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Sea-ice dynamics is becoming increasingly essential for the modelling warming climate as the extent
and thickness of the ice cover are decreasing along with increasing drift speeds and mechanical
weakening. The description of the sea-ice dynamics involves an enormous variety of spatial and
temporal scales from meters to the scale of the Arctic Basin and from seconds to years in the
geophysical approaches. The complex coupled spatio-temporal scaling laws prohibit the commonly
utilized procedures for scale linkage of ice mechanics. Currently, deformation scaling presents one of
the principal open questions in sea ice dynamics for which the thesis aims to provide observational
analysis.

The high resolution ship-radar imagery gathered during the MOSAiC expedition from October
2019 to September 2020 for which deformation component rates were calculated to generate a
seasonal deformation time series. Current research of deformation scaling commonly relies on
satellite imagery and drift buoys for which the spatial and temporal resolutions often tend to be
considerably lower than for the ship-radar data. The formerly observed dominant deformation
mode of shear and the strong spatial correlation of divergence and shear in the Arctic sea ice were
confirmed with no signs of seasonal variation. The temporally averaged deformation variations
were found to coincide with satellite derived deformation events rather poorly. A strong length
scale dependence of deformation was confirmed in the ship-radar data. The spatial scaling law
exponents were found to show unexpectedly high values with the behaviour of both spatial and
temporal scaling law exponents disobeying the previously observed large-scale characteristics. The
seasonal variation of both scaling law exponents were found to exhibit the commonly observed
trends following the progression of total deformation rate.

The obtained results showed unexpected values and behaviour for the deformation scaling law
exponents, which was suggested to be due to the technical faults in the ship-radar data. The faults
were often spatially local and lasted merely for a single time step leading to a possible increase in
the localization and intermittency of the deformation rates. Additionally, the new ice conditions of
the Arctic Ocean and drift route along the Transpolar Drift were suggested as a possible physical
source of the unexpected results. Further studies with different methodologies were suggested for
the verification and possible the dismissal of the unexpected results.
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1. Introduction

Sea ice cover plays an elementary role in the Arctic climatic system by affecting multiple
essential variables from the total albedo to the atmosphere-ocean interactions and the
stratification of the Arctic waters (Curry et al., 1995; Kapsch et al., 2013; Toole et al.,
2010). The inclusion of accurate sea-ice parametrics into short term predictions and cli-
mate models is thus inevitable for reliable results. Similarly, advances in sea ice dynamics
research will affect engineering applications such as the shipping industry and marine
energy production. During the recent years, increasing attention has been paid to more
deeply understand the impact of sea ice dynamics on the state, variability and long-term
change of the Arctic Ocean pack ice. In the past two decades the Arctic sea ice cover drift
speeds have been increasing with an accelerating rate due to the decrease of ice thick-
ness (Spreen et al., 2011; Kwok et al., 2013), loss of multiyear ice (Rampal et al., 2009;
Spreen et al., 2011), long-term decrease of ice concentration, increased cyclone activity
(Olason and Notz, 2014), strengthening of ice cover circulation in the Beaufort Gyre and
the Transpolar Drift and the mechanical weakening of the ice cover (Kwok et al., 2013).

Sea ice dynamics involves an enormous variety of spatial and temporal scales. The
smallest scales, at times referred as the engineering scales, involve microstructural cracking
occurring in the scale of millimeters and -seconds. In mesoscale, the observing eye of
science turns to leads in the scale of days and hundreds of meters. The largest scales then
observe the circulations of the Arctic Basin ice cover during the passing years. Linking
mechanics and processes of sea ice in such range of scales can in no sense be described easy
as the complex coupled spatio-temporal scaling laws present in ice dynamics prohibit the
procedures commonly utilized in material sciences (Weiss and Dansereau, 2017). Further
knowledge of the scaling laws in ice dynamics can provide much-needed advancements
to the highly non-linear rheological solutions and coupled sea-ice models. Currently, the
coupled spatio-temporal scaling laws remain as one of the principal open questions in sea
ice dynamics (Leppäranta, 2011). In such context, the observational analysis of sea ice
deformation scaling presented in the thesis seems justified.

The premise of the question of scaling is historically based on the qualitative ob-
servations of aerial and satellite imagery in which the resolution of the images seemed
impossible to distinguish without an object of reference. From such observations arose
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2 Chapter 1. Introduction

the question for the possibility of spatial scale-invariance in ice deformation. The quan-
titative evidence for the possibility of such invariance was backed up by an analysis of
floe size distributions (Rothrock and Thorndike, 1984) and an analysis of the deformation
patterns (Erlingsson, 1988). Along the years the deformation features in sea ice field
have been established as highly localized accompanied by a vast variety of intersection
angles (Hutchings et al., 2005; Wang, 2007). A multiscale deformation comparison can-
not be considered as a new question in ice research, but has become more relevant in
the recent decades due to advantages made in remote sensing and in-situ analysis (Weiss
and Dansereau, 2017). In recent years, new observational and analytical analysis of the
spatio-temporal deformation scaling laws has been conducted with increasing spatial and
temporal resolutions thus stretching the continuum approximated scaling laws ever closer
to discrete modelling scales (Marsan et al., 2004; Hutchings et al., 2011; Oikkonen et al.,
2017; Itkin et al., 2017; Weiss and Dansereau, 2017).

The aim of the thesis is to contribute to the recent research of sea-ice deformation
scaling with a high resolution data set acquired during the MOSAiC expedition to inspect
the applicability of the scaling laws with a combination of resolutions and locations rarely
analyzed in previous research. In the thesis a deformation time series of different com-
ponents is calculated from ship-radar imagery recorded on RV Polarstern from October
2019 to September 2020 along the Transpolar Drift based on the subpixel-scale tracking
methology presented in Karvonen (2016). The areal coverage of the analysis is a circular
area of a 2.5-kilometre radius with a resolution of 8.33 metres and 10 minutes. Further
significance of the analysis rises from the seasonality of the MOSAiC expedition enabling
the analysis of different deformation components and the scaling laws in high resolution
ship-radar imagery along the Transpolar Drift in all four seasons in the Central Arctic
Ocean.

The thesis begins with a general description of the large-scale characteristics of
the Arctic sea ice cover followed by an short introduction to kinematics, deformation and
scaling of sea ice. A general description of the MOSAiC expedition is given along with the
instrumentation of the mounted ship radar and the data filtering. A slightly superficial
description is presented on the produced algorithms utilized in the multiple stages of
the data manipulation to limit the extent of the thesis. Following the methodology, a full
annual deformation time series observable in the ship-radar imagery along with key factors
for the prevailing conditions and external forcing is presented. The characteristics of the
deformation time series such as the deformation component ratio is briefly discussed.
The thesis ultimately results in an analysis of the spatio-temporal characteristics of the
deformation scaling laws and the scaling law exponents describing the intermittency and
the localization of the deformation during the MOSAIC expedition. Further improvements
for future analysis and data filtering are suggested at end of the thesis.



2. Theory

The chapter of theory is divided into two parts of which the first is to introduce some
background knowledge to conceptualize the essential theories of sea-ice dynamics, provide
additional information to form the context into which the results of the thesis will be
presented in, and thirdly, present some practical consequences resulting from the dynamic
phenomena examined in the thesis. The first part of the theory chapter will therefore not
build the narrative of the research rather than help the reader understand the results
in their rightful context. All the equations presented in the first part will thus be there
merely to allow multiple means of explaining the theory and shall not be examined any
further after the chapter. The second part of the theory chapter will will formulate the
red thread of the thesis onto which the methods and results will be built upon. The
necessary concepts of ice drift, deformation and scaling will be derived from the Cauchy
momentum equation to offer some familiarity to the reader. The theory chapter will then
end with the examination of the physical origin of the ice deformation scaling to in order
to restore the practical nature of the research.

2.1 Large scale sea ice properties

The description of the dynamic behaviour of the drift and deformation of sea ice requires
the determination of the approach between discrete methods and continuum approxi-
mations of which the latter is generally approached in scales larger than ice floes (Lep-
päranta, 2011). For smaller scale deformation analysis the properties of sea ice, such as
the material components, columnar structure and mechanical characteristics, would be of
a direct interest. These small scale variables would, though, be somewhat problematic
for deformation analysis of geophysical scales as large scale deformation seems to often be
dominated by fracture processes and natural flaws in ice (Palmer and Croasdale, 2013).
Since the research of the thesis focuses on scales between magnitudes of 101 m and 105

m, the small scale properties of ice are not of immediate interest and this chapter focuses
on large-scale properties of the ice cover, kinematics in the drift field, deformation rate
components and the scaling properties of the sea-ice deformation rates.

3



4 Chapter 2. Theory

2.1.1 Sea ice zones

Sea ice cover can be divided into different zones characterized by their location in relation
to the ice edge coastal boundaries and furthermore different kinematic behaviour. These
zones are typically divided into central pack, shear zone, fast ice zone and marginal ice
zone (Weeks, 1980). Of these, the shear zone and fast ice zone together combine the
coastal boundary zone defined as the area affected by the vicinity of the coast (Oikko-
nen et al., 2016). The MOSAiC measurements began during fall 2019 in the northern
Laptev Sea represented by residual and young ice. Along the following winter, the station
drifted northwards and the ice field could be considered as central pack conditions. In
the springtime and early summer, the station was at the marginal ice zone (MIZ). During
the late summer months, a second station was established back at the central pack. The
central pack is characterized by the lack of any immediate effect by boundaries. In the
central pack the changes are smoother in comparison to the different boundary zones and
are caused by external forcing. The length scale for such zone is the size of the basin.
The MIZ is located at the boundary area between open water and the ice cover. The size
of the zone corresponds to the length of which the swell can penetrate into the drift ice
field and length scale below which the wind fetch is not long enough to to form ridges,
which is determined to be around 100 km in the Arctic (Wadhams, 1980, 1973). This
zone is characterized by the strong ice-air-sea interactions, large spatial variability in ice
conditions, off-ice winds causing MIZ diffusion and on-ice winds forming a compact ice
edge (Leppäranta, 2011).

By definition the route of the MOSAiC expedition tends to be described by the
dynamics of the central pack with the exception of the month of July during Leg 4, which
can offer some consistency for the results and the analysis. The results for the month
of July should be considered to be located in the MIZ, which should present high drift
speeds and deformation rates with the combination to the Arctic summer conditions. The
approximated distance of 100 km should not be close to the distance between the ice edge
and the ship during Legs 1, 2, 3 and 5, though some of the on-board scientists reported
sights of swell in leads near the ship during these Legs too.

2.1.2 Floe size distribution and drifting ice floes

Sea ice can be seen as a complex multi-scale system consisting of a mosaic of ice floes
(pieces of contiguous sea ice with a diameter over 20 metres and under tens of kilometres
(World Meteorological Organisation, 2014)) with a wide variety in vertical and horizontal
sizes. The size of floes tends to be smaller than the grid scale of typical global climate
models and as such the floe characteristics and behaviour tend to be parameterized (Hor-
vat and Tziperman, 2017). The floe-scale observational analysis of the thesis can thus
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provide crucial information for the development of such models and to provide the basis
for more reliable parameterizations. As the floe size distribution is heavily dependent on
seasonality and correlates partially with changes in deformation rates, an introduction
of the seasonal cycle of the distribution provides a partial basis for understanding the
seasonal changes in deformation rates. Thus, a short introduction to floe size distribution
and sea ice concentration, closely related to the analysed observations due to their strong
seasonality, and their correlation with deformation rates is given next.

2.1.2.1 Seasonality of floe size distribution

Sea ice field consists of ice floes which form in suitable thermodynamic conditions and
break under external forcing and melt. The floe size distribution cannot be fully explained
with air temperature or latitudinal radiation distribution as it is often dominated by other
climatic factors characterized for example by prevailing winds, ocean currents and oceanic
and atmospheric heat fluxes. Approaches to the description of the floe size distribution
may vary from spatial density as a function of the floe diameters to sea ice concentra-
tion. Differential derivation enables the inclusion of temporal evolution of the floe size
distribution enabling multisesonality in the description of the distribution. Leppäranta
(2011) suggests the statistical description of floe size distribution as a probability density
function as

p(d; d∗, s2) = 1
ds

√
2π

exp[−log(d/d∗)
2s2 ], d > 0 (2.1)

where d is the floe size and s2 the variance of the distribution. The variable d∗ is
the characteristic floe size defined as log d∗ = M , where M is the mean of log d. Based on
the statistical description of the distribution, the local variability of the ice field over a
given time period can be described. The seasonal variability of the floe distribution and
ice concentration can be derived from satellite imagery with the statistical description
for ice concentration and the derived power law exponent, α, presented by Perovich and
Jones (2014) as

CA = Ntot

4 Dα
1 α

∫ ∞

D1
πD2D−α−1dD = πNtot

4
α

α − 2D2
1

→ α = 8CAR − CP D1

4CAR − CP D1
,

(2.2)

where CA is the ice concentration, Ntot the total number of floes per unit area, D1 is
the lower bound of the floe diameter distribution represented by the smallest ice floes



6 Chapter 2. Theory

present. D is the circular object diameter and CP the floe perimeter concentration. R

is a roundness factor described as R =
√

π/4
D2

mc
, where πD2

mc is the perimeter of a convex
shape. The power law obeyed by the distribution is described as N(D) = βD−α. Other
approaches have been suggested (e.g Horvat and Tziperman, 2017) in the past decade
with the differences rising mainly from the initial aim of description characteristics and
the different boundary conditions set for the approaches.

Based on observational analysis presented in Figure 2.1, the floe size distribution
has been observed to go through a transformation during spring and summer when the
larger floes start to break i.e. when the slope of the power law steepens. June tends
to be a transition month between spring and summer (Stern et al., 2018), when the
smallest floes disappear due to melting. During summer the floe sizes decrease with an
increase in the number of floes. This process is not restricted only to the marginal ice
zone leading to possible correlation with the results of the thesis. The distribution often
remains similar until a major event of melting and breaking as the significant changes
results simultaneously from thermodynamic and dynamic processes (Stern et al., 2018;
Perovich and Jones, 2014). In general, during the seasonal cycle the floe sizes increase
and number of floes decrease during winter while scattering into smaller floes during the
summer months with the smallest ones melting away.

(a) Perovich and Jones (2014) (b) Stern et al. (2018)

Figure 2.1: The annual evolution of the floe size distribution and the power law exponent
for N(D) = βD−α. The plots are mirrored as Perovich and Jones (2014) describes the
evolution of α and Stern et al. (2018) −α.
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2.1.2.2 Discrete system and continuum approach

In the continuum approximation the ice floes tend to be considered as singular elements
integrated over of the drift field. A distinction between the discrete system and the
continuum approach has to be made in order to gain an intuitive comprehension of sea-
ice drift and deformation in the thesis. A useful term for this is the drift ice material
particle or more commonly the drift particle, which describes a set of ice floes embodying
the lower end limit of the requirement of continuum approximation with the gradient
scale (Λ = Q

∇Q
, where Q is some property of the ice field) as the higher end limit for

linear deformation approach to be valid. In a discrete system the gradient scale, the
diameter of a drift particle and the diameter of a ice floe are all of a similar magnitude.
An intermediate system represents the grey area between the continuum approach and
the discrete systems. In the continuum approximation each drift particle is designated
with distinct field variables, though individual feature characteristics influence the drift
motion (Leppäranta, 2011). These definitions can be presented in a simpler form as

d ≪ D ≪ Λ, for the continuum approach,
d < D < Λ, for an intermediate system,

d ∼ D ∼ Λ, for a discrete system,

where d is the diameter of a single ice floe and D is the diameter of a drift ice particle.
The analysis performed in the thesis can bee seen to represent simultaneously partly
the continuum approach and the intermediate system. The methodology utilized for the
analysis and the formation of the deformation field, though, apply fully the assumptions
of the continuum approach.

2.1.3 Sea ice dynamics structures

The different large scale ice structures resulting from ice drifting under the influence of the
prevailing winds and currents are an integral aspect of the basis for a deformation analysis
in an ice field and the sea-ice floe distribution discussed in section 2.1.2.1. The recognition
and classification of such features have been an keen interest of the satellite imagery based
sea ice research community with new suggestions for approaches appearing at a fairly
constant rate (e.g. Longepe et al., 2019; Onana et al., 2013; Linow and Dierking, 2017).
Such approaches, though, currently provide information of the state and evolution of sea
ice on a large scale, where floe-scale structures can be lost as subpixel scale formations.
The uncertainties of the satellite based sea ice classification approaches have brought up
some criticism, but can still be seen to provide valuable data, which could not be received
with other methods (Zakhvatkina et al., 2019). Though the presented classification system
presented in Table 2.1 is not dealt with directly in the analysis of the thesis, the analysis
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is formed based on the recognition of the mechanical action in these structures and the
different types of dynamics structures result from the analyzed deformation components.

A general level classification system of the floe-scale and sea ice structures was
suggested by Goldstein et al. (2000), which may be partially applicable to floe-scale and
thus provide some intuitive background for the consequences of high deformation rates.
The presented structure characteristics should not be fully applied as the data acquired
for the display of different floe-scale sea-ice structures was already gathered in 1997 during
the ZIP-97 experiment (Haapala and Leppäranta, 1999) and is based in the Baltic Sea ice
cover characterized by coastal boundaries, landfast ice and thinner ice sheet in relation
to the the Central Arctic Ocean. Though the satellite based techniques have advanced
in large steps during the past couple decades and the classification system is based on
different boundary conditions, can parts of the described system be of use due to the
general level characteristics based in fundamental sea ice physics. The different types of
structures and mechanical actions supported by their characteristics are provided in Table
2.1. Although the analysis of the thesis does not specify the type of mechanical actions,
an intuitive comprehension of the variability of mechanical actions in the ice field and the
consequences of such actions justify the introduction of large-scale sea-ice structures.

Table 2.1: A classification system proposed by Goldstein et al. (2009) for floe-scale sea-
ice structures in continuum ice cover derived from the ZIP-97 experiment in the Baltic
Sea. The visualizations provide intuitive background knowledge for relating the values in
Figure 4.1 to their background and consequences.
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Table 2.1 presents the different types of floe-scale structures alongside with the types
of mechanical actions needed for the formation of the structures, the dominating external
forcing, scale and the boundary conditions. To relate the visually aided information to the
results of the analysis presented in Figure 4.1, compression occurs when the deformation
component of divergence shows negative values, tension when divergence shows positive
values. The types of structures formed in floe scale are mainly systems of faulting and
ridging of which the preceding could be suggested under current information to include
the concept of linear kinematic features characterized as quasi-linear, sharp and narrow
discontinuities between regions of uniform ice motion where large-scale deformation is
highly localized (Kwok, 2001; Hutchings et al., 2005). Linear kinematic features form in
scales larger than the floe scale and are strongly related to the actions of internal friction
(see Section 2.2.1), but can be related to the floe-scale structures and below through
suggested scaling relations.

2.1.4 Sea ice in the Arctic and observed changes

A strong scientific interest has been targeted towards the Arctic sea ice in the past couple
decades mostly for its ability to act as an exemplary reference for climate change for the
observed trends in Arctic sea-ice extent are strongly coupled with the global mean air
temperature and thus the atmospheric CO2 concentration (Li et al., 2013; Mahlstein and
Knutti, 2012; Stroeve and Notz, 2015; Ridley et al., 2012; Notz and Stroeve, 2016). As
the Arctic sea ice enables approaches across scientific fields, the focus of the section shall
be targeted towards the geography, general physical characteristics, the mean drift field
and the expected future changes since such characteristics tend to describe the context of
the observed deformation rates fairly well.

2.1.4.1 General characteristics of the Arctic sea ice cover

The Arctic sea ice is generally rather thick in relation to other areas forming an seasonal
or seasonal ice cover averaging in satellite observations and models at around two metres
in the winter season (Feb–Mar) and at one and half metres in fall (Oct–Nov) (Thomas,
2017; ?). A reasoning for the thickness and other general characteristics of the Arctic
ice layer can be derived from a few key features of the Arctic. Firstly, the Arctic Ocean
is a semi-closed basin of which the ice is able to drift out of through the Fram Strait.
Simultaneously the Arctic ice cover absorbs little solar radiation and loses energy in
longwave heat loss. Other reasons for the thick ice cover are the relatively thin layer of
snow, which on average reaches about 30 centimetres during the spring (Warren et al.,
1999) and the high volume of river run-off resulting in a fresh mixed layer over a strong
pycnocline preventing the warmer Atlantic waters from melting the ice cover (Barry et al.,
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1993). The thickness and thus the age of the ice field may strongly vary, in addition to the
seasonal cycle, between locations due to the mean drift field. The locational differences
and the evolution of the past few decades are presented in Figure 2.2.

Figure 2.2: Long-term changes in mean thicknesses of six different regions of the Artic
ice sheet. a) The six regions of the Arctic Ocean. The figure presents early (1958–1976)
submarine cruise tracks as the red dotted lines, later (1993–1997) cruise tracks as solid
blue lines and the different regions as the colored polygons. The black line represents
SCICEX submarine data not shown in the bar plots. b) The bar plots show the change
in mean ice thickness in the six regions over the four presented periods. Bar plots have
been adjusted to September 15th. Extra attention should be given to the sources of the
information due to their variability of resolution and error rate. (Kwok, 2018)

Additionally to the mean thickness distribution, the long-term mean drift field can
provide some key insight for the analysis of the local floe-scale deformation rates as the
data were gathered along the drift of the Transpolar Drift. The route for the MOSAiC
expedition, discussed in section 3.1, traversed through the Eastern Arctic, the North Pole
and the Nansen Basin (Figure 2.2) during different seasons. An analysis of the mean ice
motion between 1981 and 2005 by Jahn et al. (2012), presented in Figure 2.3, suggests
these regions to be of a high drift speed in general flowing towards Fram Strait and
the Atlantic forming the Transpolar Drift. Due to the high drift speed and a lack of a
coastal boundary in the direction of the flow, the regions of the MOSAiC can generally be
assumed to be more prone to higher deformation rates than the areas north of Greenland
and the Canadian Arctic Archipelago, where the flow direction and the coastal boundary
increase the ice thickness quite drastically (Thomas, 2017). The satellite-derived mean
motion field of the Arctic sea ice thus predicts the high deformation rates and deformation
scaling exponents in the Transpolar Drift as discussed further in results (Chapter 4).
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Figure 2.3: Mean sea ice motion field for different seasons retrieved from satellite data
between 1981–2005. The left corner codes signify different months averaged over in the
plots. (Jahn et al., 2012)

2.1.4.2 Past, current and future changes

The observed changes of the past decades and future predictions of the Arctic sea ice
have been the target of a heavy analysis as the climate change advances. There is a
general acceptance of the decrease in sea ice extent, volume and portion of multiyear ice
accompanied by an increase in the drift speeds (Stroeve et al., 2012; Stroeve and Notz,
2018; Rigor and Wallace, 2004; Kwok et al., 2013; Spreen et al., 2011). Predictions have
been suggested on the Arctic reaching ice free conditions during the summer months in
the following decades due to the warming climate (Screen, 2018; Niederdrenk and Notz,
2018) with the rate of such evolution heavily depending on the uncertainty factors rising
from the uncertainty of the estimates of the warming air temperature and estimates of
the sensitiveness of the Arctic ice cover (Stroeve and Notz, 2018). An ice free September
has been suggested to most likely occur at global warming of between 1.7°C - 2.2°C and
the whole year-round ice free conditions at 9±1.5°C (Niederdrenk and Notz, 2018) though
the latter prediction is likely to occur already at lower levels of global warming due to
the linear relationship between winter ice coverage and global warming breaking at higher
levels of warming (Bathiany et al., 2016; Li et al., 2013). The estimates of the ice free
Arctic cannot be held against the research of sea ice and in fact, quite the opposite can be
observed: the decrease in the Arctic ice extent and volume seems to increase the interest
in the subject. This can be seen as a response to the importance of the Arctic ice cover
in the global climate system, but also to the change in the mechanical characteristics
and behaviour as it affects industrial applicatory areas of the knowledge such as mineral
exploration and winter navigation.

The significant increase in ice drift speed has been observed in the past decade
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with the drift speed increasing at an average rate of roughly 20% per decade between
2000 and 2009 (Rampal et al., 2009). Similar analysis of later years has been shown to
increase the rate even further due to the reduction of ice thickness (Spreen et al., 2011;
Kwok et al., 2013). The increase of drift speed of coastal areas can be explained with the
simultaneous loss of ice volume and multi-year ice, but in the Central Arctic Ocean such
phenomenon can be attributed to the 20% increase in wind speeds accompanied by the
rapid loss of multi-year ice (Rampal et al., 2009; Spreen et al., 2011). Olason and Notz
(2014) found that the seasonal long-term trend in drift speed of the ice were caused by
long-term changes in ice concentration although some seasons were partly reinforced by
cyclone activity and general synoptic forcing. Kwok et al. (2013) also pointed out the
importance of long-term changes in ice cover circulation with the strengthening of e.g.
Beaufort Gyre and the Transpolar Drift, mechanical weakening of the ice cover and the
weakening of estimated mean ocean currents.

2.2 Kinematics, deformation and scaling

Sea ice as a material in large-scale continuum approach is a compressive fluid described by
large variability in material strength, low level of inertia, irreversible mechanical processes
and weak impact of Coriolis force due to its close-to two-dimensional spatial extent (thick-
ness can be neglected due to the large horizontal extent) (Leppäranta, 2011). As such, it
is continuously involved in the intensive three media interplay of atmosphere, sea ice and
ocean where the atmospheric and oceanic forcings in the boundary layers form a stress
field to the ice cover resulting ultimately in ice drift and often further in deformation of
the ice cover. The topic of rheology is one of everlasting research as the dominating open
questions of ice dynamics revolve around deformation and its scaling. Since the topic of
deformation scaling in ice is embedded to the concepts of ice drift and deformation, a
sufficient description will require a brief introduction into both before introducing the key
concept of this thesis: sea-ice deformation scaling.

2.2.1 Kinematics of sea ice

2.2.1.1 Equation of motion and scaling of the terms

Sea ice cover drifts and deforms when exposed to the impact of external forcing and is
limited by boundary conditions such as the coastline geometry. As the thickness of this
cover is fairly small in relation to the horizontal dimensions, the drift and deformation is
treated as a two-dimensional plane in the geophysical approaches (Weiss, 2013). In sea-ice
dynamics a single ice floe is commonly treated with classical rigid body mechanics with
the degrees of freedom consisting of translational motion and the rotation rate of which
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the latter can be neglected due to the low rotational energy of a single floe. Continuum
approximation then averages over the different floes to the continuum length scale. The
analysis of the drift of sea ice can then be started with introducing the equation of motion
as is commonly the case in sea ice dynamics and more commonly in oceanography. With
the assumption of continuum mechanics for the approach, the equation of motion is the
Cauchy momentum equation expressed as

ρ

(
∂

¯
u

∂t
+

¯
u ·

¯
∇u

)
=

¯
∇ ·∑+

¯
F ext, (2.3)

where the bold characters signify vectors, underlining the three-dimensionality of a vector,
ρ the density,

¯
u the velocity vector,

¯
∇ · ∑ the forcing due to internal stress and

¯
F ext

then the external forcing. The terms on the left hand side signify local and advective
acceleration. With the inclusion of the Coriolis acceleration and the effect of gravity
by the geopotential height of sea surface, opening the term of internal stress with the
parametrisation of ice stress, the bulk formulas of air and water stresses, ∑ = σ, p =
pa + ρwgD and then finally integrating the equation vertically the general form of the
equation of motion of sea ice can be presented as

ρh

(
∂u
∂t

+ u · ∇u + fk ×
¯
u
)

= ∇ · σ + τa + τw − ρhgβ − h∇pa. (2.4)

In Equation 2.4 the meaning of the terms is more logical to divide into parts rather than
individual signs for further use. In the equation ∂u

∂t
, u · ∇u and fk ×

¯
u are the local,

advective and Coriolis accelerations, ∇ · σ the internal friction, τa and τw the wind and
water stresses, ρhgβ sea surface tilt (effect of gravity) and finally h∇pa is the air pressure.
Utilizing such form of the equation of motion, scaling can be used to demonstrate that the
equation to be mostly dominated by wind stress balanced with water stress and internal
friction as shown in Table 2.2 borrowed from Leppäranta (2011) and presented in the
Figure 2.4 borrowed from Weiss (2013) and Hunkins (1975). The impact of internal
friction is particularly significant in a compact ice field such as the one observed on the
MOSAiC expedition for most of the year. Additionally, the strength of the ice can on
average be considered relatively strong due prevailing temperatures of the Arctic for most
of the year thus leading to the dominance of internal friction.

2.2.1.2 Free drift and internal friction

The analytical models of ice drift often start with the application of the equation of motion
called free drift. This model neglects the presence of internal friction and assumes the air
pressure gradient to be minor and can thus only be applicable when the ice concentration
is under the empirically found limit of 80% above which the impact of internal friction
can no longer be neglected. This solution might be applicable in the analysis of the thesis
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Term Scale Value 10 log
Local acceleration ρHU/T -3

Advective acceleration ρHU2/L -4
Coriolis acceleration ρHfU -2

Internal friction PH/L -1
Wind stress ρaCaU2

ag -1
Water stress ρwCw|Uwg − U| -1

Sea surface tilt ρHfUwg -2
Air pressure HρafUa -3

Table 2.2: The common scaled terms of the equation
of motion for sea ice (Equation 2.4). The given ele-
mentary scales are H = 1 m, U = 10 m s-1, P = 10
kPa, Uag = 15 cm s-1, Uwg = 5 cm s-1, T = 1 day &
L = 100 km. (Leppäranta, 2011)

Figure 2.4: A representation of the
balance between forces in the sea ice
field. (Hunkins, 1975; Weiss, 2013)

during the summer season and at the ocean-ice horizontal boundary. With the proposed
derivation from Equation 2.4, the equation of motion then reads as

ρh

(
du

dt
+ ifu

)
= τa + τw − ρhgβ, (2.5)

where h is the ice thickness, i the imaginary unit of
√

−1, du
dt

the material derivative
of u (includes the local and the advective acceleration from Equation 2.4). Thorndike
and Colony (1982) analyzed the response of sea ice to the geostrophic wind forcing and
suggested a linear relationship of

U = AG + C + E, (2.6)

in which A = Ae−iθ is a complex constant, θ is the deviation angle between wind and ice
drift, G the geostrophic wind, C the mean ocean current based constant mean velocity
field and E the residuals. Such linear relationship can justified by the steady-state solution
of the Equation 2.4. The general solution can be presented by using wind velocity Ua and
the geostrophic current Uwg as

u = αe(−iθ)Ua + Uwg, (2.7)

Since the deformation of sea ice is the key subject of the thesis and due to the
prevailing conditions of the Central Arctic ice cover outside of the summer season, the
concept of free drift will not be applicable. Also, the methodology of the analysis fails
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during the most active periods of summer leading to a further loss of significance for the
free drift model. Thereby, the introduction of the free drift model will act merely as
the basis of understanding ice drift in more practical terms, which then through velocity
gradients affects the deformation components. It must still be noted, that both free drift
and observational methods utilize the Lagrangian frame, which would suggest the intuitive
comprehension of the concept of free drift to support the reading of the observational
results in the thesis.

In an observational analysis the motion of sea ice, when decomposed into mean field
and a turbulent-like fluctuations, the drift seems to share similarities with general fluid
turbulence in time and frequency domains. This signifies a close relationship of the linear
response to the external forcing fields. A closer analysis of the velocity power density
function (PDF) of sea ice motion seems to suggest an exponential PDF (Rampal et al.,
2009) rather than the Gaussian PDF, which tends to be the case for the atmospheric and
oceanic velocities (Batchelor, 1960; Frisch, 1995; Swenson and Niiler, 1996; Zhang et al.,
2001). The differences in motion are likely to arise from the the non-linear response of
sea ice to the forcing fields i.e. due to the internal friction. Such response occurs through
a rheological linkage of internal stress to strain and/or strain-rate (σ = F (ε, ε̇)). A key
problem of the free drift solutions rises from the lack of this non-linearity significant in a
close-to compact ice sheet and beyond (sea ice concentration over 80%). The inclusion of
internal friction into the free drift model will lead to (1) decreased levels of the overall drift
speed due to mechanical energy going partly into ice deformation, (2) ice being motionless
before external forcing reaching the yield limit, (3) smoothing of the spatial variation of
forcing due to ice being more rigid than the atmosphere and the ocean, (4) concentration
of the deformation into narrower zones and (5) the long distances ice is able to transfer
mechanical energy suggesting a more realistic model of the drift ice. The problem of the
inclusion of the nonlinear internal friction requires a fundamental rheological model, which
then evolves the drift model to being possibly impossible to solve analytically (Leppäranta,
2011). After all, rheology can be seen as an eternal topic much like the problems of fluid
dynamics. Multiple solutions for specific boundary conditions have been proposed for
analytical solutions, but since they are not aligned with the topic of the thesis, they shall
be dismissed. The complex nature of the non-linear internal friction and its importance
for sea ice dynamics suggest the significance of an introduction to sea ice deformation as
internal friction is linked to sea ice deformation via rheology.

2.2.2 Sea ice deformation

The sea ice kinematics can be taken further for the analysis of ice deformation by con-
sidering the drift field discussed in Section 2.2.1 to consist of a rigid translation velocity
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and a differential velocity of which the latter is the horizontal gradient of the drift field
velocity described as

∇u =


∂u
∂x

∂u
∂y

∂v
∂x

∂v
∂y

, (2.8)

with u and v being the velocity components of u. An analysis of the rate of the displace-
ment gradient shows a exact congruence with the velocity gradient, which then can be
further decomposed to a symmentric and an antisymmetric part, strain-rate and vortic-
ity (∇u = ε̇ + ω̇). Since the term of strain-rate, ε̇, encases three values of interest for
deformation analysis (divergence, shear and total deformation), the three independent
components of the strain-rate tensor are introduced as

ε̇xx = ∂u

∂x

ε̇xy/yx = 1
2

(
∂u

∂y
+ ∂v

∂x

)

ε̇yy = ∂v

∂y

(2.9)

in which ε̇xx and ε̇yy are the normal strain-rates and ε̇xy/yx the shear strain-rate of squares
aligned with the x- and y-axes. These terms together consist the total strain-rate ε̇.

Then, the invariants commonly used in drift ice kinematics can be formulated based
on the three components of the strain-rate tensor: velocity divergence, the maximum rate
of shear and based on the previous two the total deformation. These can be formulated
as



ε̇div = ∂u

∂x
+ ∂v

∂y

ε̇shear =
(∂u

∂x
− ∂v

∂y

)2

+
(

∂u

∂y
+ ∂v

∂x

)2
1/2

ε̇tot =
√

ε̇2
div + ε̇2

shear

(2.10)

Of these terms a considerable amount of attention has been shown to the divergence,
ε̇div, due to its potential of describing the the formation mechanical structures such as leads
or ridges in the case convergence, which is strongly correlated with new ice production, the
healing of sea ice, the material transport between mediums and ice thickness distribution
(Stern et al., 1995; Bouillon and Rampal, 2015; Loose et al., 2011; Thorndike et al.,
1975). Even though the vorticity, described as

(
∂u
∂y

− ∂v
∂x

)
, has been of a keen interest

in fluid mechanics, in sea ice dynamics there has been less research possibly due to its
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more limited interpretation in solid mechanics (Weiss, 2013). In observational analysis,
the data needed for deformation analysis tends to be the same used for drift and velocity
analysis (ice drifters, ship radar & satellite imagery) highlighting the close connection
between the kinematic concepts.

2.2.3 Multiscale dependencies in sea ice deformation

An interest in scales has risen in sea ice research over the last couple decades mostly due
to the increase in satellite activity and advances in observational methods (Weiss, 2013).
An understanding of the multi-scale dependencies, scaling and the linkage mechanisms
in deformation can provide some desirable knowledge for the development of the highly
non-linear rheological solutions and furthermore coupled sea ice-ocean models. Sea ice
mechanics and its consequences can be presented to involve an enormous range of spatial
scales from the thickness of the sea ice itself to the scale of the Arctic basin, or in temporal
terms, from seconds to years. The different scales can be divided into local scale, ice floe
scale, mesoscale and large scale (Leppäranta, 2011) of which the observational data of the
thesis occurs in floe scale. The scales can be stretched even further to smaller scales with
the involvement of ice load analysis (Jordaan et al., 1999) though the borders between
scales cannot be fully deterministic as some small scale behavior has been observed of be-
ing present in basin scale. An example of such behaviour is the observation of mechanical
weakening in the scale of the Arctic basin (Gimbert et al., 2012).

Figure 2.5: Sentinel-1 SAR-derived (Synthetic Aperture Radar) deformation localization
during the MOSAiC expedition with (A) being acquired on December 30–31, 2019 and
(B) on June 20–21, 2020. The scale of the data coverage is 200 km × 200 km with the
white arrows representing ice motion. (Nicolaus et al., 2022)

The concept of localization of ice deformation may be strikingly evident in satellite
imagery and ice models, where divergence and shearing seem to concentrate as active
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faults on linear-like structures separating quasirigid plates called linear kinematic features
(LKF) (Kwok, 2001; Moritz and Stern, 2001; Weiss and Schulson, 2009) (see Figure 2.5).
Such localization can be quantified with a degree of strain localization provided by Girard
et al. (2009): with a 3-day and 10 kilometre resolution 50% of all shear is localized to
6% of the ice cover area. The distribution of the strain rates has been established to
exhibit power law tails (P (ε̇) ∼ ε̇−η) with no visible diminishing towards larger rates, i.e.
following Levy’s law of stability parameter with high level of randomness and dominating
extreme values (Girard et al., 2009; Sornette, 2006). These strain rates are not, though,
fully independent scalar variables since the power law exponent seems to increase with
the spatial scale due to the tensorial nature of the strain-rate variables and their strong
spatial correlation (Girard et al., 2009; Weiss, 2013). Therefore, a multifractal analysis
of
〈
ε̇−β

〉
has been used to demonstrate the scale invariant character of the mean total

strain-rate as
⟨ε̇tot⟩ ∼ Lβ(τ), (2.11)

where L is the length scale, β is the spatial power law scaling exponent and τ is the time
scale (Marsan et al., 2004; Stern and Lindsay, 2009; Hutchings et al., 2011; Oikkonen
et al., 2017). As shown by Marsan et al. (2004) in Figure 2.6, multifractal scaling holds
over large variation of different spatial scales and should hold for different components of
deformation (Weiss and Schulson, 2009).

Since the multifractal nature of velocity fluctuations in the temporal domain shows
an intermittency of sea ice drift, similar behaviour is expected from ice deformation as
well. An analysis of the temporal scaling utilising the temporal scaling exponent of α

shows a scaling law of total deformation in sea ice similar to the spatial scaling, that is

⟨ε̇tot⟩ ∼ τα(L) (2.12)

Such relationship has been observed for the deformation of sea ice in the Radarsat Geo-
physical Processor System (RGPS) satellite imagery as well as the strain-rates derived
from dense arrays of buoys (Weiss, 2013; Hutchings et al., 2011). The exponents β and α

can be interpreted as the level of spatial localization and the intermittency of the observed
deformation processes. A further analysis of the intertwining of the scales provided by
Marsan and Weiss (2010) suggests the relationship of

ε̇ (L, τ) ∼ τ−α(L) ∼ L−β(τ) (2.13)

→ ε̇ (L, τ) ∼ τ−α0L−β0ec ln(τ) ln(L) (2.14)

in which α0 and β0 are constants with no physical meaning and c is the parameter of
strength for the spatio-temporal coupling enabling the relation equation at roughly c ≈ 0.1
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(Rampal et al., 2008). An empirical analysis by Weiss (2017) of the complex relationship
is presented in Figure 2.7.

Thereby, one can summarize the sea ice mechanics to be characterized by a corre-
lation length and time of at least of the order of the system and the order of a season,
the multifractal scaling with an extreme intermittency and the localization of deforma-
tion and brittle mechanics of the ice cover (Schulson, 2004; Weiss et al., 2007; Weiss and
Dansereau, 2017). Such characterization gives way for linkage between similarities of dif-
ferent deformative systems, such as e.g. Earth’s crustal deformation (Marsan and Weiss,
2010), ferromagnets (Zapperi et al., 1998) and plastically deforming crystals (Miguel et al.,
2001), which all share the scale-invariant statistics and scaling properties.

2.2.3.1 Physical origin of the spatial and temporal scaling

The physical origins of the scale-invariant statistics and scaling properties have to be
shortly discussed to enlarge the intuitive comprehension of the fundamental physical laws
controlling the results. The following physical phenomena has been suggested by Weiss
and Dansereau (2017) to provide the explanation for the infamous shaky dynamics of
sea-ice deformation:

1. Threshold mechanics: Faulting occurs when the Coulomb stress reaches a cohesion
treshold.

2. Disorder: A disorder is expected with cohesion in relation to microstructural effects
and the variability of the mechanical ice strength.

3. Long-ranged interactions: Such interactions translate the disorder of Point 2 into
long-range spatio-temporal correlations of the mechanical field.

4. A slow driving condition: The external forcing rate has to be less than the rate of
elastic stress in the medium.

5. Viscous-like relaxation: Considering the viscous-like relaxation set the characteristic
time scale of direct aftershock sequences leading to the long-range time correlations
suggested by Equation 2.12.

6. A restoring/healing mechanism: The refreezing of fractures must be considered to
allow the recovery of a deformed ice cover.

7. A slow relaxation and healing condition: The introduction of points 5 and 6 enable
a close-to critical state of the system and require the slowness of the processes.

Of the suggested factors, the first four can be seen as the key ingredients for a critical
point reaching system with the three latter enabling a stable state with the stable power-
law statisctics and scaling relationships. Such physical variables should provide a sound
physical framework for the interpretation of the observational results of the thesis.
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Figure 2.6: The relationship between total deformation and scale with the 3-day and 10
kilometre temporal and spatial resolutions by Marsan et al. (2004). The vecrtical lines
represent spatial bins, grey dots the mean values of each bin and the grey line the least
squares fit of the mean values.

Figure 2.7: Total deformation and spatial scaling law exponent β as a function of time.
The SAR-based data from Weiss and Dansereau (2017) and ship radar data from Oikko-
nen et al. (2017) have been merged to fit the blue dash-dotted line corresponding to
exponent/alpha=0.4. The black dashed line represents a relation of β(t) = β0 − c ln(t)
with c = 0.06. (Weiss, 2017)



3. Materials and methods

3.1 The MOSAiC expedition

The data of the thesis were obtained during the exceptional multidisciplinary expedition
of MOSAiC (multidisciplinary drifting observatory for the study of Arctic climate). The
expedition was carried out on an icebreaker, RV Polarstern, which was moored to an ice
floe north of the Laptev Sea in October 2019 and journeyed along the Transpolar drift till
September 2020 employing scientists from 16 countries. The general motivation of the ex-
pedition was to advance the understanding of processes within the atmosphere–ice–ocean
system and the ecological and the biogeochemical feedbacks, which have been difficult to
represent by numerical climate and Earth system models (Shupe et al., 2020; Krumpen
et al., 2021). The five specific goals of the sea-ice observations were suggested by the
MOSAiC snow and sea ice team (ICE team) were (1) the characterization of the prop-
erties of snow and ice cover and the understanding of the governing processes, (2) the
determination of the material mass balances, (3) the quantification of the partitioning of
solar radiation between mediums, (4) the description of the spatio-temporal variability
and evolution of the snow and ice cover, and finally, (5) the integration of the snow and
sea ice measurements with the atmosphere, ocean, and biosphere of the coupled Arctic
system (Nicolaus et al., 2022). The linkage with the research carried out in the thesis and
the ones proposed by the ICE team are rather direct with an special emphasis of points 1
and 4. The route of the expedition, presented in Figure 3.1, shows the ship encountering
the different ice zones discussed in Section 2.1.1, though the route is mostly concentrated
in the central pack conditions. The conditions may display some characteristics of the
MIZ during October 2019 and July 2020. The data of August and September 2020 repre-
sents again the summer conditions of the deep central pack zone. The free drift conditions
discussed in Section 2.5 may still have occurred during other summer months in the MIZ,
which is signalled in Figure 3.2.

21
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Figure 3.1: The route of the expedition
with the monthly temporal evolution and
the maximum and minimum sea ice extents.
(Nicolaus et al., 2022)

Figure 3.2: The sea-ice drift speed as a func-
tion of the mean wind speed during winter
and summer conditions. Additionally the fig-
ure shows the assumption of ice drift speed
correlating to 2% of the wind speed (i.e.
the Nansen-Ekman ice drift law). (Nicolaus
et al., 2022)

3.2 Data acquisition, manipulation and virtual buoys

The analysis of the thesis is fully based on ship-radar imagery gathered during the MO-
SAiC of which two example images are provided in Figure 3.3. The scientific significance
of the thesis rises from the unique resolution, the location and the temporal coverage of
the acquired data. Generally, due to space-borne SAR and visual spectral range data
being extremely limited during the polar nights (Zakhvatkina et al., 2019), the seasonal
acquisition of high resolution data of the Arctic sea ice field can be incredibly valuable,
leading to possible advances in sea-ice dynamics research for both observational analy-
sis and modelling. The data acquisition process was very similar to the one described by
Oikkonen et al. (2017), where a radar was mounted to Polarstern providing radar imagery
with a two-second temporal interval. The areal data coverage was 7 × 7 kilometres with
a 8.33-metre resolution. A few data breaks were encountered during the year long mea-
surement period with the considerable ones occurring during the summer months. The
radar server system and the processing of the imagery were in accordance with Karvonen
(2016).

Since the original data with a 2-second interval were not fully usable due to variety
of technical issues (azimuth pulses, spurious rotation symmetric patterns, incomplete
rasterization and oversized shadowed sectors), the data were passed through a median
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filter providing averaged data with 10-minute intervals by detecting and dismissing faulty
imagery. The specific interval was based on the assumption of reliability in the quality
of the data, but such crude data dismissal does heavily weaken the temporal resolution
of the data leaving large amounts of fast-paced events undetected. The increase of the
data quality by median filtering simplified the already tricky data manipulation process.
During the filtering process multiple attempts were made with the occasional help of
Dr. Mikko Lensu to produce cleaner data of higher resolutions with some success. The
attempted filtering relied on image comparison of two consecutive images with images
detected to exhibit some of the suggested technical issues removed leading to a temporal
resolution of approximately one minute. During a comparison of the different filtering
techniques only small differences were noticed between the still developing method and
the original median filtering leading to a decision of the usage of the latter due to the
large workload to benefit ratio.

After the original median filtering with 10-minute temporal intervals, some of the
data were observed to display excess rotation in the ice-radar relation. This was found
to be fully a technical issue based on the rate of the rotation and the heading parameter
of Polarstern. Such excess rotation was attempted to fix by a small algorithm utilizing
imagery rotation detection written by the author. The algorithm detects rotation in the
ship-radar imagery and compares it with the observed rotation of R/V Polarstern. A
demonstration of the rotation correction is provided in Figure 3.4. Excess rotation left
after the rotation detection was restricted in post-filtering processes. The final processed
data were thus in no way entirely flawless, but the clearest anomalies were processed
later through some simple signal processing. As the anomalies in question only lasted 10
minutes, they were considered to be negligible in the temporally large data set.

The filtered data were run through an algorithm described in-depth in Karvonen
(2016). The algorithm identifies pixel-based virtual objects in the images termed virtual
buoys (VB) and traces their movement in consecutive images for 24 hours. The algorithm
redefines new VB’s by the start of each day. Once a VB drifts out of the radar coverage
or its detection becomes no longer reliable enough, the VB is lost. New VB’s were
deployed every time the number of buoys dropped under a defined limit of 75% of the
initial number. The positioning error of the algorithm was defined by Karvonen (2016)
to be δx ≈ 3 m for the utilized 10-minute data and can be scaled to 2 m with the data
used in the analysis. Due to the criteria given for the VB analysis algorithm described in
Section 3.3 the number of daily VB trajectories varied from roughly 300 to 800. No fixed
number of VB’s was thus defined leading to increase in unreliability of the summer data.
Examples of the daily trajectories are visualized in Appendix A. All daily trajectories can
be requested from the author for further use. The trajectories may be inspected for daily
deformation localization, which does not manifest in the presented results. The direction
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of the trajectories has not been presented to provide cleaner and more understandable
visualizations.

Figure 3.3: Two examples of the analyzed ship-radar data before the filtering process.
The images provide an representation of usable and faulty data. Data similar to the
right-hand image were excluded from the filtered time series due to the artificial rotation
generating the 10-minute temporal interval of the data set.

Figure 3.4: An example of the effect of the rotation reduction algorithm for 24 hours of
trajectories on a low deformation day. The figure shows the original data of which the
algorithm removes the artificial rotation based on observed rotation of the ship and the
detected rotation in the radar imagery and the filtered data used in the analysis. The
rotation reduction algorithm was dismissed due the large losses of the physical phenomena
observed in the radar as is seen in the figure.
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3.3 Deformation algorithm for radar trajectories

To quantify the level of deformation from the radar data, an algorithm handling large
amounts of drift trajectories had to be formed. Such script had to be completely rewrit-
ten for the existing approach provided by the Finnish Meteorological Institute was mainly
intended for previously analyzed data sets leading to tendency of crashing easily. Some
colleagues from different institutions were consulted on the matter due to similar previ-
ously conducted analysis for SAR imagery, but the large-scale algorithms did also tend
to crash when applied for the small-scale ship-radar data. Therefore, a semi-automated
version of the radar based deformation analysis algorithm was generated.

The algorithm does heavily follow the description of other approaches based on
the published papers of (e.g. Hutchings et al., 2012; Hutter et al., 2018; Itkin et al., 2017;
Oikkonen et al., 2017) as a clear congruence has been established between the approaches.
The book of Weiss (2013) provided some further improvements to the algorithm. The
created approach takes in the filtered VB’s and restricts the data to a circular area with a
radius of 2.5 kilometres to increase data quality and for the lack of data in the outer frame.
All trajectories containing steps above 50 metres per 10 minutes (∼ 8.33 cm s−1) were
dropped. These two steps seemed to clear the data from the major artificial anomalies.
The deformation rates were calculated from trajectory locations by utilizing Delaunay
triangulation (Delaunay et al., 1934) for each 10-minute time step. A minimum angle of
20◦ was set for the deformation of the triangles to prevent values approaching infinite.
The determination of the velocity gradients followed the Lagrangian method in which the
trajectories construct the velocities of the triangles’ vertices. Presentation of the different
proposed methods to calculate velocity gradients provided by Hutter et al. (2018) can be
found in Figure 3.5. In the Eulerian representation the velocity gradient is formulated by
finite differences between grid boxes in the data. The Lagrangian representation forms
a line integral over a shape constructed by the trajectories. The Lagrangian Sampling
of Eulerian gridded data (LSE) then averages over all the computed Eulerian grids in a
boundary box and weights them with the areas of overlap. The methodology of Figure 3.5
does not, though, coincide with the triangular approach of the thesis since it is formulated
for grid boxes. The triangle-based Lagrangian method was chosen in the thesis as it has
been a common approach in previous research and the uniqueness of the analysed data
suggests a need for further comparison between scales and time periods.



26 Chapter 3. Materials and methods

Figure 3.5: The different methods of formulating the velocity gradient for the deformation
analysis by Hutter et al. (2018). The shaded shapes of dark blue represent the areas over
which the velocity gradient is calculated, the dashed lines trajectories and the blue lines
in LSE the areas of overlap by which the velocity gradient in weighted by. The approaches
and notation differ slightly from the method proposed by Hutchings et al. (2012) utilised
in the thesis, but provides a visual presentation of the different available methods.

The different strain-rate components presented in Equation 2.8 were estimated for all
the qualifying triangles with the Lagrangian method based on the vertices of the triangle
in accordance with Hutchings et al. (2012) as

∂u

∂x
= 1

2A

[
N−1∑
n=1

(un+1 + un)(yn+1 − yn) + (u1 + uN)(y1 − yN)
]
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]

∂v

∂x
= 1

2A

[
N−1∑
n=1

(vn+1 + vn)(yn+1 − yn) + (v1 + vN)(y1 − yN)
]
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]

(3.1)

A = 1
2

[
N−1∑
n=1

(xnyn+1 − ynxn+1) + xNy1 − yNx1

]
(3.2)

in which A is the area of a single triangle and x, y, u and v are the coordinates and
velocities of the vertices and n is the buoy index of 1, 2, ..., N . The length scale analysed
in Chapter 4 and Equations 2.11, 2.12, 2.13, 2.14 is the square root of the triangles area:

L =
√

A (3.3)
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Since the estimated deformation rates depend merely on the location and velocities of the
vertices and the area of the triangle in a single time step, the deformation rate is a repre-
sentative of the single time step and has no history. A few clear peaks were found in the
generated deformation rate time series, which did not correlate with a manual inspection
of the data. The peaks were estimated to result from the recognized technical faults in the
data (azimuth pulses, spurious rotation symmetric patterns, incomplete rasterization and
oversized shadowed sectors) which were not fully diminished after the rotation filtering.
Since the peaks were confirmed manually to result from artificialities, they were neglected
by finding values above 20 times the running two-hour mean and reducing them to an
undefined value (NaN). Other processing techniques were attempted in use with slightly
inferior results and the simplest solution was accepted as the most efficient approach. The
resulting time series did not demonstrate any clear signs of intermittency in a seasonal
scale, which should propose low variation of the temporal scaling exponent, α, between
longer time periods such as months and days.

Some error based limits were applied to attain the deformation time series. Accord-
ing to Hutchings et al. (2012) the error of velocity is defined by time interval between
position fixes, T , and positioning error, δx, as δu =

√
2δx

T
and the error of deformation es-

timates become negligible when A ≫ 8N2δ2
x, where N is the number of vertices (N = 3).

This would then give the limiting factors of 0.0047 m s−1 and A ≫ 288 m2. When con-
sidering the latter in terms of length scale, defined as the square root of the triangle area
(Weiss and Dansereau, 2017; Hutchings et al., 2012), this would be L ≫ 17 m. All data
with length scale below the error estimates were neglected from the deformation time
series. The strain-rate error proposed by Hutchings et al. (2012) to be estimated as

δε

ε
= 2

(
4δ2

x

A
+ 2 δ2

x

U2T 2 + δ2
T

T 2 + δ2
A

A2

) 1
2

, (3.4)

where U is the ice velocity, δT is the temporal accuracy and δA the error of the calculated
area. With an increasing size of the formulated triangles the approach can be reduced to

δε

ε
= 2

√
2 δx

UT
. (3.5)

With a length scale of L = 50 m and a time step of T = 10 min, Oikkonen et al. (2017)
calculated a noise to signal ratio of δε

ε
= 0.58 with U = 0.01 m/s and for larger triangles

the values of 0.471, 0.079, 0.026, 0.013 and 0.003 for time steps of 10 min, 1 h, 3 h, 6
h, and 24 h. Similar values can be estimated for the analysis of the thesis due to the
similarity of the data.



4. Results

Previous research has been shown multiple times to establish firstly, that the Arctic
deformation rates are dominated by shearing (Stern et al., 1995). The parameter of ϕ =
arctan

(
ε̇shear

ε̇div

)
describing the ratio between the two deformation components (Equation

2.10) by being either divergent (ϕ ∼ 0), in shear (ϕ ∼ π/2) or convergent (ϕ ∼ π)
would then tend to lean towards π/2 (Stern et al., 1995; Weiss and Dansereau, 2017).
Secondly, shear and divergence are firmly correlated in the spatial dimension (Weiss and
Schulson, 2009) and thirdly, a spatio-temporal scale-invariance of deformation statistics
has been established. The following chapter aims to describe the produced seasonal
time series of the deformation components with the aid of the observed mean drift of
the Polarstern, mean wind speed, air temperature and sea-level air pressure to confirm
some previously observed characteristic of the Arctic deformation field. The spatial and
temporal scaling parameters described in Section 2.2.3 will then be analyzed with the
unique small-scale seasonal data of the Central Arctic Ocean. The results will mainly be
assigned to concentrate on the description of the observations rather than proposing a
full-on in-depth analysis. This was suggested by the thesis supervisors mainly due to the
workload of the data analysis and the advanced research question of the thesis.

4.1 Deformation time series and prevailing condi-
tions

Different parameters describing the deformation rate components and the prevailing con-
ditions are presented as a full one year time series in Figure 4.1. The data describing wind
speed, drift, air pressure and air temperature are all observational measurements gathered
on the Polarstern during the expedition. The absolute divergence is derived simply as the
absolute value of the original divergence values to provide a clearer presentation of the
magnitude of the sum of divergent and convergent events. This is done to confirm the
strong spatial correlation of divergence and shear in the time series. The original data are
presented to signify the magnitude of the variation in the data, which does not necessarily
manifest from the mean values. The deformation time series includes all different length
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scales observable from the ship radar varying between the magnitudes of 101 to 103 me-
ters described in more detail in section 4.2. In addition to the weather conditions and the
ship-radar derived deformation components, the 5-kilometre SAR-based 24-hour mean of
deformation components, provided by Luisa von Albedyll from the Alfred Wegener In-
stitute in Germany, is presented as a seperate time series. Based on the SAR data, the
significant events identified by Krumpen et al. (2021) are presented as the grey shading in
the background to link the ship-radar observed deformation to the 5-kilometre SAR data.
The criterium for a significant event was suggested to be two standard deviations. Parts
of the SAR-derived data are missing due to the lack of satellite coverage of the Central
Arctic Ocean. Similarly, parts of ship-radar deformation components are missing due to
the change of location between leg 3 to leg 4 and leg 4 to leg 5 (Figure 3.1).

The measured wind and ship drift speeds can be seen to represent the small- and
large-scale variations of measurement conditions as the wind is the locally measured vari-
able and the ship drift speed signifies the movement of the drift particle. Some of the
major divergent and shearing events may be attributed to these parameters since the
motion and furthermore the deformation of an ice floe is partly correlated with the wind
speed as was discussed for ideal conditions in Section 2.2.1.1 (see Table 2.2 & Figure 2.4).
Though the wind speed presents the most dominant forcing of the parameters, the con-
nection between the wind speed and the deformation components are not self-explanatory
due to the complexity of the observed system with the additional inclusion of e.g. the
dynamics of internal friction, long-ranged interactions and large-scale mechanical weak-
ening. The division of deformation to different components is not fully clear either due
to the variability of the mechanical action modes in floe scale (see Table 2.1). The pe-
riods of interest in wind and drift speed can be proposed to be between 13th and 27th
of November, 18th of March and 10th of April, the month of July and between 1st and
12th of September due to high values and variation in deformation. Similarly to the wind
speed and ship drift speed, the temperature time series provides partial explanation for
the deformation events. The effects are present in local events as well as the seasonal
variability, mostly due to the weakening of sea ice strength and the effect of healing.
An interesting event for the temperature variability occurred between 13th and 27th of
November when, along with a sudden change of the wind direction when the temperature
rose from −18 C◦ to −5 C◦ in a single day. A similar rapid rise of temperature in colder
conditions lasting multiple days occurred along a low pressure period in mid-February
without clearly affecting deformation rates, which can most probably be attributed to the
high strength and concentration of the sea ice in the mid-winter season.
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Figure 4.1: Daily mean wind speed, mean sea ice drift, air pressure, air temperature,
divergence, absolute divergence, shear and the total deformation all plotted to the shared
timeline describing the seasonal evolution of each parameter and component starting from
October the 25th 2019 and ending at September 19th 2020. The 3-day moving average
with 24-hour minimum of the deformation rate components are presented as the black
solid line measured on the left-hand axis. The light grey solid line represents the 24-hour
running mean. The deformation rate components are presented as the original 10-minute
data in the blue scatter measured on the right-hand axis and as the 24-hour running
average measured on the left-hand axis. Significant deformation events derived from 5-
kilometre scale SAR imagery identified by Krumpen et al. (2021) are presented as the
grey shading in part of the plot. The SAR derived deformation time series was provided
by Luisa von Albedyll from the Alfred Wegener Institute, Germany.
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The time series of the deformation components show clear periods of higher and
lower deformation rates, the seasonal variability of increasing deformation rates during
the summer season and a possible, but speculative increase of ice strength and the rate
of healing during the winter season. The time series represent longer periods of high
deformation rates rather than short period peaks as the aim is to provide a view of the
seasonal life cycle of the deformation rates. One observation based of such approach is
the mean rates of the deformation components do not drop under a certain boundary, i.e.
the ice field is in a constant state of deformation in larger temporal resolutions in which
the base level is set by seasons.

The deformation time series support the hypothesis of the dominance of shear over
divergence in the Arctic as the time series show the running mean of shear to be contin-
uously roughly five to six times the rate of absolute divergence. The temporal similarity
between the evolution of absolute divergence and shear becomes evident during high de-
formation events and through the variation of seasons. This might partially be due to the
small areal coverage of the data as shear and divergence are strongly correlated in the spa-
tial dimension (Weiss and Schulson, 2009) and the factor of averaging since a comparison
in higher resolution shows temporal variation between the components. Simultaneously,
the dissimilarities between the SAR and ship radar data were larger than expected with
the high-deformation events correlating rather weakly between the two different-scaled
approaches. With the exclusion of the end of November, the significant events identified
by Krumpen et al. (2021) do not show clear correlation with the ship-radar observations.
This can be mostly attributed to the differences in spatial and temporal resolutions of the
utilized data, the areal coverage and possible seasonal differences in scaling.

4.1.1 Shear-divergence ratio

Since the observation of the deformation time series suggests the dominance of shear,
the relation can be quantified for a more profound result of the component relation. A
suitable measure for such ratio is the deformation component parameter of

ϕ = arctan
(

ε̇shear

ε̇div

)
(4.1)

for which ϕ ∼ 0 suggests the dominance of divergence, ϕ ∼ π/2 shear and ϕ ∼ π con-
vergence in range [0, π] (arctan (−x) = π − arctan (x)) (Stern et al. (1995),Thorndike
et al. (1975),Weiss (2013)). Figure 4.2 presents the seasonal evolution of the parameter
with skipping data breaks. Thus, the figure cannot be interpreted as a fully temporally
accurate timeline, but a chronological evolution of the filtered data, meaning all the unde-
fined values have been dropped. The temporal evolution of the parameter was inspected
instead of the probability density function since the latter has been previously analysed
by e.g. Stern et al. (1995).
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The data clearly demonstrates the nearly unquestionably dominant nature of shear
over divergence in the Central Arctic Ocean as the most frequent value and running
average both are set around π

2 . The high temporal resolution allows singular points to
approach periods of dominance for divergent and convergent events. A rather notable
result suggested by the analysis is that there are no signs of any seasonal variability of
the parameter with the running mean showing continuously similar values throughout
the year. The reasons for the lack of seasonal evolution are not fully clear as the change
in mechanical behaviour and forcing conditions could possibly enable the components to
evolve individually though both divergence and shear are proportional to velocity gradient.
The question of areal coverage in such continuum approximated data should be raised as
a possible cause, but this should not in no sense fully cover the question. Further analysis
is needed to understand the seasonal variability of the deformation component ratio.

Figure 4.2: The temporal evolution of the ratio between divergence and shear. The
turquoise coloring represents the individual values of the ratio parameter, the black line
the running average and the grey lines the standard deviation of every 105 data points.
The data set has been neglected of all the time periods lacking data.

4.1.2 Length scale dependency of deformation

The time series of Figure 4.1 should be interpreted as a sum of all the different length
scales observable in the ship-radar data ranging from 101 m to 103 m. This is not always
fully justified as the deformation rates tend to be rather sensitive to the variability of
temporal and spatial scales. Such time series could be presented with confined spaces
of length scales or with stronger averaging. Some further attention should be given to
the variability of spatial scales in the time series to better understand it as all values
are result from an integral over an already averaged data. Figure 4.3 introduces the
probability density function of the length scales involved in Figure 4.1 and more generally
analysed in the thesis. The length scales of the triangles are normally distribute with
a concentration around second order magnitude leading to such scales to being most
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represented in the general analysis of the deformation time series. The division of the
length scales from L1 to L6 is based on equal-sized data bins i.e. all the length scale
categories include equal amount on data points.

Figure 4.3: The right-hand side plot presents the variability of the length scales (Equation
3.3) used in the data in the form of a probability density function along with the intro-
duction of the utilized length scales groupings. The limiting intervals of the he six bins
are ∼ 70, 90, 115, 140, 180 metres. The left-hand side plot presents the scale dependency
of the deformation rate with the length-scale dependent deformation rates as a function
of the mean total deformation averaged over all the different spatial scales. The dashed
lines represent least ordinary squares fitting of the different length scale groupings.

The probability density function of the different length scales based in Equation 2.11
is presented on the right-hand side in Figure 4.3 to demonstrate the spatial variability
of the data collected from the time series of Figure 4.1. The plot shows relatively wide
variation of the length scales in the data over the whole time series. Similar distribution
is formed for every time step for the it results from the original 10-minute data and
settings of Delaunay triangulation rather than any temporal dimension or parameter.
The color coding of the figure presents the length scale groupings of the data, which
divides the areas of the whole time series into equally sized bins. The same exact length
scale groupings with the same color coding will be used in Section 4.2.2 for the analysis
of the spatio-temporal scaling exponents of the deformation time series.

The left-hand side plot of Figure 4.3 presents the length-scale dependent deformation
values as a function of the mean values of all the different scales together. The dashed
lines present the least squares fitting of the different data groups with the exponent
values presented in the legend. The color coding follows the example of the probability
density function. The plot demonstrates quite clearly the strong scale dependence of the
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total deformation rate with the scale dependent high deformation rates showing nearly a
magnitude of difference between the scales. The increase of the least squares fit exponent
in relation to the decrease of the length scale shows a gradient far larger than was firstly
expected with the exponent ranging from 0.32 in the largest length scale (180 − 1000
m) to 1.99 in the smallest (0 − 70 m). Such scale dependent nature of the data should
be investigated further in terms of both spatial and temporal dimensions to analyze the
relations brought up in Section 2.2.3.

4.2 Multiscale deformation correlation

4.2.1 Probability density of divergence and shear

An analysis of the scalable qualities of sea-ice deformation is natural to start with a short
inspection of the probability density of the two deformation components, divergence and
shear. The behaviour of sea ice in P (ε̇−η) ∼ ε̇−η has been observed for RGPS resolution
scales, which lays basis for a similar analysis in a very different set of resolutions. Such
observations also form the analytical basis for further spatio-temporal scaling analysis.
The probability density functions of divergence and shear rates have been presented in
Figure 4.4 in which very similar type of behaviour is observable.

In comparison with the results of Girard et al. (2009) (η = 2.5), the value of η is
lower, which signifies a somewhat less steep distribution between the higher and the lower
deformation rates in the distribution. This was well-expected since the power law expo-
nent has been suggested to increase with increasing spatial scales in sea ice deformation
(Marsan et al., 2004; Girard et al., 2009). After the fat tail of the distributions, the fol-
lowing power law seems to decay after a slightly shorter gap of deformation rates for both
components. As the typical behavior of deformation distribution seems to be observable
in the data, the established behavior of wild randomness dominated by extreme values
can be concluded to stretch further over the scales and resolutions of the ship-radar data
in the continuum approach. Since the behaviour caused by strong spatial correlation of
divergence and shear can be established in the data, a further analysis of the spatial, and
temporal, deformation scaling dependencies seems to be justified.
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Figure 4.4: The probability density function of the obtained absolute divergence and shear
rates. The figure demonstrates the fat tailed behaviour of the deformation distribution
for both components with the the exponent of η for P (ε̇−η) ∼ ε̇−η presented in the center
of the figure.

4.2.2 Scaling deformation over space and time

The inspection of the probability density functions of the deformation rate components
and the concluded strong spatial correlation has finally provided a sturdy basis to describe,
may it be rather superficially, observation based spatial and temporal dependencies during
the MOSAiC expedition in the Central Arctic Ocean cover following the theory presented
in section 2.2.3. Figure 4.5 shows the spatial and temporal exponents for the example
months of February, March, April and May of 2020 in three different plots. Rest of
the months can be found in Appendix B. The data were divided into six equally sized
categories with the length scale limits of 70, 90, 115, 140, 180 metres and temporal
intervals of 10 minutes, 1 hour, 3 hours and 6 hours. The spatial intervals of the groupings
comes from the size of the data set to increase the statistical reliability of the results.
Based on the confined spatial bins, all 10-minute data was plotted as a scatter plot in
loglog-space with the familiar color coding in the leftmost column of plots. Length scale
(Equation 3.3) is described with triangle’s area formed with Delaynay’s triangulation
and β describes the spatial deformation scaling exponent in ⟨ε̇tot⟩ ∼ Lβ (Equation 2.11).
The center and the rightmost columns of plots display results of the complex space-
time coupling in sea-ice deformation (ε̇(L, τ) ∼ τ−α(L) ∼ Lβ(τ), in which the different
generated spatial and temporal groupings are used as the inverse of each other for the
analysis. Parameter α is the temporal scaling exponent describing the intermittency of
the process.
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Figure 4.5: Total deformation rate of the first four months of MOSAiC presented by the
spatio-temporal scaling dependencies with the proposed length and time scale groupings.
The larger scatter markers represent the mean value of each bin and the lines the ordinary
least squares fit to those mean values. Different scaling exponents based on four temporal
averaging intervals are presented in the plots. The scaling dependencies for rest of the
months can be found in Appendix B.
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The results of the spatial and temporal scaling suggest unexpected and possibly ex-
tremely interesting behaviour of the exponents in the considerably confined areal coverage
and high resolution. In previous research (e.g. Oikkonen et al., 2017; Hutter et al., 2018)
both the spatial and the temporal exponents have been observed to decrease with the an
increasing time interval and length scale. Such behaviour seems to be lacking for most
of the months in both dimensions with the exception of the month of October though
statistical confidence limits would be needed to support the results. Simultaneously, the
temporal exponent seems to showcase a certain level of invariance of the length scale
with the exception of the month of October. Such behaviour of both exponents has not
been observed often or possibly at all, which naturally raises the question of which factor
breaks the commonly observed behaviour? The common scaling observations have been
mostly made in scales of satellite imagery, but also in relatively similar scales and with
similar equipment in Oikkonen et al. (2017). In comparison to the previous results, the
spatial exponents seems to exhibit considerably higher values, which would indicate a
much higher level of localization in the observed ice field in the central pack.

Firstly, the validity of the data and the methodology must be questioned. The
formation of the time series for the deformation components follows the rather well-
established lines of standard approaches as described in Section 3.3. Any form of signal
processing of the time series have been inspected multiple times with no clear faults found.
The formation of the scaling exponents and the scaling relations were also inspected, but
the methodology seems to follow the familiar approaches. Thus, the algorithms for the
formation of the scaling exponents seem to be fully justified. Secondly, the behaviour of
the data in October 2019 could be argued to rise from the shorter time period analyzed
since the October data set starts from the 19th. An inspection of two week data sets
for different seasons seem similar to the monthly values with slightly more anomalies.
Thirdly, the original ship-radar data passed through a lot of artificialities, which might
be suggested to generate the high values of deformation. The artificialities rise from
rotation anomalies, aximuth pulses and incomplete rasterization. Though the generated
deformation time series were processed from the strongest anomalies, the high exponent
could result from the faulty data passed through the filter. Simultaneously, the data
were confined to a circular area with a 2.5-kilometre radius, which should increase the
sensitivity of the analysis to higher deformation values. The issues of the original data,
the anomalies passing the formed filters and light signal processing could most likely cause
partially the high values of the temporal exponents, but the causality to the behaviour
of the exponent is in an need of further research. For the formed deformation data set
covers the whole period of the expedition, a brief analysis of the seasonal variations can
still be formed for daily scaling exponents with the assumption of the data being at least
indicatively correct for the highly averaged results.
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4.2.3 Yearly variability of spatial and temporal scaling expo-
nents

Figure 4.6: 7-day running mean and standard deviations of the observed spatial and
temporal scaling exponents accompanied by the 30-day running mean of the total defor-
mation. The grey colouring represents the standard deviation of the exponents. For the
temporal scaling exponent all the different length scales were plotted separately (lower
panel), but the spatial scaling exponent only includes the 10-minute data (upper panel).

Figure 4.6 presents the yearly variability of the daily scaling exponents accompanied with
the 30-day running mean of total deformation. In comparison with other research, the
typical seasonal variability of both exponents can be observed although both components
seem to exhibit much larger values than e.g. Hutter et al. (2018). The larger values are
partially expected due to the high resolution, small length scales and the areal coverage
confining, but some unreliability rises from the artificial anomalies in the time series.
As the data exhibit unexpectedly high values of the exponents throughout the year, the
increase towards summer is relatively mild. This should be coherent with the theory since
the spatial exponential value of β = 2 would signify the localization of all the deformation
to a single point and α = 1 then the temporal localization of all the deformation into a
single event. The high values of α and β signify a high localization of the deformation both
in temporal and spatial dimensions in the ship-radar data, which would then suggest that
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the highly averaged approach related to the discussion of Figure 4.1 may not to be the
most suitable use of such high resolution data though the approach can be fully justified
for a comparison with larger scale data.

Due to the nature of the scaling exponents being sensitive to short separate periods
of high deformation rates, the artificial anomalies passed through the data filtering should
increase the resulting exponents rather significantly thus leading to the high values. Since
the issues with the original data appeared semi-frequently, the daily values presented in
Figure 4.6 tend to consistently show high values for the exponents. Further filtering and
analysis of the data should thereby be applied and focus more thoroughly on shorter
time periods. Similarly, statistical uncertainties of the exponents should be formed for
drawing reliable conclusions. Such values were not estimated due to the suggestion of the
supervisors to reduce the workload of the thesis. The uncertainties should be accounted
for in further research.
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Figure 5.1: The location of the MOSAiC
drift route alongside with the area affected
by the Transpolar Drift. (Krumpen et al.,
2021)

In discussions with fellow researchers cur-
rently working with sea-ice deformation
scaling analysis in other data sets gath-
ered during the MOSAiC, higher values of
the spatial exponents have been observed
with other instrumentations in the prelim-
inary results (J. Hutchings, personal com-
munication, June 30, 2022). Some phys-
ical source can therefore be suggested for
the observed behaviour of both deforma-
tion scaling exponents and the high values
of spatial scaling exponent. As discussed
in Section 2.1.4, the Arctic sea ice is cur-
rently increasing its drift speed, decreasing
in thickness and the ratio of first-year ice
to multiyear ice is changing fast and thus
changing the mechanical behaviour of the
Arctic sea-ice cover. Simultaneously, the
phenomena of healing weakens due to the
warming temperatures in the Arctic resulting in higher levels of deformation. As can
be seen in Figure 4.6 the scaling exponents increase in the summer when the warmer
conditions dominate in the system and drift speeds tend to increase. Another possible
factor suggested in the discussion was the location of the Polarstern in the Transpolar
drift (Figure 5.1). The increased drift speed do tend to increase the deformation rates
and thus the scaling exponents. Further analysis of the observed drift speeds and sea-ice
deformation would be justified for the explanation of the high scaling exponents.

The large source of error of the presented results, data filtering, should be refined
in future research to clean the filtered data with more sophisticated methodology. The
current method only filters the clearest anomalies letting large amounts of artificially
created false data into the final deformation time series. An example of such case can
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be observed in Figure 5.2, where some of the 10-minute deformation periods showing
considerably large deformation rates coincide with some of the multiple issues of the data.
The problem for subsequent filtering is that some of the deformation events cannot reliably
be distinguished from artificial anomalies in the generated deformation rate values and any
form of further filtering might dampen the observed physical phenomena. For the data is
characterized by a power tail law, i.e. larger values of the time series tend to considerably
affect the mean values, such error do tend to increase the observed levels of deformation
rates and partially increase the values of the scaling exponents. As a paper is planned
to be published of the results with more in-depth analysis, data refiltering is planned
for an increase in the data reliability and more plausible results. The advanced filtering
aims to clean the original data from missing azimuth pulses, spurious rotation symmetric
patterns, incomplete rasterization and oversized shadowed sectors in cooperation with
Dr. Mikko Lensu. Simultaneously, the temporal resolution will be increased from 10
minutes to 1 minute and the areal coverage will be widened from the circular area of
2.5 kilometres in diameter to a 3.5 × 3.5 km square. Such advancements are assumed to
decrease the presented values of the deformation time series (Figure 4.1) and to decrease
the spatial and temporal deformation scaling exponents (Figures 4.5 and 4.6), but also
to provide ship-radar data from the Central Arctic Ocean with a spatial and temporal
resolution never seen before. This should provide some new valuable information for both
the modelling and the observational sea-ice research community.

Figure 5.2: Deformation rates for each virtual buoy with 10-minute interval for a 24-hour
period. The different plots reveal some of the artificially generated high deformation rates
coinciding with the manually observed data errors. The 10-minute periods of artificially
high rates are highlighted in red.
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In the current research ship-radar imagery acquired on RV Polarstern during the
MOSAiC expedition in the winter of 2019/2020 was filtered and processed with Delau-
nay triangulation to formulate a deformation rate time series for different deformation
components and to analyze the following spatial and temporal scaling exponents. The
analysis presented information of the floe-scale deformation rates, which were compared
with SAR imagery based deformation rates. The data were filtered and processed for
the whole period of the MOSAiC to provide a seasonal analysis of the Central Arctic
Ocean in floe-scale data for time series based deformation characteristics and the spatial
and temporal deformation scaling. The methodology of the analysis was in accordance
with the generally established standards expressed in different articles published in the
past 15 years to increase the reliability of the results and provide a solid foundation for
further comparisons. Such results of large temporal extent and high spatial resolution is
yet to be analyzed for the Central Arctic Ocean in previous studies in sea-ice research and
thus the analysis is assumed to provide some essential information to the current research
of the MOSAiC events and the on-going research on sea-ice deformation scaling in the
continuum approach.

The analysis of the thesis presented the first results of small-scale ice dynamics
during the MOSAiC campaign with a focus on the description of the deformation time
series and the behaviour of the spatial and temporal scaling law exponents. The prelim-
inary analysis of the deformation time series suggested a spatial scale-dependence of the
time series when compared with a SAR derived deformation rate time series published in
Krumpen et al. (2021). Significant events in divergence and shear did not show a high
level of temporal correlation between the ship-radar and satellite imagery though high
levels of deformation rates could be seen to coincide during temporally broader events.
The event of November 2019 was observed similarly both in SAR and ship-radar imagery.
The temporally highly averaged approach utilized in the time series analysis with the high
resolution data was noted to provide only partial information on the events due to their
high level of spatial and temporal localization. Such approach was proposed for further
multiscale comparison between different observational methods.

The ratio between divergence and shear was observed to obey to the already estab-
lished dominance of shear in the Arctic with the deformation component ratio invariant
ϕ showing mean and most frequent value closely around π/2. No form of seasonal evo-
lution of the ratio was observed, which suggested the conditions of different seasons to
retain suitable conditions a half a magnitude larger rates of shear. Similarly, the probabil-
ity density function of divergence and shear was observed to demonstrate the commonly
observed power law tail, which tends to generally characterize sea-ice deformation over
scales in the continuum approach. The stability parameter η − 1 showed smaller values
than those observed in RGPS resolution scales, which was in accordance with the current
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assumption of the parameter decreasing with decreasing length scales. The power law
following the fat tail of the PDF was observed to decay over a slightly shorter range of
deformation than in previous research (e.g. Girard et al. (2009)).

The spatial and temporal scale dependencies of total deformation were analyzed
by grouping the data into nearly equally sized bins based on length scale distribution
and similarly based on different temporal intervals. The rates of total deformation were
plotted in loglog-space as a function of length scale and time resolution to provide the
scaling exponents for ε̇tot ∼ L−β(τ) ∼ τα(L). The behaviour and magnitude of both of
the scaling exponents were observed to show unexpected values in relation to the laws
established in previous work. The spatial scaling exponents exhibited significantly larger
values whereas such difference was not observed for the temporal exponents. The strange
behaviour and the large magnitude of the scaling exponents were suggested to rise from
both errors in the raw ship-radar data and a physical origin, which could be attributed
to the new ice conditions in the Arctic and the location of the expedition drift route in
the Transpolar Drift. Further filtering of the data was suggested for future analysis to
increase the reliability and compatibility of the data set. Future analysis was suggested to
include a higher temporal resolution and larger areal coverage in addition to the reduction
of the artificial anomalies.
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Appendix A. Virtual buoy trajectories

Figure A.1: Daily trajectories of the ship radar derived virtual buoys for the first half
of November. Trajectories for other months will not be presented, but can be requested
from the author personally.
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Figure A.2: Daily trajectories of the ship radar derived virtual buoys for the second half
of November. Trajectories for other months will not be presented, but can be requested
from the author personally.



Appendix B. Monthly spatio-temporal scaling figures

Figure B.1: Total deformation rate of MOSAiC presented by the spatio-temporal scaling
dependencies from February till May 2020.

54



55 Appendix B. Monthly spatio-temporal scaling figures

Figure B.2: Total deformation rate of MOSAiC presented by the spatio-temporal scaling
dependencies from June till September 2020.
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