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The state of  the sea ice  cover  results  from an interplay  between thermodynamics  and dynamics.

Changes  in  the  ice  cover  further  affect  the  way  in  which  the  ice  responds  to  forcing,  both

thermodynamic and dynamic. This thesis discusses several aspects of sea ice thermodynamics and

dynamics, and their contribution to the evolution of ice pack, and particularly to changes in the Arctic

sea ice cover. The main focus is on the ice dynamics in different types of ice zones and under different

conditions, which also enables the examination of the impact of thermodynamic forcing on sea ice

dynamics.

Changes in the Arctic sea ice thickness distribution during the period 1975-2000 are studied in

detail,  and the contribution  of  thermodynamics  and dynamics  as  driving forcing is  discussed.  The

results  show  that  the  shape  of  the  sea  ice  thickness  distribution  has  changed:  the  peak  of  the

distribution has generally narrowed and shifted towards thinner ice. A prevalent feature is the loss of

thick, mostly deformed ice, which has had a significant role in the decrease in the mean and modal ice

thickness. The results also show a decrease in the seasonal variability of the mean ice thickness, but

with strong regional differences. Also, the regional variability of the sea ice thickness has decreased,

since the thinning has been the most pronounced in regions which formerly had the thickest ice cover.

The observed changes in the regional ice draft distributions cannot be explained by local warming of

the atmosphere, but  changes in the ice drift  patterns have had an essential  impact.  These results

emphasize the importance of the description of sea ice dynamics in the models.

Sea ice dynamics, and especially deformation, strongly affect the evolution of ice volume and

properties of ice cover. There has still been a need for better understanding of the highly local and

intermittent deformation process, as well as its variability that rises from different types of conditions

and regions. Several aspects of these questions are covered in this thesis. With coastal and ship radar

images, the study of the length scale dependency of sea ice deformation rate is extended to smaller

length scales (from 100 m to 10 km) and time scales (from 10 min to 24 h) than were previously

possible. Sea ice deformation rate is shown to exhibit a power law with respect to both length scale and

time scale at all the scales covered. Both the overall deformation rate and the length scale dependency

of deformation rate are found to depend strongly on the time scale considered. 

Small  scale  deformation is  studied in  different  type of  ice  regions (coastal  boundary  zone,

compact Arctic ice pack and marginal ice zone), and under different weather conditions. One of the key

findings  is  the  connection  between  air  temperature  and  deformation  rate:  during  warm  days

deformation rates are generally higher than during cold days. The deformation rate is found to respond

to changes in air temperature in a time scale of days, which is clearly faster than previously assumed.

This response is most likely connected to the effectiveness of the healing process. However, despite of

the most effective healing during the coldest winter, the previously damaged areas are found to remain

the weak points in the ice cover.  This confirms that the deformation history is an important factor in

determining how the ice cover responds to dynamic forcing. 
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  Tiivistelmä

Merijääpeite muuttuu sekä dynamiikan että termodynamiikan vaikutuksesta. Muutokset jääpeitteessä

vaikuttavat  edelleen  siihen,  kuinka  merijää  reagoi  erilaisiin  pakotteisiin,  niin  termodynaamisiin  kuin

dynaamisiinkin.  Tässä  työssä  käsitellään  merijään  dynamiikkaa  ja  termodynamiikkaa  sekä  niiden

osuutta havaituissa muutoksissa Jäämeren jääolosuhteissa. Työ keskittyy erityisesti jään dynamiikkaan

eri tyyppisillä alueilla ja erilaisissa olosuhteissa, jolloin myös termodynamiikan vaikutusta dynamiikkaan

voidaan tutkia. 

Tässä  työssä  esitetään  yksityiskohtaisesti  jään  paksuusjakauman  muutokset  Jäämerellä

ajanjaksolla  1975-2000,  sekä  pohditaan  termodynamiikan  ja  dynamiikan  merkitystä  havaittujen

muutosten  takana.  Tulokset  osoittavat,  että  jään  paksuusjakauman  muoto  on  yleisesti muuttunut:

jakauman piikki on kaventunut ja siirtynyt kohti ohuempaa jäätä. Huomattavaa on erityisesti paksun,

enimmäkseen  deformoituneen  jään  väheneminen.  Tällä  on  ollut  suuri  merkitys  jään  paksuuden

keskiarvon  ja  moodin alenemisessa.  Useilla  alueilla  jään  keskipaksuuden  vuodenaikaisvaihtelu  on

pienentynyt. Myös alueellinen vaihtelevuus on alentunut jään ohenemisen oltua voimakkainta alueilla,

joilla jään paksuus oli suurin tutkimusjakson alussa. Havaittuja muutoksia ja niiden alueellisia eroja ei

voida selittää ilmakehän lämpenemisellä vaan jääkentän liikkeellä on ollut merkittävä vaikutus. 

Merijään  dynamiikka  ja  erityisesti  deformoituminen  vaikuttaa  merkittävästi  jään

kokonaismäärään sekä jääkentän ominaisuuksiin. Jääkentän deformoituminen on hyvin paikallinen ja

lyhytaikainen ilmiö, jota ei vielä tunneta riittävän hyvin. Alueellisten erojen sekä erilaisten olosuhteiden

vaikutusta  deformaatioprosessiin  ei  ole  aiemmin  juurikaan  tutkittu.  Tässä  työssä  näitä  kysymyksiä

käsitellään usealta kannalta. Rannikko- ja laivatutkakuvia käyttämällä ajojääkentän deformoitumista ja

deformaationopeuden pituusskaalariippuvuutta voitiin tutkia pienemissä pituusskaaloissa (100 m – 10

km)  ja  aikaskaaloissa (10 min  –  24 h)  kuin  aiemmin käytetyillä  menetelmillä  on  ollut  mahdollista.

Deformaationopeuden todettiin noudattavan potenssilakia sekä pituus- että aikaskaalan suhteen myös

näin  pienissä  skaaloissa.  Sekä  deformaationopeuden  että  sen  pituusskaalariippuvuuden  havaittiin

riippuvan voimakkaasti käytetystä aikaskaalasta.  

Merijään pienen skaalan deformaatioita tutkittiin  erityyppisillä  alueilla  (rannikkovyöhyke,  tiivis

ajojääkenttä  sekä  ajojääkentän  reunavyöhyke  Jäämerellä)  ja  erilaisissa  sääolosuhteissa.  Yhtenä

merkittävimpänä  tuloksena  voidaan  pitää  löydettyä  yhteyttä  ilman  lämpötilan  ja  jääkentän

deformaationopeuden välillä. Deformaationopeuden havaittiin seuraavan ilmanlämpötilassa tapahtuvia

muutoksia  muutamana päivän  aikajänteellä,  mikä  on  huomattavasti  nopeampi  vaste  kuin  aiemmin

oletettu. Tämä lämpötilavaste on nopeampi, kuin jään mekaanisen lujuuden vaste lämpötilamuutoksiin.

Niinpä  havaittu  ilmiö  on  todennäköisesti  yhteydessä  jääkenttään  muodostuneiden  vaurioiden

(halkeamat ja railot) jäätymisen, ja siten jääkentän lujuuden palautumisen nopeuteen. Vaikka jääkentän

vauriot korjautuvat nopeiten kylmien jaksojen aikana, jääkentän deformaatiohistoria vaikuttaa jääkentän

käyttäytymiseen  myös  kylmimmän  talven  aikana.  Laivatutkakuvista  nähtiin,  kuinka  uudet

deformaatiotapahtumat saivat aina alkunsa aiemmin vaurioituneista alueista.
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1 Introduction

Changes in the Arctic sea ice cover over the past decades have been the topic

of numerous studies. The evolution of ice cover is driven by the atmosphere

and ocean, but the response of sea ice to certain forcing depends on several

properties of the ice pack as well as on geographical constraints, and exhibits

large seasonal and regional differences. As the Arctic sea ice cover is changing,

its response to forcing may change from what has been known before. The

contribution of all the mechanisms interplaying in this complex system is not

yet fully understood.

This thesis discusses several aspects of sea ice thermodynamics and dy-

namics, and their contribution to the evolution of the ice pack, and partic-

ularly to changes in the Arctic sea ice cover. The main focus is on the ice

dynamics in different types of ice zones and under different conditions, which

also enables the examination of the impact of thermodynamic forcing on sea

ice dynamics.

The state of the Arctic sea ice cover is most commonly studied in terms

of ice thickness, extent and circulation. All these variables exhibit large

natural variability in seasonal to decadal time scales, and they have also been

showing distinct trends during the recent decades. Interannual variation is

largely driven by large scale atmospheric circulation, which affects the sea ice

circulation patterns, as well as the surface heat balance through the changes in

heat and moisture transport from mid-latitudes. The state of the atmospheric

circulation is commonly described by climate indeces. The Arctic oscillation

(AO) index is related to the magnitude of zonal circulation in the Arctic. The

variation of AO has been found to have a significant impact on variations of

Arctic sea ice circulation, thickness and extent (Rigor et al., 2002). Figure 1.1

shows how years with a high AO index result in a weakened Beaufort Gyre

and a westward-shifted Transpolar Drift (Rigor et al., 2002). Years with a

high AO index are also connected to increased cyclone activity (Serreze et

al., 1997) and warmer air temperature (Thompson et al., 2000). Together all

these factors lead to a decrease in ice volume during high AO index years.

A clear decrease in the Arctic sea ice thickness has been reported in nu-

merous studies since the 1990s. Since then, the thinning has continued and

4



even accelerated. Rothrock et al. (2008) found a decline of 36% in the annual

mean thickness from 1975 to 2000. When compared to 2012, the decrease of

annual mean ice thickness is clearly even greater: from 3.6 m in 1975 to 1.3 m

in 2012, resulting in thinning of 65% (Lindsay and Schweiger, 2015). During

the satellite era (from 1979 onwards) the Arctic sea ice extent has decreased

by a trend of -4.1% decade−1 (Cavalieri and Parkinson, 2012). The strongest

decrease, -13.4% decade−1, is found in September, which is the month of the

annual minimum extent (Figure 1.2a) (Perovich et al., 2016). Also, the Arctic

sea ice has become younger and the fraction of multiyear ice (MYI) smaller

(Figure 1.2b) (Perovich et al., 2016). This thinner and younger Arctic sea

ice cover has been found to drift faster and deform at a higher rate (Rampal

et al., 2009; Spreen et al., 2011). Olason and Notz (2014) showed that this

acceleration of ice drift has been strongest in summer (Figure 1.3).

Changes in the ice cover result from, and also cause, changes in the at-

mosphere and ocean. In the Arctic, air temperature has increased at over

double rate when compared to the lower latitudes (Overland et al, 2016).

The melt season in the Arctic has lengthened at a rate of 5 days decade−1,

which has led to an increase in the solar heat stored in the upper ocean by

approximately 752 MJm−2 (Stroeve et al., 2014). This additional heating has

increased the sea surface temperatures by 0.5 to 1.5◦C. Warmer sea surface

temperatures can be a driver of intensified cyclonic activity in the Arctic due

Figure 1.1: The mean circulation of Arctic sea ice during the phases of (a) a
low and (b) a high AO index. Isochrone lines show the number of years re-
quired for a parcel of ice to exit from the Arctic through the Fram Strait. The
dashed line delimits the area in which ice either recirculates in the Beaufort
Gyre (highlighted with red) or is advected through the Fram Strait in the
Transpolar Drift (highlighted with blue). Modified from Rigor et al., 2002.
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to larger heat fluxes from the ocean to the atmosphere in the marginal ice

zones (Inoue and Hori 2011).

During the past decades both the thermodynamics and the dynamics in

the Arctic have changed due to changes in the atmosphere and ocean, but

the role and importance of these different types of forcing mechanisms on

recorded changes of Arctic sea ice cover is not fully understood. The connec-

tion between thermodynamics and sea ice volume is obvious as the increased

heat in the atmosphere and ocean reduces ice growth and enhances melting,

but sea ice dynamics are known to have a significant impact as well. During

winter, dynamics increase sea ice volume notably via both the formation of

thick pressure ridges and the opening of leads. Lead opening results in rapid

ice growth, and seasonal ice production in leads is estimated to account for

25-40 % of the total ice production of the Arctic Ocean (Kwok, 2006). In

summer, leads have the opposite impact to their impact in winter as the pres-

ence of open water increases the absorption of solar heat and enhances the

melting. Even in areas with persistent convergence, and thus very infrequent

lead openings, dynamics are important for ice volume. Kwok and Cunning-

ham (2016) estimated that deformation explaines over 30% of the overall

variance in monthly thickness changes north of the coasts of Greenland and

the Canadian Arctic Archipelago.

The complexity of the system is not limited to the combined impact of

thermodynamics and dynamics on sea ice volume described above. A change

in one forcing mechanism can lead to a change in some ice property, which

can further affect the response that ice pack has to this particular, or some

a) b)

Figure 1.2: a) A time series of the sea ice extent anomaly in March (the
month of maximum extent) and September (the month of minimum extent).
The anomaly value represents the difference (in %) in the ice extent relative
to the mean values for the period 1981-2010. b) A time series of ice age.
From Perovich et al., 2016.
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Figure 1.3: The seasonal cycle (left) and long-time trend (right) of Arctic sea
ice drift speed obtained from drifting buoys. The seasonal cycle is shown as a
monthly mean drift speed with 12 hour interval and with two week interval.
The long-term trend is calculated separately for winter (December-March,
red) and summer (August-October, blue). For winter, drift speed obtained
from satellite images is also shown (green). From Olason and Notz, 2014.

other, forcing. For instance, thermodynamic-driven thinning of ice reduces its

ability to resist dynamic wind forcing and makes it more sensitive to drift and

deform. Another example is the impact of fracturing under dynamic forcing,

which lowers the ice pack strength and makes it more vulnerable to further

deformations. A result of this complexity is shown for instance by Olason and

Notz (2014). They conclude that although the Arctic sea ice drift is wind

driven, the principle drivers of variation and trends in drift speed (Figure 1.3)

are sea ice concentration and thickness, but with seasonal variation in their

contribution. Also, the fracturing of ice cover and localization of deformation

were found to be important drivers of the drift speed variation in spring.

Sea ice fracturing and deformation is known to be a very localized and

intermittent process. Mechanical failure of the ice generates a pattern of

faults. Fracturing events only last a few minutes (Marsan et al., 2011) and

occur along faults in the order of tens of meters (Schulson, 2004). In the

scales above these, the sea ice deformation rate (ǫ) follows the power law

with respect to both length (L) and time scale (τ): ǫ ∼ L−β and ǫ ∼ τ−α.

An important feature of the power law is the invariance of the exponent

with respect to changes in scales. This implies that there is no characteristic

scale, but all the scales are linked. Previous studies on sea ice deformation

have covered length scales ∼ 10-1000 km, and the power law has been found

7



for this entire range (e.g. Marsan et al., 2004; Stern and Lindsay, 2009;

Hutchings et al., 2011; Hutchings et al. 2012). The power law describes how

the deformation rate depends on the length or time scale. The downscaling

of the obtained power law has predicted very high deformation rates at small

scales, supporting the view that a substantial part of the deformation is brittle

(Marsan et al., 2004; Stern and Lindsay, 2009). However, previous studies

based on drifting buoys or satellite images have not been able to cover length

scales smaller than ∼10 km or time scales smaller than ∼1 h, and so far

estimations of small scale deformation have been based on downscaling from

larger scales.

In sea ice modelling, a wide variety of different kinds of approaches have

been used in attempts to describe this complex physical system with sev-

eral feedback mechanisms. In general, climate models have not been able to

capture the fast decline in the sea ice extent, although the new generation

climate models (CMIP5 models, used for the Intergovernmental Panel on Cli-

mate Change (IPCC) Fifth Assessment Report in 2013) depict the declining

trend better than the earlier CMIP3 models (used for the IPCC Fourth As-

sessment Report in 2010) (Figure 1.4). Rampal et al. (2011) showed that

b) Arctic sea ice extent in 
September (1900-2012)

a) Arctic sea ice extent (1980-1999)
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Figure 1.4: Arctic sea ice extent obtained from observations and climate
models. a) The annual cycle of the ice extent and b) the September ice
extent during the period 1900-2012. The results from CMIP3 models are
shown in blue (the line shows the mean, the shadowed area mean±standard
deviation) and the results from CMIP5 models are shown in red. The extents
obtained from satellites have been provided by National Snow and Ice Data
Center (NSIDC), National Aeronautics and Space Administration (NASA)
and Hadley Center (HadISST). From Flato et al. (2013).
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climate models underestimate the decrease in ice extent and thickness, as

well as the increase in ice kinematics, partly due to the weak coupling be-

tween ice state (thickness and concentration) and kinematics. This, together

with the studies showing the importance of brittle deformation (Marsan et

al., 2004; Stern and Lindsay, 2009), has driven more attention to model’s

ability to represent the heterogeneity of sea ice deformation. Traditionally

in modelling sea ice has been seen as a continuum, but the importance of

brittle deformation has encouraged the idea that sea ice would be better de-

scribed with fracturing mechanics instead of continuum mechanics (Stern and

Lindsay, 2009; Girard et al., 2011).

Overall, a realistic description of the dynamics and deformation is essential

for models to reproduce the evolution of sea ice cover correctly. This study

deepens the understanding of seasonal and even shorter time scale variations

in the properties of ice cover, and their impact on sea ice drift and deforma-

tion. Also, the examination of sea ice dynamics and the scale dependence

of sea ice deformation is extended to smaller length scales (L > 100 m) and

time scales (τ > 10 min) than previously possible.

The objectives of this study are to:

• determine changes in the Arctic sea ice thickness distribution regionally and

seasonally, and to estimate the impact of thermodynamic and dynamic

forcing on the observed changes.

• improve the understanding of sea ice drift and deformation by studying

them at smaller length and time scales than previously possible.

• examine how sea ice deformation varies in different ice zones.

• study the impact of weather conditions on sea ice drift and deformation.
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2 Theoretical background

2.1 THERMODYNAMICS OF SEA ICE

Ice grows and melts vertically as a response to the imbalance between net heat

fluxes at the upper and lower boundary, and the internal heat conduction.

In general, this can be formulated as a one-dimensional heat equation of ice

(Makshtas, 1998):

ciρi

∂T

∂t
=

∂

∂z

(

ki

∂T

∂z
+ I

)

, (2.1)

where ci is heat capacity and ρi is density of ice, T = T (t, z) is temperature

within ice, t is time and z is vertical distance from the upper surface, ki is

thermal conductivity of ice, and I denotes intensity of internal heating due

to short wave radiation penetrating into the ice at the upper surface.

The boundary conditions of the heat equation (2.1) at the upper surface

are

F0 = ki

∂T

∂z
, T0 < Tf (2.2)

Liρi

∂h

∂t
= −ki

∂T

∂z
+ F0 , T0 ≥ Tf (2.3)

where F0 denotes total heat flux at the upper surface and Li is latent heat of

fusion, and T0 and Tf are surface temperature and freezing point. The total

heat flux at the upper surface, F0 is a sum of several components:

F0 = (1 − α)FSW − I0 + FLW ⇓ −FLW ⇑ +Fs + Fl. (2.4)

Terms of the net heat flux are incoming shortwave radiation (FSW ), surface

albedo (α), the short wave radiation penetrating into the ice (I0), downward

(FLW ⇓) and upward longwave radiation (FLW ⇑), sensible heat flux (Fs)

and latent heat flux (Fl). The formulation of the different components can

be found in Weeks (2010).

At the lower surface, in the ice-ocean interphase, the boundary condition
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of Equation 2.1 is

Liρi

∂h

∂t
= −ki

∂T

∂z
− Fw, (2.5)

where Fw is oceanic heat flux. When ice grows in the ice-ocean interphase,

latent heat is released and has to be conducted through the ice and snow

to the atmosphere. This conductive heat flux, Fc = −ki
∂T
∂z

, depends on the

thermal conductivity of the ice, ki and the local temperature gradient at the

depth z. The temperature profile through the ice is not linear, which makes

exact thermodynamic calculations difficult. Only in the case of thin ice or

very slow changes in the surface energy balance can the heat conduction be

approximated with linear temperature gradient (Eicken, 2003).

As the latent heat released by freezing is conducted upward through the

ice thickness, the ice growth rate is strongly dependent on the ice thickness.

In the central Arctic, very thin ice can grow over 10 cm per day in winter,

while ice with 1 m thickness grows only about 1 cm per day in similar con-

ditions (Thorndike et al. 1975). In summer, melting occurs both at the top

and the bottom of the ice, and the melting rate is not thickness dependent.

However, ice ridges with deep keels may enhance turbulence and thus increase

oceanic heat flux and bottom melting. Since the annual ice growth decreases

as ice gets older and thicker but the summer melt remains nearly on the same

level, the thickness of MYI approaches so called equilibrium thickness. This

equilibrium thickness depends on the local climate and can be taken as the

maximum thickness of thermodynamically grown sea ice. Maykut and Un-

tersteiner (1971) estimated the equilibrium thickness of Arctic sea ice to vary

from about 3 to 5 m at the end of the growth season.

As Equation 2.5 shows, ice growth depends on the temperature gradient

through the ice thickness. In the case of Fw = 0, ice grows as long as the

temperature gradient exists, that is to say as long as T0 < Tf . Therefore,

the surface air temperature (SAT) is naturally an important factor in ice

mass balance and often used as a proxy for ice growth. In the central Arctic,

oceanic heat flux has typically been very small, about 2 Wm−2 (Barry et

al., 1993), and ice has reached great thicknesses by thermodynamic growth.

Clearly higher values (up to 15 Wm−2) are found in the Pacific sector of the

Arctic and in the marginal ice zones (Krishfield and Perovich, 2005). With

continued decline in sea ice cover, and enhanced coupling of the atmosphere

to the ocean, the impact of oceanic heat flux is likely to also increase in the

central Arctic (Carmack et al., 2015).

Snow on top of the ice has a prominent effect on the heat balance and

ice growth/melt. Snow has low thermal conductivity. It is an insulator that
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lowers the ice growth rate in winter and thus has a decreasing impact on the

ice mass balance. In summer, the impact is the opposite: snow shields the

ice from direct solar radiation and delays the onset of intense ice melt.

2.2 SEA ICE DRIFT AND DEFORMATION

Sea ice drifts as a response to stresses at both the upper and the lower surface

caused by wind and ocean current, respectively. The equation of the motion

of sea ice is (Leppäranta, 2005)

ρh

[

∂u

∂t
+ u · ∇u + fk × u

]

= ∇ · σ + τa + τw − ρhgβ − h∇pa. (2.6)

The terms in the Equation 2.6, from left to right, are local acceleration, ad-

vective acceleration, Coriolis term, internal ice stress, air stress, water stress,

sea surface tilt and air pressure. Bold symbols denote vectors. In the case of

a compact ice pack, the dominating terms in the equation of motion are wind

and water stresses and internal stress. Air and water stresses are propotional

to the square of wind and water velocity relative to the ice surface (McPhee,

1975):

τa = ρaCaUaUa (2.7)

τw = ρwCw|Uw − u|(Uw − u). (2.8)

ρa and ρw are air and water density, Ca and Cw are drag coefficient of air and

water, Ua and Uw are velocities of surface layer wind and ocean current, and

u is velocity of ice. In the case of air stress (Equation 2.7), ice motion has

been neglected, since Ua ≫ u.

Internal ice stress (σ) represents different types of mechanical interactions

in the ice pack. This includes frictional forces between ice floes and shearing,

as well as crushing during convergent deformation and ridge formation (Weiss,

2013). Internal ice stresses may be caused by differential winds and currents,

and they are generally very difficult to measure and model on the scale of an

ice pack. In the case of a compact ice pack, internal ice stress is one of the

dominating terms in the equation of motion (Equation 2.6), and resolving it

becomes an important question.

Stresses cause deformations of the ice cover. The behaviour of a compact

ice pack under internal stress can be described with rheology, which depicts

the relationship between stresses and strains. The three basic models of
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rheology are the elastic, plastic and viscous models. The maximum strain

(displacement per unit length) that a material, here sea ice, can withstand

and still return to its original shape is called the yield point. When strain

is below the yield point, material deforms under a load but returns to its

original shape if the load is removed. This reversible type of deformation is

called elastic deformation. In the linear-elastic model, stress is propotional

to strain. When strain exceeds the yield point, the original shape cannot be

recovered even if the load is removed. This irreversible type of deformation

causing permanent damage is called plastic deformation. In the third basic

model of rheology, the viscous model, stress depends on the strain rate, and

the material behaves like a viscous fluid.

When strain reaches the end of the elastic and the plastic region of the

stress-strain curve, fracturing of material occurs. A fracture is the separation

of a material into two or more pieces under a stress. There are two types

of fracturing, ductile and brittle, and sea ice has been found to exhibit both

types depending on the strain rate. At low strain rates, sea ice behaves

like a ductile material. As stress increases, a ductile material undergoes

considerable plastic deformation before reaching the fracture point. For sea

ice, strain can exceed 0.1 without a macroscopic failure (Schulson, 2001). At

higher strain rates (& 10−4 s−1), sea ice is a brittle material (Schulson, 2001).

Brittle material fractures rapidly after the end of the elastic region, with fast

crack propagation.

The deformation rate of sea ice pack is usually examined using the strain

rate tensor of the velocity field. The extent of sea ice cover is so large com-

pared to its thickness, that in sea ice geophysics the strain rate tensor is

usually studied in two dimensions on a horizontal plane. This means that

deformation is seen as differential horizontal motion. Elastic deformations of

sea ice are small and therefore on the geophysical scale fractures, leads or

slip lines are usually required for deformation to happen. Elasticity can only

become important in the case of thin ice (thickness . 0.1 m), when buckling

may also occur.

The two principal components of strain rate are the divergence (ǫdiv) and

shear (ǫshear):

ǫdiv =
∂u

∂x
+

∂v

∂y
, (2.9)

ǫshear =
1

2





(

∂u

∂x
− ∂v

∂y

)2

+

(

∂u

∂y
+

∂v

∂x

)2




1

2

(2.10)
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where u and v are velocities in the x and y direction. The total deformation

rate (ǫtot) is a product of shear and divergence:

ǫtot =
√

ǫ2
shear + ǫ2

div. (2.11)

Studies in the Arctic have shown, that shear is typically the dominating

mode of deformation (Stern et al., 1995; Stern and Moritz, 2002), but shear

and divergence are strongly correlated in space (Weiss and Schulson, 2009;

Weiss, 2013). These reflect the typical deformation field where faulting is

shear induced but associated with divergence (Weiss, 2013).

Most of the research on sea ice deformation has been based on data

recorded with drifting buoys (Rampal et al., 2008; Hutchings et al., 2011;

Hutchings et al., 2012) and satellite-derived RADARSAT Geophysical Pro-

cessor System (RGPS) data (Marsan et al., 2004; Kwok, 2006; Stern and

Lindsay, 2009). The strain rate is typically calculated following areas formed

by objects in the ice field. These objects can be buoys or features recognizable

in satellite images, and the areas are obtained by connecting three or more of

the objects. In addition to the strain rate tensor, the sea ice deformation rate

has also been resolved by the dispersion of drifting buoys (Rampal, 2008).

The sea ice deformation rate is found to exhibit a power law with respect

to the length scale L

ǫtot ∼ L−β. (2.12)

This means that the mean deformation rate (ǫtot) is related to the scale (L)

over which it is measured with exponent β. An example of this length scale

dependency of the sea ice deformation rate is shown in Figure 2.1. With

RGPS data, length scales of 10 to 1000 km have been covered with a time

scale of 3 days, while with drifting buoys deformation rates have been resolved

for length scales ranging from few kilometers to 100 km, with a time scale of

1 h. The scaling law has been found to hold for the entire range of length

scales covered. β is reported to be in the range of 0.2 to 0.5, with seasonal and

regional variation. β has been found to be larger in magnitude in summertime

than in wintertime (Marsan et al., 2004), and in the areas with a low MYI

fraction (Stren and Lindsay, 2009).

As the scaling law (Equation 2.12) applies to all length scales up to the

basin scale, there is no characteristic length scale associated with deformation

over the length scales studied (Weiss, 2013). Girard et al. (2009) concluded

that this is an indication of long-range elastic interactions in the ice cover,

which enables stresses to be transmitted over very long distances. The value

of the scaling exponent β can been seen as an indication of over how long
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Figure 2.1: The length scale dependency of the sea ice deformation rate
from RGPS data (with a 3-day time interval). The small black dots are
the deformation rates of RGPS grid cells and grey circles denote the mean
deformation rates of the size groups (separated with vertical dashed lines).
The power law exponent β is the slope of the line fitted to the size group
mean deformation rates in this log-log space. From Marsan et al. (2004).

distances internal stress is transmitted. The smaller in magnitude β is, the

further the internal stresses are transmitted. Thick MYI transmits stresses

further than thinner first year ice (FYI), just as a compact winter ice pack

does when compared to looser summer ice cover, corresponding to the differ-

ences in β found between perennial and seasonal ice pack (Stren and Lindsay,

2009) and between winter and summer (Marsan et al., 2004).

As described earlier, the failure of sea ice depends on the strain rate and

transits from ductile to brittle when ǫtot > 10−4 s−1 (Schulson, 2001). Based

on the length scale dependency (Equation 2.12), deformation rates can be

predicted for smaller scales than those covered with observations. This type

of downscaling was done by Marsan et al. (2004) and Stern and Lindsay

(2009), who came to the conclusion that the majority of deformation in the

central Arctic is brittle.

In addition to the length scale, the sea ice deformation rate exhibits scaling

with respect to the time scale (τ) as well:

ǫtot ∼ τ−α (2.13)

(Rampal et al., 2008; Hutchings et al., 2011; Weiss and Dansereau, 2016).

Also, the length scale dependence of sea ice deformation rate is found to

depend on the time scale, and the time scale dependence on the length scale,

and thus β = β(τ) and α = α(L) (Rampal et al., 2008).
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Equations 2.12 and 2.13 manifest the localized and intermittent nature of

sea ice deformation: the highest deformation rates are measured with small

length and time scales. This is due to the heterogeneity of sea ice defor-

mation. The fracturing of sea ice generates a pattern of faults, which have

a linear shape (Schulson, 2004). The length of such linear features can ex-

tend from tens of meters to hundreds of kilometers and they can be seen in

aerial photographs and satellite images of the ice pack. Although fractur-

ing events only last a few minutes (Marsan et al., 2011), the formation of a

fault may cause a lead opening also over a clearly longer time scale (hours or

even days). Around the faults, velocity gradients are spatially discontinuous

and thus shear and divergence are concentrated (Schulson, 2004). Therefore,

these zones are often called linear kinematic features (LKF) (Kwok, 2001). In

the sea ice deformation field, they can be best captured on small scales. On

larger scales they abate as a larger grid cell often contains several of LKFs and

within one cell divergence and convergence typically occur simultaneously, for

instance. The impact of scales is enhanced as strain has an inverse propo-

tionality to the length scale and strain rate has an inverse propotionality to

the time scale.

In sea ice modeling, several different types of rheologies have been used.

In the first dynamics models that included rheologies, sea ice was treated

as a viscous fluid or a plastic material. In the 1970s, a non-linear elastic-

plastic rheology was developed (Coon, 1974). The elastic deformation of

sea ice is very small but makes the numerical solution complicated since the

strain history must be stored due to the reversible nature of elasticity. Hibler

(1979) introduced a non-linear viscous-plastic rheology where small elastic

deformation was replaced by viscous behaviour. This made the numerical

solution much simpler and viscous-plastic rheology became a standard in

sea ice dynamics models. This rheology allows the ice pack to diverge with

little or no stress, but resists compression and shearing under convergent

conditions.

In the majority of viscous-plastic models, the ice pack strength has a linear

dependency on ice thickness and exponential dependence on ice concentra-

tion. This approach has some inadequacies in representing the evolution of

sea ice cover. Rampal et al. (2011) showed that the climate models with

viscous-plastic rheology underestimate the decrease in ice extent and thick-

ness, as well as the increase in ice kinematics, partly due to the weak coupling

between ice state and kinematics. On the other hand, the work of Rampal

et al. (2013) considered CMIP3 models, and the next generation models

(CMIP5 models) have shown better ability in capturing the declining trend

as well as the seasonal cycle of the Arctic sea ice extent (Figure 1.4). Recently,
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Hutter et al. (2016) showed that with very high resolution (1 km) a large

scale sea ice model with viscous-plastic rheology reproduces leads in the ice

cover. As the high strain rates are localized along these leads, the modelled

sea ice deformation rate follows the power law with respect to both length

and time scale, contrary to earlier results obtained with coarser resolutions.

The studies suggesting that the sea ice deformation is largely brittle

(Marsan et al., 2004; Stern and Lindsay, 2009) have motivated the devel-

opment of new a rheological framework. Girard et al. (2011) introduced an

elasto-brittle rheology where sea ice is considered as a continuous elastic plate

with progressive damages that simulate cracks and leads (Weiss, 2013). In

the development and validation of this rheology, high importance has been

attatched to the model’s ability to represent the heterogeneity of sea ice de-

formation. Modelled ice deformation fields have been shown to follow similar

strong length scale dependence to that found in nature (Bouillon and Rampal,

2015).

2.3 INTERPLAY BETWEEN THERMODYNAMICS AND DYNAM-

ICS

Typically, an ice pack consists of ice floes of different thicknesses which re-

spond differently to similar forcing. Ice thickness affects the response to both

thermodynamic and dynamic forcing. As described in section 2.1, the ther-

modynamic growth rate depends strongly on ice thickness. Also, the ice pack

strength is impacted by ice thickness since thicker ice cover can resists higher

stresses. Therefore, it is useful to know the relative extent of different ice

thicknesses in the ice pack. This is described by ice thickness distribution

∫ h2

h1

g(h)dh =
1

R
A(h1, h2) (2.14)

where R is total area of the region, A(h1, h2) is the area within R covered by

ice with thickness in the range h1 ≤ h ≤ h2 (Thorndike 1975).

Changes in the ice thickness distribution g(h) can be described by the ice

conservation equation (Thorndike, 1975):

∂g

∂t
= − ∂

∂h
(fg) − ∇ · (ug) + Ψ. (2.15)

The first term on the right hand side governs the thermodynamic changes, as

f(h, x, t) = ∂h
∂t

|thermal is thermodynamic ice growth or melt rate of ice with

thickness h at the location x and time t. The second and third term describe

changes due to dynamics. −∇ · (ug) is divergence, and Ψ redistribution
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function, describing how ice changes from one thickness category to another

by mechanical deformations.

Thermodynamic ice growth/melt tends to lead to level ice approaching

the equlibrium thickness, that is to say to the infinitesimally narrow peak

in g(h). The impact of dynamics is the opposite as drift and deformations

create extremes: open water and rafting or ridging. The thickest ice is found

in ridges, where thickness can exceed 40 m (Wadhams, 1998). In winter,

the impact of dynamics also increases the ice volume through the opening of

leads, since the open water areas freez quickly. Seasonal ice production in

leads is even estimated to account for 25-40 % of the total ice production of

the Arctic Ocean (Kwok, 2006). In summer, the impact is the contrary since

open water absorbs more solar radiation which enhances the melting.

In the ice conservation equation 2.15, the redistribution function Ψ is the

least well known term. It depends on ice strength, ice fracturing mechanism

and small scale ice properties. All these are influenced by thermodynamics as

well. The term ice strength can be used for the small scale material property

of ice, a property that could in principal be measured by applying a load to

a block of ice. In this work, this type of strength is called ice mechanical

strength. Ice strength can be used in a much larger scale context as well, as

a property of ice cover. In this sense it describes how high stresses the ice

pack can resist before deformations, seen as differential horizontal motion on

geophysical scale, occur. This type of strength is here referred to as ice pack

strength. Ice pack strength depends on several factors, including ice thickness,

ice concentration, ice mechanical strength, floe size and previous fractures.

Both of these types of ice strength are impacted upon by thermodynamics.

Ice mechanical strength decreases as the temperature of ice increases, which

is mostly seen as a seasonal scale variation. This temperature dependence

of ice mechanical strength is connected to the salinity of sea ice. When

sea ice is formed from saline ocean water, majority of salt is released into

the underlying water column, but some brine is captured in between the ice

crystals, in brine pockets. The volume of brine pockets depends on the ice

temperature, and the colder the ice is the smaller is the brine volume and the

higher is the ice mechanical strength. Regarding the ice pack strength the

connection to thermodynamics is more complex and comes via changes in ice

thickness, ice mechanical strength and concentration. Also, thermodynamics

affect the recovery of ice pack strength after previous damages, so-called

healing process. There is also a feedback loop between dynamics and ice

pack strength. The response of ice cover to dynamic forcing depends on ice

pack strength, and if deformation happens, it lowers the ice pack strength

and makes the ice cover more vulnerable to further deformations.
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During the melt season in summer some new aspects arise in the inter-

play between dynamics and thermodynamics. Arntsen et al. (2015) showed

how the dynamic break up of Arctic sea ice is influenced by meltponds. As

melting accelerates, the breaking pattern of floes is strongly affected by the

distribution of melt ponds as the breaking occurs along the ponds. Also,

the presence of thick ice ridges may enhance melting if the keel of the ridge

enhances turbulence in the ice–ocean boundary layer, leading to an increase

in oceanic heat flux (Yu et al., 2004).
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3 Data and methods

3.1 PAPER I

Paper I is based on upward-looking sonar measurements recorded by sub-

marines of UK Royal Navy and US Navy (National Snow and Ice Data Cen-

ter, 2006). Upward-looking sonar does not measure the whole ice thickness

but the distance from water level to the bottom of the ice, sea ice draft,

which corresponds to approximately 90% of the ice thickness. In Paper I, all

analyses are made and all results are reported in terms of draft instead of

thickness, because an accurate conversion to thickness would require knowl-

edge of sea ice density and ridge geometry, as well as the thickness and the

density of the snow cover.

In this study, data from 31 cruises accomplished during the period 1975–

2000 is used. Data has been recorded partly in analogue format and partly

in digital format. The error in the comparability of these two types of data is

±6 cm (Wensnahan and Rothrock, 2005), which is small compared with draft

values that are typically of several meters. Therefore, data collected in both

formats is used. The standard deviation of submarine sonar measurements

is 25 cm, and measurements are biased by +29 cm compared with the true

draft (Rothrock and Wensnahan, 2007).

Draft distributions are calculated with 0.2 m bin width. Examination

is conducted separately for autumn (September-October) and spring (April-

May), the first including the annual minimum and the latter including the

annual maximun of Arctic ice thickness and extent. The whole area covered

with the submarine sonar data is divided into six regions (Figure 3.1). The

variability of sea ice thickness distribution is studied in seasonal and regional

senses, and changes are determined by comparing the periods 1975–1987 and

1988–2000.

The variability of and changes in the Arctic sea ice cover are examined

also by calculating sea ice volume. The probability density function of sea ice

volume, g(V ), is determined following Yu et al. (2004), but as a function of

draft ,D, in stead of thickness: g(V ) = g(D)D. This function is dimensionless

and describes the fraction of total ice volume with the draft D. It integrates
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to the mean draft

D =
∫

∞

0
V (D)dD (3.1)

and corresponds to a volume over a unit area (Yu et al., 2004).

Paper I presents the evolution of three ice categories, which are classified

by draft. Category 1 includes all the ice with D < 2 m in spring and D < 1

m in autumn, consisting mainly of FYI. Category 2 is dominated by MYI,

and the upper limit is set at D = 5 m. Category 3 consists of ice with a draft

of D > 5 m and is dominated by deformed ice.

The impact of different forcing mechanisms possibly leading to observed

changes is discussed in Paper I. Changes in dynamic forcing are estimated

based on observed ice drift using International Arctic Buoy Programme (IABP)

buoy data (Rigor, 2002). The mean drift patterns are calculated for the pe-

riods 1979–1987 and 1988–2000. IABP operations started in 1979, four years

later than the submarine data, and thus the years of the first period in the

comparison do not fully match with the years included in draft analyses.

Discussion on thermodynamic forcing is based on SAT data in ERA-40 re-

analyses (Uppala et al., 2005). Differences in SAT between the two study

periods (1975–1987 and 1988–2000) are calculated for the entire Arctic and

separately for the preceding months of both seasons considered, in other words

for the growth season in winter (November-March) and the melt season in

summer (June-August).

1975-1987

1988-2000

SPRING AUTUMN

Figure 3.1: The tracks of the submarine cruises accomplished in spring (on
the left) and in autumn (on the right) during the periods 1975-1987 (blue)
and 1988-2000 (red). The whole study area is divided into six regions: North
Pole (1), Canada Basin (2), Beaufort Sea (3), Chukchi Sea (4), Eastern Arctic
(5) and Nansen Basin (6). From Paper I.
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3.2 PAPER II

In Paper II, sea ice velocity spectra are studied with a mathematical model

and observations. Observational data is from the Baltic Sea and the Sea of

Okhotsk. In the Baltic, data was recorded during a field campaign aboard

R/V Aranda in March 2009 in the Bay of Bothnia. Ice motion is obtained

from the positions of the ship when moored to ice. Data from two ice stations

(referred to as S2 and S3) are used. The positions (with an accuracy of 5

m) were recorded every 10 s. Ice velocity is calculated from 5 min average

positions at the same interval.

Sea ice drift in the Sea of Okhotsk is obtained from drifting buoys and an

Accoustic Doppler Current Profiler (ADCP) in winter 2005. Three drifting

buoys (referred as buoys #4, #5 and #6) were deployed on sea ice in the

coastal zone at Hokkaido. The locations of the buoys were recorded every

hour, with positioning accuracy of 10 m. The ADCP was moored in the

proximity of the north coast of Hokkaido (position 44◦28’N, 143◦25’E, depth

48 m). The ADCP used bottom tracking and measured the velocity of ice

drifting over the mooring site with a sampling interval of 15 min. The ADCP

provides Eulerian ice velocity, while drifting buoys represent the Lagrangian

type. Buoy #6 drifted most of the time in the proximity of the ADCP, and the

data that was collected less than 100 km away from the ADCP mooring site

was used for the comparison of Eulerian and Lagrangian frequency spectra.

3.3 PAPER III

Paper III is mainly based on the coastal radar images from Tankar Island

in the Northern Baltic Sea (Figure 3.2). The coastal radar station was es-

tablished for navigational purposes, but the Finnish Meteorological Institute

(FMI) has instrumented it for environmental research. The radar system, as

well as the data collection and transmission, is described in more detail by

Karvonen (2016). A temporal median filter (15-20 seconds) is applied to the

raw data, and in this work these preprocessed images with an interval of two

minutes are used. The radar images cover the area of 40 × 40 kilometers and

have the resolution of 33 meters.

Thanks to the high temporal resolution of the images, the trajectories

of identifiable sea ice objects can be resolved in sub-pixel scale using the

Virtual Buoy (VB) tracking method developed by Karvonen (2016). The

error of 2 min VB positions is approximately 6 m. Both sea ice drift and

the deformation rate are calculated from the hourly averaged positions of

VBs. Hourly averaging redfirst year iceuces the error of VB positions to
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Figure 3.2: In Paper III, sea ice drift and deformation rate are obtained using
coastal radar images recorded on Tankar Island, in the Bothnian Bay. The
area covered with coastal radar images is shown with the red box on the left.
An example of coastal radar images is on the right. In Paper III, coastal sea
ice dynamics are studied considering alongshore and cross-shore component
drift velocity. The positive direction of these is shown with white arrows on
the left (x for cross-shore drift and y for alongshore drift).

approximately 1 m.

Paper III focuses on winter 2011. Coastal radar images from the period

15 February to 15 May are used. Interruptions in data collection caused four

gaps of 1 to 3 days, and one longer break of 12 days in late April and early

May.

The impact of weather conditions on ice drift and deformation rate through-

out the season is discussed in Paper III. This is based on hourly recorded wind

and air temperature data from the weather station located on the same island

as the radar. Ice thickness in the study region was recorded using an air-borne

electro-magnetic instrument (EM) during the field campaign running from 2

to 7 March 2011. Due to several ridging events and colder-than-average tem-

peratures in early winter, the ice was thicker than during a typical winter,

with the mean thickness of 1.05 m in EM-recordings over the study area.

Additional information on ice conditions is obtained from ice charts provided

by the FMI Ice Service.

In order to capture the characteristics of ice drift in the coastal boundary

zone (CBZ), the study area is divided into 2 km wide bands aligned with the

shore. In addition to scalar drift speed, ice drift is examined in alongshore

and cross-shore direction. Coastal ice drift is studied on hourly, daily and

seasonal scales at different distances from the shore.
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The sea ice deformation rate is only calculated for drifting ice pack. For

most of the study period, coastal radar images revealed stable fast ice reaching

band 6 (12 km off the shore). During the last two weeks of the season (30

April to 13 May), the entire ice field was broken up, and no fast ice area

existed anymore. Thereby, the drifting ice pack is defined as the bands > 6

until 30 April, and as the whole area from that date onwards.

For the deformation analyses, triangles are formed from VBs using Delau-

nay triangulation. Due to the highly variable lifetime of VBs, the triangula-

tion is reset at the beginning of each day. In order to study the length scale

dependence of the deformation rate, triangles in six different size groups are

always formed. Length scale is determined as a square root of the triangle’s

area, L =
√

A. The minimum size of triangles is set to L = 200 m, which is

clearly larger than the smallest length scale for which the deformation rate

can be resolved reliably (L ≫ 10 m, detailed error analysis can be found in

the Supporting information of Paper III). The shape criteria of triangles is

applied to avoid erroneous high deformation rate values being caused by dis-

torted cells. The minimum angle of a triangle corner included in the analyses

is set to 15◦ .

Deformation rates are resolved using strain rate tensor (Eq 2.9-2.11). Fol-

lowing Bouillon and Rampal (2015), the spatial derivatives in these equations

are approximated as

∂u

∂x
=

1

A

n
∑

i=1

(ui+1 + ui)(yi+1 − yi), (3.2)

∂v

∂y
=

1

A

n
∑

i=1

(vi+1 + vi)(xi+1 − xi), (3.3)

∂u

∂y
=

1

A

n
∑

i=1

(ui+1 + ui)(xi+1 − xi), (3.4)

∂v

∂x
=

1

A

n
∑

i=1

(vi+1 + vi)(yi+1 − yi), (3.5)

where A is the area, i is the index of a corner, n is the number of corner

points (3) and n + 1 = 1. Unfortunately, in Paper III, the term ”deforma-

tion” is used in stead of correct term ”deformation rate”. The strain rate

tensor gives divergence, shear and total deformation rate, and they all are

dimensionally the reciprocal of time, presented with unit h−1 in Paper III.

The length scale dependence of the sea ice deformation rate is examined

by determining the exponent of the power law ǫtot ∼ L−β. β is obtained from

a least square fit to the average deformation rates of the triangle size groups
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in log-log space. The quality of the fit is evaluated by several means: the

square correlation (R2), 95% confidence interval and bootstrap method. The

bootstrap method is used to obtain the error estimate for β, defined as the

standard deviation of β in 10 000 bootstrap repetitions.

In order to study the impact of weather conditions on the deformation rate

and its length scale dependence, power law scaling is repeated for selected

days with specified conditions. The sensitivity to weather conditions is tested

using three different factors: scalar wind speed, cross-shore wind and air

temperature. Each factor is studied by comparing cases when this factor

is below or above the defined cut-off value. The pairs in comparison are

wind speed < 7 m/s versus wind speed > 7 m/s, cross-shore wind < 0 m/s

(wind directed off the coast) versus cross-shore wind > 0 m/s (wind directed

towards the coast) and air temperature < 0◦C versus air temperature > 0◦C.

For each of the three factors, some additional criteria are applied in order to

minimize the effect of other factors.

3.4 PAPER IV

In paper IV, the small scale sea ice deformation rate is calculated using ship

radar images recorded during the N-ICE2015 campaign. During the cam-

paign, R/V Lance was frozen in and drifting with the ice pack north of

Svalbard. The campaign included four drifting stations (named Floe 1 to 4)

and provided data from nearly four months between January and June 2015.

The drift tracks of Floes 1 to 4 are shown in Figure 3.3.

Ship radar images are similar to the coastal radar images used in Paper

III but with different areal coverage and resolution. The images recorded on

board R/V Lance cover an area of 15 km × 15 km with a resolution of 12.5

m, and they are recorded with a 1 min interval. Similar to Paper III, ice

motion is obtained using the VB tracking method (Karvonen, 2016). The

error in 1 min positions is approximately 3 m (Karvonen, 2016).

The sea ice deformation rate is calculated similarly to Paper III: forming

different sized triangles from VBs, approximating velocity gradients by Equa-

tions 3.2-3.5 and calculating deformation rates using Equations 2.9-2.11. In

Paper IV, this is done using five different time intervals: 10 min, 1 h, 3 h, 6 h

and 24 h. For all the time intervals, 10 min average positions of VBs are used

and longer time intervals are obtained through sub-sampling of the 10 min

position time series. Another difference compared to Paper III is the reset of

triangulation: in Paper IV a new set of triangles is formed at the beginning

of each time step. The smallest length scale included in the analyses (the size

of the smallest triangles) is 50 m, which is clearly larger than the minimum
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length scale (L = 9 m) for which the deformation rate can be resolved reliably

with defined accuracy of position.

Since the deformation rate is calculated using six size groups of triangles

and five time intervals, the power law scaling can be conducted with respect

to both length and time scale, ǫtot ∼ L−β and ǫtot ∼ τ−α.

During N-ICE2015, the ship was drifting within the ice pack and the data

covers regions from compact pack ice to the marginal ice zone (MIZ, the part

of the ice cover which is close enough to the open ocean to be affected by its

presence). Figure 3.3 (right hand side) shows how the distance to ice edge (l)

varied from over 300 km to only a few kilometers during the campaign. This

allows the examination of the impact of l on the sea ice deformation rate.

In addition to the distance to ice edge, the impact of drift and wind

speed as well as air temperature is discussed. Wind speed and direction and

air temperature were recorded by a weather station deployed on ice a few

hundred meters away from the ship (Hudson et al., 2015). Drift speed and

direction are calculated from the recorded ship positions.

The localization of deformations is examined in detail. Localization is

evaluated by calculating the fractional area (the percentage of the total area)

that accommodates 15% of the largest deformation rates. This is done sepa-

rately for the total deformation rate, shear and absolute divergence, and for

the different time scales.

Figure 3.3: In Paper IV, data collected during the N-ICE2015 campaign was
used. The drift tracks of four ice stations of N-ICE2015 are shown on the
left. The campaign lasted nearly six months. During that time, the location
of the ice edge altered. Also, the ice floes followed were drifting, generally
towards the ice edge. Therefore, the distance to ice edge varied considerably.
The time series of distance to the ice edge is shown on the right.
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4 Results and discussion

4.1 CHANGES IN THE ARCTIC SEA ICE THICKNESS DISTRI-

BUTION

Submarine sonar data has been used in several earlier studies (Rothrock et

a., 1999; Wadhams and Davis, 2001; Yu et al., 2004; Rothrock and Zhang,

2005; Rothrock et al., 2008; Kwok and Rothrock, 2009) but the approach in

Paper I is different from all of these and reveals a new, more detailed picture

of changing Arctic sea ice cover. Previous work has mostly focused on mean

ice thickness, and the few that show thickness distribution (Wadhams and

Davis, 2001, Yu et al., 2004) are based on a very limited amount of data.

In Paper I, Arctic sea ice draft distributions from the period 1975-1988 are

compared to the period 1988-2000. The comparison is done for two season,

spring and autumn, and for six regions (Figure 3.1), enabling the examination

of seasonal and regional variability and changes.

The results show that the peak of the ice draft distribution has generally

narrowed and shifted towards thinner ice (Figure 4.1). This has led to a

reductions in both mean and modal ice draft. In spring, the modal draft

in the Beaufort and Chukchi Seas shifted from the level MYI draft range

to values of level FYI. In the Beaufort Sea, the Autumn draft distribution

shows a clear change from a bi-modal shape to the dominance of open water

and very thin ice, meaning a shift from the typical shape of distribution in

perennial ice zone (PIZ) to typical shape in seasonal ice zone (SIZ).

The decrease of mean draft is generally stronger in spring than in au-

tumn. In spring, thinning exceeds 0.6 m decade−1 in all other regions ex-

cept the Nansen Basin and the Chukchi Sea, with maximum change of -1.1

m decade−1 in the Eastern Arctic. More modest changes in autumn mean

drafts (maximum -0.6 m decade−1 in the Canada Basin) led to a decrease in

seasonal variability. Regional variability showed a decrease as well since the

overall thinning was the most pronounced in the regions which initially had

the thickest ice.

As Figure 4.2 shows, the decrease in mean draft is largely due to volume

loss in the thickest ice category (ice category 3, D > 5m). In spring, the loss
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Figure 4.2: Regional mean ice draft and its composition. Ice category 1
includes ice with a draft of < 2 m in spring and < 1 m in autumn, ice in
category 2 has a draft of 2-5 m in spring and 1-5 m in autumn, and ice in
category 3 has a draft of > 5 m in both seasons. From Paper I.

of the volume in this category exceeds 35% in all regions except the Nansen

Basin, and the reduction is over 45% in the North Pole region and the Eastern

Arctic. In autumn, the volume of thickest ice category has decreased by over

40% in the Canada Basin, and the reduction is more than 30% in the Beaufort
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and the Chukchi Seas as well.

The Beaufort Sea is a region with remarkable changes. The dominance

of MYI during 1975-1987 changed to a nearly equal contribution of FYI and

MYI in 1988-2000, and the region changed from clearly PIZ towards SIZ.

More recent studies have shown that this new state has endured. Richter-

Menge and Farrel (2013) estimated, that during the years 2009-2013 ice cover

in Beaufort and Chukchi Seas was dominated by FYI, accounting for about

75% of the ice extent.

During the period 1975-2000, the Nansen Basin differed from other regions

with very slight changes. Later, clear thinning was also recorded in Fram

Strait, at the southern edge of the Nansen Basin. Renner et al. (2014)

reported that ice thickness at the end of the melt season decreased by over

50% during 2003–2012.

4.1.1 THE IMPORTANCE OF THERMODYNAMICS AND DY-

NAMICS

The observed notable changes in the ice draft distribution and composition

of Arctic sea ice cover raised a question about the forcing mechanisms behind

them. Therefore, the impact of changes in the thermodynamic and dynamic

forcing are discussed in Paper I.

SAT can be used as a proxy for energy balance changes in wintertime. The

difference in SAT between the two study periods (1975–1987 and 1988–2000)

was calculated from ERA-40 re-analyzed data (Uppala et al., 2005). This

was done separately for the preceding months in both seasons considered, in

other words for the growth season in winter (November-March) and the melt

season in summer (June-August).

The changes in surface energy balance in the winter period appear to have

only had a modest impact. The later period was only significantly warmer

over the land area in Siberia. Over the Arctic Ocean, slight warming (less

than 0.5◦C ) was only observed in the region north of Greenland. In the

summer, changes in SAT were negligible over the entire Arctic Ocean. This

is to be expected since, as long as the ice cover prevails, SAT is bound to the

melting point of ice due to the action of sensible heat flux.

However, the thermodynamic forcing has changed as the length of the melt

season has increased in the entire Arctic Ocean (Belchansky et al., 2004). A

clear change started in 1989 (Belchansky et al., 2004b), right at the beginning

of the later period studied. Therefore, the period 1988-2000 was characterized

by enhanced melt and reduced ice growth when compared to the period 1975-

1987. Snow fall may have a significant impact on thermodynamics. Although
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direct measurements do not exist, it has been estimated that in the regime

dominated by cyclonic circulation, which was the case during most of the

period 1988–2000, precipitation over the Arctic Ocean increases in all seasons.

An increase in snow fall could reduce the ice growth in winter due to insulation

and slow down the ice melt in summer due to increased albedo.

All these thermodynamic factors could explain some level of thinning of

the Arctic ice cover. However, they do not provide any explanation for the

notable regional differences in changes observed from submarine sonar data.

Dynamic forcing was estimated based on the mean drift patterns of IABP

buoys during the periods 1979-1987 and 1988-2000 (Figure 4.3). During the

former period, the Beaufort Gyre was much stronger than during the later

period. Also, there was a westward shift of the Transpolar Drift, and during

the later period, a large fraction of ice entering the Fram Strait drifted over

the North Pole.

As described earlier, the highest thinning rate was found in the Eastern

Arctic (-1.1 m decade−1 in spring). This may be explained by the changes

in the ice circulation patterns. During the former period, ice from the strong

Beaufort Gyre was entering the Eastern Arctic region. During the later pe-

riod, a larger proportion of the ice advected into this region was coming from

the Siberian coast, being thinner FYI. In the western Arctic, the weakening

1979-1987 1988-2000

Figure 4.3: Mean ice drift pattern during the periods 1979-1987 and 1988-
2000. Drift is calculated from IABP buoys. Modified from Figure 7 in Paper
I.
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of the Beaufort Gyre led to a decrease in both the average age of the ice and

the level of compression and deformation, corresponding to changes in the

Beaufort Sea and Canada Basin.

The Nansen Basin showed a very different evolution with nearly unchanged

ice conditions. There, the influence of a change in the advection pattern was

the opposite compared to that of the Eastern Arctic. During the former

period, ice entering the Nansen Basin mostly originated from the SIZ of the

Kara and Laptev Seas, while in the latter period advection over the North

Pole prevailed as stronger and included more thick ice from the central Arctic

and the Beaufort Gyre.

In the Arctic, the large scale ice drift patterns are following changes in the

atmospheric circulation patterns. The major atmospheric circulation patterns

of the Arctic are well described by the modes of AO and DA (Wang et al.,

2009). The AO is related to the magnitude of the zonal circulation. It impacts

the Beaufort Gyre, which is stronger during the negative phase of the AO

(Rigor et al., 2002). The DA is a measure of the strength of atmospheric

meridional circulation from the Pacific sector to the North Atlantic (Wu et

al., 2006; Watanabe et al., 2006). The DA has a particularly strong effect on

ice conditions during its positive phase. Then it strengthens the Transpolar

Drift and ice export through the Fram Strait and enhances the inflow of

Pacific water into the Arctic (Wu et al., 2006).

The two study periods (1975–1987 and 1988-2000) have clearly different

distributions in the AO/DA-space. Negative AO and DA years dominated

the 1975–1987 period. The later period also includes some negative AO and

DA years between 1996–2000 but positive AO and DA years prevailed at the

beginning of this period. As described earlier, the observed changes in the ice

draft distributions were largely related to changes in the ice drift patterns,

which, on the other hand, can be seen as a result of changes in the large scale

atmospheric circulation.

4.2 ICE DYNAMICS IN THE SEASONAL ICE ZONES OF BALTIC

SEA AND SEA OF OKHOTSK

Sea ice dynamics in two SIZs, the Baltic Sea and the Sea of Okhotks, are

studied in Paper II and III. In the Baltic Sea, ice drift is wind driven, while

in the Sea of Okhotsk permanent current system and tides are important

forcing mechanisms in addition to winds. In Paper II, sea ice velocity spectra

is shown for both of these areas. These spectra reflect the differences in the

forcing: in the Baltic Sea spectra are dominated by synoptic frequencies,

while in the Sea of Okhotsk some level of tidal and inertial signals are found.
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The data from the Sea of Okhotsk provided a unique opportunity to com-

pare Lagrangian and Eulerian velocity spectra. As described in Paper II,

the Eulerian spectrum should theoretically be on a higher level than the La-

grangian one, as it should contain the variance due to variations in the floe

characteristics. However, this had not been shown from the observations

before, due to the lack of simultaneous Eulerian and Lagrangian velocity

measurements of the same region. As one of the buoys utilized in Paper II

drifted in the vicinity of the bottom moored ADCP, the comparison between

Lagrangian and Eulerian velocities could be done. The results confirmed the

hypothesis and the Eulerian spectrum was found to be on a higher level than

Lagrangian, with overall fairly similar shape.

Due to the narrow shape of the basins in the Baltic Sea, a substantial

part of the ice covered sea area is impacted by the vicinity of the shore. Ice

dynamics in the coastal boundary zone (CBZ) is discussed in detail in Paper

III. Closest to the shore, where the sea is shallow, CBZ includes an area of

fast ice. The fast ice area was found to be stable nearly the entire study

period of Paper III, and the edge of the fast ice was reaching about 12 km off

the shore. Only during the last couple of weeks of the ice season, the entire

ice cover in the range of coastal radar was broken up and drifting.

Outside of the fast ice area, ice drift speed increases strongly when going

further from the shore. This area with strong velocity gradient is called shear

zone and it is clearly visible in Figure 4.4 (bands 7 to 10, i.e. 12 to 20 km off

the shore). Overall, the drift outside of the fast ice area was anisotropic and

the average magnitude of the alongshore drift was nearly double compared

the to cross-shore drift. As Figure 4.4 shows, this anisotropy was clear in

the shear zone, where alongshore drift speed increased faster than the cross-

shore speed. However, the difference between alongshore and cross-shore

components was nearly equally strong still in the outermost bands (20 to

30 km off the shore). Examination of the wind velocities suggests that this

asymmetry is not wind induced, but a characteristic of the CBZ. An impact

of the coast reaches further than just the shear zone, and this entire area

where the influence of the coast can bee seen is here defined to be part of the

CBZ.

As Figure 4.4 shows, the seasonal average of drift speed is very low in

the CBZ of the Baltic Sea. During the whole study season there were only 8

days when the average drift speed in some of the bands exceeded 0.05 m/s,

and the maximum daily average was 0.12 m/s. However, the study season

included several events when part of the ice pack was drifting at a much

higher velocity. These events were local and short, and they only become

visible in the hourly time series.
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a) b) c)

f)e)d)

Figure 4.4: The whole study season average of (a) ice drift speed and of the
magnitude of (b) cross-shore and (c) alongshore drift component, at different
bands. Bars show the range from upper to lower 2.5 percentile of hourly
velocities. Seasonal averages of velocity gradients are shown in the lower
panel for (d) scalar drift speed and for (e) cross shore and (f) alongshore
drift. Velocity gradients are calculated hourly as the difference between mean
velocity of neighboring bands divided by the width of the bands (2 km). From
Paper III.

4.3 SMALL SCALE SEA ICE DEFORMATION

Previous research on sea ice deformation has mostly been based on drifting

buoy and RGPS data, covering length scales from ∼ 10 km to 1000 km. With

buoys, the deformation rate has been resolved at an hourly time scale, while

the time interval of RGPS data is three days. However, sea ice deformation

is known to be highly a localized and intermittent process. Now, in studies

based on coastal and ship radar images (Papers III and IV) the sea ice defor-

mation rate is resolved over clearly smaller length scales than were previously

possible. Thanks to the high temporal resolution of radar images, ice motion

can be tracked at sub-pixel scale (Karvonen, 2016) and the smallest length

scale covered is 200 m and 50 m for coastal and ship radar data, respectively.

For the coastal radar data, the time interval of the deformation rate calcula-

tion is 1 h. In Paper IV, the analyses are extended to different time scales,

34



ranging from 10 min to 24 h. Since the sea ice deformation rate from ship

radar images is studied using five different time scales the impact of the time

scale on both the deformation rate and the localization of the deformation

could be examined.

Previous studies have shown that the sea ice deformation rate exhibits

power law scaling with respect to length scale, ǫtot ∼ L−β, over the length

scales ranging from a few km to 1000 km. In RGPS-based studies in the

Arctic, β has been found to be in the range of 0.2 to 0.5 (τ = 3 days), with

the greatest values in magnitude in summertime (Marsan et al., 2004) and

in regions with a low MYI fraction (Stern and Lindsay, 2009). Hutchings et

al. (2012) also reported similar value of β, 0.2, in an Antarctic study based

on buoy data (τ = 1 h). The time scale dependence of the deformation rate,

ǫtot ∼ τ−α, and the impact of time scale on the length scale dependence,

β = β(τ), have not been discussed much, although Rampal et al. (2008)

showed the importance of the time scale as well.

Papers III and IV show, that sea ice deformation rate follows the power law

scaling ǫtot ∼ L−β even on length scales ranging down to ∼ 100 m and time

scales ranging down to 10 min. For a 1 h time interval, the obtained power

law scaling exponents (0.7 to 0.9) are of greater magnitude than reported in

previous studies for the same time scale (Hutchings et al., 2011; Hutchings

et al., 2012). β is found to have a similar magnitude both in the Baltic Sea

(Paper III) and in the Arctic (Paper IV). The examination of the impact

of time scale in Paper IV shows that β depends strongly on the time scale

considered (Figure 4.5.d). The relation between τ and β in Figure 4.5.d can

be extrapolated to the time scale of RGPS data, τ =3 days. This gives a

prediction of β(τ = 3 days)≈ 0.4. The values in Figure 4.5.d represent thin

first and second year ice, and can be compared to the higher end of the β

range of RGPS studies. Therefore, the magnitudes of β found for τ of 10 min

to 24 h are in good agreement with the results reported for τ = 3 days by

Marsan et al. (2004) and Stern and Lindsay (2009).

In Paper III, the coastal radar images of one ice season (2011) in the Baltic

Sea are used. Paper IV is based on the ship radar images recorded during

the drift of R/V Lance, covering areas from the compact ice pack to the

MIZ and lasting from the coldest winter to the onset of summer melt.These

unique data sets cover a wide range of conditions. Therefore, it was possible

to examine the impact of several factors on sea ice deformation and thereby

improve the understanding about how deformation rates vary under different

weather conditions in different kinds of ice zones.

Both the coastal radar images recorded in the Baltic and the ship radar

images recorded in the Arctic show more intense deformations during warm
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Figure 4.5: The total deformation rate (h−1) of different-sized triangles with (a) a

10 min time interval and (b) a 1 h time interval. Different triangle size groups are

presented in different colors, and white circles denote the averages of the groups.

Black lines show the least squares fits of the average deformation rates in log-

log space and β is obtained as the slope of the fit. The uncertainty of β, σβ, is

estimated as a standard deviation of 10000 bootstrap repetitions. (c) The least

square fits for all the time intervals (10 min, 1h, 3h, 6 h and 24 h) and (d) the

obtained magnitudes of β. (e) The mean deformation rates of each size group at

different time intervals, and the least square fits (colors of the lines correspond to

the colors in [a] and [b]). (f) The magnitudes of α (slope of the fitted line in [e])

at different length scales. From Paper IV.
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Figure 4.6: Length scale dependency of the sea ice deformation rate under
different weather conditions. The impact of weather conditions is shown for
three pairs of comparisons: wind speed < 7 m/s (a) vs wind speed > 7 m/s
(b), cross-shore wind directed off the coast (d) vs cross-shore wind directed
towards the coast (e), and air temperature T< 0◦C (g) vs T> 0◦C (h). The
hourly total deformation rate of different triangle size groups are shown in
different colors, and white circles denote the mean deformation rate values
of size groups. Black lines (solid and dashed) show the least squares fits of
the average deformation rates in log-log space. The 95% confidence interval
of the fit is shown with white dashed lines. The fitted lines of each pair are
compared in (c), (f) and (i). From Paper III.
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periods. As Figure 4.6 shows, the impact of air temperature is seen in all

the length scales covered, and it is even on a comparable level with the

impact of wind speed in the Baltic Sea. This difference in the deformation

rate does not reflect a seasonal time scale variance, but results from the

temperature alternation in the time scale of days. In this short time scale,

the ice mechanical strength cannot change significantly, and the difference

in the deformation rate has to be due to changes in the ice pack strength.

This result suggests that the ice pack strength responds to the variation of

air temperature clearly faster than previously assumed, and this response is

most likely connected to the effectiveness of the healing process.

During the drift of R/V Lance in N-ICE2015, the distance to the ice edge,

l, was varying from over 300 km to only a few km. In Paper IV, deformation is

studied with respect to l. Deep in the ice pack (l > 200 km) high deformation

rates were connected to high wind and drift speed, while in the MIZ intense

deformations were also observed during calm periods. Also, the length scale

dependence changes with respect to l and the greatest magnitude of β was

found closest to the ice edge.

Previous studies have concluded that the majority of deformation is brittle

in the central Arctic (Marsan et al., 2004; Rampal et al., 2008; Stern and

Lindsay, 2009). The failure of sea ice is found to transit from ductile to

brittle when the strain rate ǫtot > 10 day−1 (Weiss, 2013). By downscaling

the obtained length scale dependence of the compact ice pack, the mean

deformation rate was found to exceed this limit, when L <∼ 10 m . The

MIZ differs clearly from the compact ice pack. Ship radar data showed that

also in the MIZ deformation rate exhibits scaling, but with an exponent β

of a very high magnitude, indicating that forces are transmitted over shorter

distances. This confirms the theory presented by Weiss (2013) proposing that

the mechanical behaviour of ice pack changes from elasto-brittle to being

more granular-like when moving from the central ice pack to the MIZ. Since

the granular medium, the assembly of floes, can still transmit forces, the

deformation rates follow the power law scaling (Weiss, 2013).

In Paper IV, the localization of deformation was studied in detail. The

results reveal that localization is captured better with smaller time interval.

Overall, divergence is a more local process than shear. Also, the total defor-

mation rate, shear and divergence are all less localized at the times of intense

deformations. This indicates that the increase in the mean deformation rate

results from an increase in the number of cells with significant deformation,

rather than from an increase in the deformation rate of the cells with the

largest deformations.

Ship radar images recorded during the N-ICE2015 campaign captured
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various different types of deformation events and showed the importance of

deformation history. During some periods, deformation rates were closely

following wind and drift speeds, while some deformation events were induced

by swell propagation. Despite the different nature of deformation events,

they all started with a similar kind of fracturing in the previously damaged

areas. These lines of damage (LDs) can be seen in ship radar images as

a lighter color due to higher surface roughness (Figure 4.7). They already

formed a dense and complex matrix at the beginning of each ice station. All

the deformation events were initialized along these LDs, and, during intense

deformation events the matrix of LDs was partly reorganized and new LDs

were formed.

25.01.2015 01:00 08.02.2015 01:00 

a) b)

Figure 4.7: Ship radar image on a) 25 January at 01:00 and b) 8 February
at 01:00. The red line in (a) and (b) shows the line of damage along which
the opening of a wide lead was initiated on 7 February. This line was already
visible on 25 January, but it remained inactive until 7 February. For a better
view of the lead opening, a level ice area that can be clearly identified both
in (a) and (b) is marked a with yellow patch. The images have been cropped
and cover an area of approximately 9 km×9 km. From Paper IV.
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5 Conclusions

The Arctic has always been an area with large seasonal and interannual vari-

ability, which is also seen in the ice cover and results from the interplay

between thermodynamics and dynamics. During past decades there have

been distinct changes in the atmosphere and ocean that affect both thermo-

dynamic and dynamic forcing of the Arctic sea ice. This has led to an ice

cover that responds to forcing in different ways than those known in the past.

Changes in Arctic ice draft distributions, mean and modal draft, and

their regional and seasonal variability under different large scale atmospheric

circulation modes are determined in Paper I. The results show that the shape

of the sea ice draft distribution has changed: the peak of the distribution has

generally narrowed and shifted towards thinner ice. A prevalent feature,

apparent in all regions in both spring and autumn, is the loss of thick, mostly

deformed ice. This had a significant role in the decrease in the mean and

modal ice draft. The results also show a decrease in the seasonal variability

of the mean ice draft but with strong regional differences. Also, the regional

variability of the sea ice draft has decreased, since the thinning has been most

pronounced in regions which formerly had the thickest ice cover.

The significant changes in the regional ice draft distributions cannot be

directly explained by warming of the atmosphere but changes in the ice drift

patterns had an essential impact. The weakening of the Beaufort Gyre and a

shift in the strength and east-west position of the Transpolar Drift correspond

well with the observed strong thinning in the Beaufort Sea, the Canada Basin

and the Eastern Arctic, and also with the unchanged thickness in the Nansen

Basin. These changes in the dynamic forcing are connected to large scale

atmospheric circulation, which can be described with the AO and DA indices.

These results emphasize the importance of the description of sea ice dy-

namics in the models. It has been shown that climate models suffer from an

inability to reproduce the variation and increase in the ice drift speed and de-

formation rate, likely due to weak coupling between ice state and kinematics

(Rampal et al., 2011). The simple, commonly used parameterization of ice

pack strength as a thickness and concentration dependent variable in visco-

plastic models is not sufficient to capture seasonal and regional variations.
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Consequently, the climate models underestimate the decrease of ice thickness

and extent in the Arctic. In the new elasto-brittle rheological framework

much more attention is given to the fracturing of ice cover and to the strong

length scale dependency of the deformation process.

The response that the ice pack has under dynamic forcing is the result of

several factors, including thermodynamic processes. Changes in the Arctic,

including the decrease in the ice thickness, extent and age, have led to an

increase in the drift speed and deformation rate. On the other hand, these

changes in ice kinematics strongly affect the evolution of ice volume and

properties of ice cover. There has still been a need for better understanding

on highly local and intermittent deformation process, as well as its variability

that rises from different types of conditions and regions. Several aspects on

these questions are covered in Papers III and IV.

With coastal and ship radar images, the study of the length scale depen-

dency of the sea ice deformation rate is extended to smaller length and time

scales than those that were previously possible. The sea ice deformation rate

is shown to follow power law scaling, ǫtot ∼ L−β, down to the length scale of

L ∼ 100 m and the time scale of τ =10 min. Both the overall deformation

rate and its the length scale dependence are found to depend strongly on the

time scale considered. This emphasizes that the impact of the time scale has

to be taken into account when comparing the deformation rates or the values

of β obtained in different studies. For τ = 1 h, the values of β (0.7 to 0.9) are

generally of greater magnitude than those reported before for the same time

scale. However, the obtained time scale dependence of β predicts a value of

0.4 for the time scale of RGPS-based studies (τ = 3 days), which is in good

agreement with Marsan et al. (2004) and Stern and Lindsay (2009). Overall,

the results confirm the highly localized and intermittent nature of deforma-

tion, and show that the localization is better captured with small time scales

and that the intermittency is stronger with small length scales.

Small scale deformation is studied in different types of ice regions (coastal

boundary zone, compact Arctic ice pack and marginal ice zone), and un-

der different weather conditions. One of the key findings is the connection

between air temperature and the deformation rate: during warm days defor-

mation rates are generally higher than during cold days. The deformation

rate is found to respond to changes in air temperature on a time scale of

days, which is clearly faster than previously assumed. The ice mechanical

strength cannot change significantly in this short time scale, and the differ-

ence in the deformation rate is assumed to be due to changes in the ice pack

strength. This response is most likely connected to the effectiveness of the

healing process.
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The results emphasize the importance of the healing process. However,

despite the most effective healing occurring during the coldest winter, the

lines of damage, LDs, were found to remain as the weak points of the ice

cover. Ship radar images from the Arctic ice pack revealed, that all the

deformation events were initialized along the LDs. This confirms that the

deformation history is an important factor determining how the ice cover

responds to dynamic forcing.
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