The ice extent in the Baltic Sea is subjected to significant seasonal variations, but a clear trend is not 

evident as shown in Figure 2. However, the ice thickness appears to be subject to a continuous 

decrease (see Figure 3). The trends are defined by linear data fits and indicate a reduction in thickness 

especially the Bay of Bothnia in the Northern Baltic Sea, where the thickest ice is found.  
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Figure 2: Ice extent in the Baltic Sea from Winter 1970/1971 to 2014/2015 (data from Vainio and Eriksson, 2016) 

 

Figure 3: Maximum ice thickness at three areas in the Baltic Sea from winter 1980 / 1981 to 2014 / 2015 (data from Vainio 
and Eriksson, 2016) 

 

6.1.2. Permafrost and Coastal Erosion 

The coastal zone is the interface where land-ocean exchanges in the Arctic take place. The Arctic 

coastlines are highly variable and their dynamics are a function of environmental forcing (wind, waves, 

sea-level changes, sea-ice), geology, permafrost and its ground-ice content and morphodynamic 

behavior of the coast (Rachold and Cherkashov, 2004). Coastal processes are initiated by 

environmental forcing (e.g. sediment transport by waves, currents, sea-ice initiates and the 

degradation of coastal permafrost). As a result the coastal response is erosion or accretion and results 

in land and habitat loss or gain. Coastal processes in the Arctic are governed by Arctic specific 

phenomena like sea-ice cover and the presence of onshore and offshore permafrost. During the winter 

month November to May a relative thick landfast ice sheet protects the shoreline from hydrodynamic 
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forcing (waves). However after ice break-up in spring coastal sediments are transported by sea-ice 

floes. Figure 4 schematically illustrates the major processes involved in Arctic coastal dynamics. 

 

 

 

 

 

 

 

 

 

 

Figure 4 Arctic coastal processes and responses to environmental forcing (Rachold & Cherkashov, 2004). 

The presence of onshore permafrost and ground ice affects the strength of soils. Many physical 

geological factors, such as soil structure, grain size, ground composition, ice content, water content, 

grain shape and mineralogy, influence the frost susceptibility of a soil. The presence of permafrost also 

influences the hydrology and the hydraulic path in the frozen, partially frozen and thawed ground, 

affecting the stability of a cliff. Permafrost can act as a hydraulic barrier, which will tend to create high 

pore pressure in the active layer. Sub-sea permafrost has been found beneath the seabed of some 

continental shelves (Walker, 2005).  

In general, the sub-sea permafrost is a relic in that it formed when sea level was lower than its present 

position and the present day continental shelves were subaerial (Walker, 2005). The presence and the 

potential thawing of the sub-sea ground ice can create seabed thaw subsidence, increasing the water 

depth in the nearshore area and influencing the coastal profile equilibrium (Are, 1988; Harper, 1978; 

Hiller and Roelse, 1995). However, aggradation of newly formed permafrost is possible in tidal flats 

where level ice freezes to the sea bottom, and hence provides direct heat exchange of atmosphere 

with sea bottom.  

Arctic specific hydrodynamic and metocean parameters like water temperature, storm frequency, and 

presence and duration of sea ice cover are important parameters. Sea ice limits wind action and 

restricts the wave energy reaching the coast during the winter months (Barnes et al., 1988; Kobayashi 

and Reimnitz, 1988; Sellmann et al., 1972). Ice can furthermore protect the shore by cementing the 

beach. Contrawise ice can contribute to sediment transport with the formation of frazil or anchor ice 

in shallow water (Barnes et al., 1988; Osterkamp and Gosink, 1984).  

Ice will also act as a geomorphological agent when it piles up on the coast; during thaw season when 

ice rides up the shore, it can transport newly-formed ridges away from the coast, smoothing the shore 
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(Barnes et al., 1988; Hiller and Roelse, 1995). Blocks of sea ice may interact with nearshore sea bed 

creating ice wallows (Reimnitz and Kempema, 1982). Shearing may occur offshore between the fast 

ice and the floating ice to produce large pressure ridges with keels that can reach several meters in 

height. If moved, these keels can rework surficial seabed sediments and create ice gouges, also called 

ice scouring (Barnes et al., 1988).  

Arctic storms occurring in the fall are known to have dramatic short-term erosive impacts on coastal 

profiles (Hequette and Barnes, 1990; St-Hilaire et al., 2010). Hume and Schalk (1967) studied the 

sediment movement along a segment of the Alaska coast west of Point Barrow between 1948 and 

1962, and he reported that a single storm event, occurring October 1963, moved an amount of 

sediment equivalent to 20 years of normal transport. 

The Arctic coastal region is the transition zone between onshore and offshore permafrost and the 

degradation of permafrost, which can be connected with the release of permafrost-bond greenhouse 

gases (GHG), is concentrated in the coastal zone (Rachold and Cherkashov, 2004). During the short ice-

free period, the unconsolidated ice-rich, permafrost-dominated coastlines are rapidly eroded at rates 

of several meters per year. It is assumed that the resulting coastal sediment, organic carbon, and 

nutrient fluxes play an important role in the material budget of the Arctic Ocean.  

Global and regional climate changes will significantly affect physical processes, biodiversity and socio-

economic development in the Arctic coastal areas (Rachold and Cherkashov, 2004). Horizontal coastal 

retreat rates have been documented on Herschel Island for two different periods. MacDonald and 

Lewis (1973) investigated coastal evolution On the Yukon Coastal Plain for the period 1954-1970 and 

reported an average horizontal coastal retreat rate of 0.68 m/year. For the 1970-2000 period, Lantuit 

and Pollard (2003) documented coastal retreat rates reaching 1.03 m/year. This 50% general increase 

is moderated by the high local variability of erosional hot spots. Global warming is believed to be 

responsible for the enhancement of erosional processes. McGillivray et al. (1993) showed that a longer 

open water season, warmer sea temperatures and a reduced sea-ice extent would lead to greater 

storm frequency, and hence, greater erosion (Lantuit and Pollard,2003).When the coastline of the 

whole Arctic Ocean is considered, these major environmental changes take place under a large variety 

of climate and ecological conditions (e.g. from continuous to discontinuous permafrost regions, from 

arctic desert to forest tundra), under different geological and sedimentary conditions and under a 

variety of marine conditions defined by wave environment, tidal regime and sea and shore ice extent 

and duration (Allard and Hubberten, 2004). 

During the 21st Century, with respect to climate warming, the chain of processes that lead to retreat 

or progradation of Arctic coastlines is very likely to be affected by a decrease in sea-ice duration and 

an increase in storminess, precipitation and air temperature. Figure 5 shows the wave action on the 

ice covered shoreline Bylot Island, Nunavut.  

Rising temperatures are altering the arctic coastline and much larger changes are projected to occur 

during this century due to reduced sea-ice, thawing permafrost, and sea-level rise. Thinner, less 

extensive sea-ice creates more open water, which allows more intensive wave generation by winds 

resulting in increasing wave-induced erosion along arctic shores. Sea-level rise and thawing of coastal 

permafrost intensify this situation. In some areas an eroding shoreline may combine coarse sediments 

with frozen seawater forming huge ice blocks that transport sediment for distances over hundreds of 

kilometer. These sediment-laden ice blocks pose danger for ships and further erode the shoreline as 
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they are driven by wind (CliC/AMAP/IASC, 2016). Figure 6 illustrates clean and sediment-laden sea ice 

formed in the Beaufort Sea and exported to the Chukchi Sea, about 100 km north of Barrow, Alaska, 

30 July 2006.  

 
Figure 5 Wave action on the ice covered shoreline Bylot Island, Nunavut. (Source: R.B. Taylor, Geological Survey of Canada) 

 

 
Figure 6 Clean and sediment-laden sea ice formed in the Beaufort Sea and exported to the Chukchi Sea, about 100 km north 
of Barrow, Alaska, 30 July 2006. Width of view is about 250 ± 50 m (Source: Hajo Eicken, University of Alaska, Fairbanks). 

 

surging wave 
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In the estuary of the Yenisei River (Kara Sea) intensive ice-wedge melting in the near shore zone 

occurred during the past 30 years. This had resulted to the formation of block relief and thermal 

erosion also destroys massive grounds sheets up to 6-8 m thickness (Grebenets and Kraev, 2004 ). 

Figure 7 shows an example of a typical eroded shoreline with a rocklike ice-bonded layer in the Yenisei-

Delta (Kara Sea, Russia). 

 
Figure 7 Typical eroded shoreline with a rocklike ice-bonded layer in the Laptev Sea (Russia), (Photos: Courtesy Gerhard Kattner, 
AWI Bremerhaven) 

 

During the past decade a large-scale change in the arctic atmospheric circulation took place causing a 

shift in various oceanographic boundary conditions, e.g., decrease in sea-ice coverage, an increase in 

riverine input and in air temperatures, and increased inflow of Atlantic water masses into the Arctic 

Ocean and the Laptev Sea. These changing boundary conditions probably also influence the marine 

environment (including the submarine permafrost) and the coastal zones of the Siberian Arctic shelf 

seas (Hölemann et al., 2004).The evolution of Arctic coasts over the coming decades will be strongly 

influenced by changes in the natural environment caused by the effects of climate warming. Over the 

past decade increasing surface air temperatures have reached record levels. In 2010 record warm air 

temperatures have been measured in the Canadian Arctic and Greenland.  

In the past decade successive new record minima in Arctic sea-ice extent was observed and in 2010 

the third smallest summer minimum sea-ice extent of the past 30 years occurred. At the same time, 

the mean ice thickness has been decreasing, driven primarily by export of multi-year sea-ice. Less 

extensive sea ice creates more open water, allowing stronger wave generation by winds. This, 

combined with warmer sea-surface and ground temperatures, has the potential to increase erosion 

along Arctic coasts. As an example the record warm sea-surface temperatures in 2007 contributed to 

rapid coastal erosion in Alaska. Arctic ice shelves will continue more frequently to collapse due to 

climate warming and the process of decreasing multi-year sea ice will continue. 

Decadal-scale mean rates of coastal retreat are typically in the 1-2 m/year range, but can vary up to 

10-30 m/year in some locations. The highest mean erosion rates are in the Beaufort Sea, the East 

Siberian Sea, and the Laptev Sea. Recent results on erosion of ice-rich cliffs show the importance of 

interaction between high sea-surface temperatures and the timing of ice break-up and freeze-up 

combined with storm dynamics (Forbes, 2011). 
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6.1.3. The Marginal Ice Zone (MIZ) 

The extent of the Arctic sea ice has reduced significantly in recent years (see Table 1), surpassing all 

existing model predictions (Overland and Wang, 2013). Instead of an ocean mostly covered by a 

continuous ice cover, the Arctic now has a large expanse of open water adjacent to a dynamically 

changing ice cover called the Marginal Ice Zone (MIZ). It is in this zone that most of the future 

engineering activities will take place (Gautier et al., 2009a, Stephenson et al., 2011). The opening up 

of the Arctic increases the possibility of shipping and offshore engineering, however, there is the 

insufficient understanding of the air-ice-ocean system to operate effectively in this region. In particular, 

more open water in the Arctic has increased the wave intensity. As a consequence, wave propagation 

through the dynamically changing ice covers in the MIZ has become an important topic for all maritime 

operations in the Arctic (Evers and Reimer, 2015).Theoretical considerations related to ice breaking 

and wave attenuation in the MIZ are described by Williams et al. (2013). In the MIZ close coupling 

between waves, sea ice, ocean and atmosphere occurs (Williams et al., 2013), with small floes being 

broken by surface waves. Waves may spread over long distances and their swell might propagate and 

cause flexural failure of multiyear pack ice. The width of the MIZ is controlled by the exponential 

attenuation of the waves imposed by the presence of ice-cover and the rate of wave attenuation 

depends on wave period and the properties of the ice cover. 

Waves and ice cover mutually affect each other. At the formation stage, waves create grease/pancake 

ice from open water (Figure 8a). As the ice edge extends, waves damp out allowing the pancake ice 

field (Figure 8b) to consolidate into solid ice cover. Subsequently, waves may break an existing ice 

cover and, depending on their intensity, these waves may either leave the ice cover as a scattered 

puzzle of ice floes (Figure 8c), continue to pulverize the ice floes into a brash ice field, or shape them 

into anything in-between (Wadhams et al., 1986). On the other hand, ice cover also attenuates waves 

and changes their velocity. The change in both attenuation and speed depend on the mechanical 

properties of the ice cover. However, the mechanical properties of different ice covers, particularly as 

a collection of frozen/broken/refrozen conglomerate as often present in the MIZ, are unknown (Evers 

and Reimer, 2015). There are several theories based on different assumptions of how an ice cover 

should be modelled as either a continuum, or as a collection of discrete deformable plates. However 

the results of models based on these theories are very different.  

 

Figure 8: Formation of pancake ice in a wave field in the Kara Sea (a), pancake ice (b) and newly fragmented ice sheet (c); 
(Evers & Reimer, 2015); Photo (b) source: National Institute of Water and Atmospheric Research (NIWA), The University of 
Waikato, Hamilton, New Zealand. 

Very limited data are available to help build the necessary knowledge base for wave propagation in 

the MIZ. A few field studies during Marginal Ice Zone Experiments, MIZEX, and some isolated field 

campaigns in the Antarctic region have only shown that wave attenuation is strongly dependent on 

frequency (Wadhams et al. 1986, 1988). The same ice cover can damp out high frequency waves over 

(a) (b) (c) 
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a matter of metres, while leaving the swell untouched for hundreds of kilometres. Remotely sensed 

data shows that oblique waves may change their direction upon entering an ice covered sea (Figure 9), 

which indicates that the wave speed changes between open water and ice covered region (Liu et al., 

1991). Laboratory studies of wave propagation over ice covers are scarce. One conducted in a small 

wave tank at the University of Washington showed wave speed changes and attenuation both 

occurred in a grease ice field (Newyear and Martin, 1997, 1999). Another in a larger wave tank in Japan 

showed wave speed slowed down in pure elastic synthetic ice covers when the floe size was reduced 

(Sakai and Hanai, 2002). At the Hamburg Ship Model Basin (HSVA) a study was done in a pancake ice 

field to show that both wave attenuation and speed change took place (Wang and Shen, 2010).The 

above field, remote sensing, and laboratory studies have only scratched the surface of the complex 

wave-ice interaction problem. For a complete understanding necessary to guide Arctic engineering in 

the MIZ, a systematic study is urgently needed. 

 

Figure 9. SAR image from LIMEX (Liu et al. 1991). Wave refraction was measured. 

Need for laboratory tests 

While field data, in-situ or remotely sensed, are required to parameterize and validate models for the 

new Arctic ocean, laboratory experiments provide a much more controlled and less expensive 

alternative. Field environments may not be appropriate for studying multiple interacting mechanisms 

as a large number of parameters may be unknown. Therefore, the controlled test environment in 

model-scale offers a good alternative. There are several engineering projects/activities that have been 

discussed for the new Arctic region: wind farms, oil/gas rigs, shipping routes, and oil spill mitigation. 

Most of these will be located in the MIZ, where dynamically changing ice conditions prevail. While 

different challenges may exist for various operation scenarios, all of them need to have an accurate 

prediction of the wave climate (wave conditions).  

 THE IMPACT OF CLIMATE CHANGE ON SOCIO-ECONOMIC BEHAVIOUR 
Climate change and its impact on the environment offer new opportunities but also operational risks 

in cold and polar regions. Those operations may range from tourism, fishing and shipping to mining 

and hydrocarbon exploration and extraction. The Arctic region probably contains around 30% of the 

world’s undiscovered gas and 13% of the world’s undiscovered oil with the resources expected to be 

found in depths of less than 500 m (Gautier et al., 2009b). The decline is sea-ice thickness and 

concentration eases or even first allows access to possible exploration sites of natural resources. 
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An Arctic Transport Accessibility Model (ATAM) presented by (Stephenson et al., 2011) predicts that 

both the Northern Sea Route and the North Pole Route may become fully accessible by 2060 for vessels 

with non-Polar ice classes. In addition to this it is predicted that another 1.8 million km2 of the Arctic 

Ocean might become accessible. A consequence of melting Arctic sea ice is the commercial viability of 

the Northern Sea Route, connecting North-East Asia with North-Western Europe. This will represent a 

reduction in shipping distances and a decrease in the average transportation days by around one-third 

compared to the currently used Southern Sea Route [via Suez canal]. This may result in a significant 

shift of bilateral trade flows between Asia and Europe, diversion of trade within Europe, heavy shipping 

traffic in the Arctic, and a substantial drop in traffic through Suez (Bekker et al. 2015). 

Studies by the Canadian Ice Service indicate that sea ice conditions in the Canadian Arctic during the 

30 years have been characterized by high year-to-year variability. This variability has existed despite 

the fact that since 1968-1969 the entire region has experienced an overall decrease in sea-ice extent 

during September. In the eastern Canadian Arctic, some years – 1972, 1978, 1993, and 1996 – have 

had twice the area of sea ice compared with the first or second year that follows 

(http://www.greenfacts.org). This year-to-year variability in sea ice conditions makes planning for 

marine transportation along the Northwest Passage very difficult. 

The opening of NSR is also supported by enhanced cargo tonnage, application of flexible tariff policy 

and significant improvement of sea ice conditions along the navigational routes in summer. If the 

present trend towards decreasing sea ice cover is sustained over the next 10-15 years, the navigation 

period without icebreaker assistance will probably increase and the duration of transit will be 

significantly shorter. However, the stochastic nature of environmental parameters still challenges long-

term climate forecasts. Regardless of the influence of global warming a necessity persists for 

navigation along the NSR, with the need for a fleet of escorting icebreakers to guarantee reliable and 

safe operations along the NSR in the future. The retreating ice extent and thinner ice affects the design-

requirements of structures and ships and may increase the demand for light ice-classed ships. The 

future need of lighter ice classes may also apply on operations in the Baltic Sea.  

 PHYSICAL MODELLING IN ICE TANKS 

6.3.1. State of the Art 

Ice Tanks are refrigerated environments in which ice is produced to tests or scaled tests. The main 

focus of ice tank operations has previously been the testing of ships in ice and offshore structures 

operating in ice to assess their resistance in ice, which is the response force of the ice on the ship model. 

The failure of ice is caused by downward bending leading to flexural failure (Enkvist, Varsta, & Riska, 

1979; Atkins & Caddell, 1974; Ettema, Sharifi, Georgakakos, & Stern, 1991; Kämäräinen, 2007; Valanto, 

2001). Consequently, the flexural strength is very important when considering the scaling of ice 

properties. Other scaled ice parameters are the thickness and the elastic modulus and the applied 

scaling similitudes are Froude and Cauchy (Atkins & Caddell, 1974; von Bock und Polach & Ehlers, 2015). 

Froude scaling refers to maintaining the ratio between inertial and gravitational forces and Cauchy to 

maintain the ratio between inertial and elastic forces. Despite fulfilling Cauchy similitude, model ice 

might undergo plastic deformation, which leads overall to insufficient response stiffness under 

bending conditions(von Bock und Polach, 2015).  
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6.3.2. Modelling Challenges related to Climate change 

The response to climate change in physical modelling is driven by the societal needs that are affected 

by the climate change. The interaction of ice with offshore structures can be categorized into two 

scenarios: slow and fast impacts. A slow drifting ice sheet compressing against a structure causes  loads 

affected by strain rate effects within the ice (Sinha, 1982; Jones, 1991; Timco & Weeks, 2010). 

Increasing access to Arctic waters requires assessments of model-scale ice to reproduce and scale the 

compressive structure-ice interactions. Furthermore, as in such interactions inertial forces may be less 

relevant other scaling methods might be considered and tested (Palmer & Dempsey, 2009). At higher 

compressive ice-structure interaction speeds the formation of high-pressure zones is observed, which 

may introduce significantly high pressures on small areas (Jordaan, 2001; Taylor & Jordaan, 2015; 

Taylor et al., 2010; ISO 19906, 2010). The capacity of model-scale ice to reproduce compressive loads 

and adequately reproduce interactions of high complexity is unknown and requires dedicated testing 

and possibly a revision of modelling and scaling methods.  

Furthermore, increasing winds and storms, decreasing ice and the interaction of waves and ice in the 

Marginal Ice Zone (MIZ) are of increasing significance. As demonstrated in von Bock und Polach & 

Ehlers (2013), model ice might undergo plastic deformations, which can lead in bending to larger 

deflections than intended (von Bock und Polach, 2015). In ship-ice interaction where the failure force 

is of high significance a larger deflection of the ice might be tolerable. However, for waves in ice its 

break up is strongly dependant on the deflection introduced by the waves. Consequently, there is a 

significant challenge to assess the plasticity under impact and possible modifications of model ice to 

represent ice-wave interactions adequately. 

Waves in ice 

Current wave models such as the global ocean WAve prediction Model (WAM) does not include ice 

cover effects. WAVEWATCH III (WW3) does incorporate ice effects, however only in a rudimentary 

manner with ice cover being treated as a stepwise filter such that the fraction of wave energy flux at 

any location varies linearly between 0 and 1. Two threshold values control the stepwise variation and 

both relate to the local ice concentration (Tolman, 2003). Existing models for wave-ice interaction, 

supported by field data, have shown a significantly more complex process (Squire, 2007). 

In order to have a systematic investigation of wave attenuation and speed change in a laboratory 

setting, below is a list of the most important parameters that require further investigation: 

 Ice types – grease, pancake, floes, consolidated, with a range of floe sizes and thicknesses. 

 

 Wave spectra – a broad range of frequencies and both low and high amplitude. The latter 

is required to simulate nonlinear waves which are often present in storms. 

 

 Wave directions – a range of wave directions relative to the ice edge. Due to wave 

refraction, energy propagation may be very different from the incoming wave direction. 

This condition is constantly changing when the ice cover is altered by the wave condition. 

Behind a fragmented ice field, structures may be safe from wave action, due to the high 

scattering and collisional damping motion between floes. This condition can quickly 

change after the ice cover freezes over, particularly so when compounded with ice edge 

changes. 
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To properly study wave propagation under ice cover, a laboratory should be equipped with a large 

wave basin so that long and fully-developed waves may be tested with minimal reflection from the 

boundaries and also the capability to generate waves from different directions. There needs to be 

instrumentation to measure wave characteristics, including directional spectra. It should have ice 

production capabilities to create the various ice types mentioned above and the facilities to determine 

the mechanical strength of the floes and the consolidated ice sheet.  

The decreasing ice thicknesses on the Arctic shipping routes (Stephenson et al., 2011) and in the 

northern Baltic Sea (Gulf of Bothnia) will affect the design of suitable ships, i.e. the design ice 

thicknesses will be reduced. In model-scale testing the ice thickness is scaled geometrically with the 

same scaling factor as the ship length, which will lead to thinner model ice sheets for tests. Currently, 

many ice tanks set a minimum model-ice thickness of 15 mm, below which the scalability of 

experimental results is uncertain. Therefore, modelling methods need to be investigated to produce 

thinner ice sheets while maintaining accurate scaled properties. In this context also ice property 

measurement techniques may need to be revised to account for the significantly weaker constitution 

of the thin ice. 

 LABORATORY EXPERIMENTS WITH WAVE-ICE INTERACTION  
During the INTERICE-project Eicken et al. (1998) performed experiments in a wave field which primarily 

addressed the effects of wind, current and wave conditions on the formation of pancake ice, the 

evolution of ice cover morphology and ice microstructure and salinity of frazil ice. Wave damping and 

its effect on the wavelength spectrum for different ice types was also investigated. It was found that 

the frazil and pancake formation process depended on the presence of wind. Stable, uniform pancake 

ice covers were formed in the absence of no wind, while under the presence of wind and under same 

wave conditions a frazil layer continued to thicken without clear formation of pancakes. Given time, 

pancakes coagulated with neighbours to form composite pancakes. The appearance of composites 

coincided with a significant increase in wave damping. More details of the pancake ice evolution in the 

experiments can be found in Leonard et al. (1998). 

In 2001, an experiment to study pancake ice growth in a wave field has been conducted in the Arctic 

Environmental Test Basin (AETB). For the tests a twin wave tank facility was built. Two wave generator 

in the twin tanks with identical geometry produced different waves ranging from 0.5-0.9 Hz in the 

same cold room. Data obtained from the experiment are used to identify the ice production rate that 

may be attributed to wave actions and to determine the relation between the ice cover morphology 

and wave characteristics (Shen et al., 2004). 

In the framework of the REduced ice Cover in the ARctic Ocean (RECARO) project a number of different 

experiments involving waves of different frequencies and amplitudes were conducted in HSVA’s Arctic 

Environmental Test Basin (AETB). The simultaneous measurements of the same oceanic and 

cryospheric parameters during the ice formation process should provide new insight into a large 

variety of questions relating to the different regimes of ice formation: ice growth, brine drainage, 

pancake ice formation, mechanical strength/crystal properties, optical properties and wave 

attenuation (Wilkinson et al., 2009). 
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RECARO wave experiments were carried out by Wang and Shen (2010) to isolate the mechanical 

actions of the waves from thermodynamic effects. A study was done in a pancake ice field to show that 

both wave attenuation and speed change took place. 

The experiences and results obtained in the various experiments carried out in the AETB regarding 

waves and ice interactions have revealed that a larger basin than the AETB is required to perform 

complex investigations on the behaviour of waves in the ice. Since 2015, the HSVA operates its Large 

Ice Model Basin (LIMB) with mobile wave generators to execute extensive experiments with waves in 

ice (Evers and Reimer, 2015). 

 


