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1 Introduction

The Arctic is a region that is undergoing major changes and is strongly affected by
climate change. It is a place where surface temperatures have increased at more than
double the global average (Thoman et al. 2020). Since 1979, a decline in Arctic sea ice
extent has been observed in every month of the year, with the greatest changes occurring
in autumn with a loss of 13.1 % per decade (September 1979-2020) (Perovich et al. 2020)
along with a decrease in ice thickness and age (Schweiger et al. 2021, Krumpen et al.
2019). The loss of sea ice with a regime shift towards younger and thinner ice results
in lower mean albedo and increased absorption of solar energy, further accelerating the
warming process. This is known as an ice-albedo feedback loop and could result in the
pole soon being ice-free in summer (Notz & Community 2020).
To understand past and future changes, information on sea ice deformation and rough-
ness plays an important role, as it influences and reflects climate variability. Roughness
is a characteristic of different sea ice types and is an indicator of ice thickness, diver-
gence, and convergence (Zabel et al. 1996, Peterson et al. 2008, Gegiuc et al. 2018). It
is also needed for boundary layer climate modeling because it affects the wind stress and
the aerodynamic roughness length (Guest & Davidson 1991, Weiss et al. 2011, Lüpkes
et al. 2012) and enhances atmospheric boundary layer turbulence, which in turn affects
turbulent energy transfer and boundary layer height (Sturm 2002, Smeets et al. 1999).
In addition, sea ice roughness in late winter was found to be the largest contributor to
the variance in ice albedo in late summer (Landy et al. 2015). Roughness affects the
lateral extent of melt ponds (Eicken et al. 2004), which have lower albedo. Thus, sea
ice roughness is also a predictive indicator of Arctic sea ice albedo. However, current
ice-ocean models are unable to capture the heterogeneity of sea ice deformation (Girard
et al. 2009). Instead, the surface roughness of sea ice is overlooked and often either ig-
nored or misrepresented by current methods (Landy et al. 2020). Taking it into account
can improve sea ice estimations and predictions.
The objective of this study is to develop a routine for deriving sea ice surface profiles
from airborne laser altimeter data and their characteristics in terms of pressure ridges
and roughness. This is based on a three-step filtering procedure by Hibler (1972), which
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has already been widely used by others. It has been used to detect pressure ridges and

to determine their height (Bing et al. 2013, Lewis et al. 1993, Castellani et al. 2014, Tan

et al. 2012, Rabenstein et al. 2010), their spacing (Bing et al. 2013, Castellani et al. 2014,

Tan et al. 2012, Rabenstein et al. 2010), as well as the height distribution (Lewis et al.

1993), density (Lewis et al. 1993, Rabenstein et al. 2010), and intensity (Bing et al. 2013,

Tan et al. 2012). In addition, surface pro�les are commonly used to calculate sea ice

surface roughness (Lange et al. 2019, Johansson et al. 2017, Bing et al. 2013, Saldern

et al. 2006, Prinsenberg et al. 2006, Lewis et al. 1993, Fors et al. 2016, Peterson et al.

2002, 2008). These parameters have been used to statistically analyze sea ice surface pro-

�les (Lewis et al. 1993), investigate the morphology and distribution of pressure ridges in

the northwestern Wedell Sea (Tan et al. 2012), improve the classi�cation of ice thickness

regimes (Saldern et al. 2006), to better understand the in�uence of sea ice topography

and pressure ridges on atmospheric surface drag (Bing et al. 2013, Castellani et al. 2014),

to distinguish between level ice and deformed ice (Lange et al. 2019), or to analyze and

characterize ice regimes of di�erent ages and di�erent deformation stages (Rabenstein

et al. 2010).

The Alfred-Wegener-Institute for Polar and Marine Research (AWI) has collected a large

data set of surface laser measurements during several aircraft and helicopter campaigns

with an EM bird over the last two decades. This data set will be analysed in the future

with regard to trends, temporal variability of sea ice surface roughness in key areas and

possible connections with important variables such as ice thickness and ice age. The aim

of this study is therefore to review previous studies and to develop a suitable method as

well as to test and improve it, which includes a comparison with airborne laser scanner

data. The method will be implemented in a processing chain that allows automated

extraction of roughness information from previous and future campaigns.
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2 The Arctic Sea Ice

2.1 The Arctic

As one of the polar regions, the Arctic is a key component of the global climate system

that interacts with the rest of the world through shared oceans, atmospheres, ecologi-

cal and social systems (Meredith et al. 2019). The Arctic, the northernmost region on

Earth, is de�ned in various forms. Climatically, the Arctic can be de�ned by the July

10°C isotherm. It is an imaginary line north of which the multi-year average monthly

mean temperature is below 10°C, even in the warmest month of the year. It encloses the

entire Arctic Ocean as well as Greenland, Svalbard, most of Iceland and the northern

coast and islands of Russia, Canada and Alaska. This boundary closely corresponds to

the northern limit of tree growth, which is used as a botanic de�nition of the Arctic.

Another common but rather simplistic and outdated method to describe the region is

the Arctic Circle at 66°33' N. It is the latitude that corresponds to the southern limit of

the midnight sun (AMAP 1998).

Within the Arctic region lies the Arctic Ocean that covers an area of15:551�106 km2 (Jakob-

sson 2002) and thus is the smallest of the world's �ve major oceans. Another approach

to geographically delimit the Arctic marine environment is the AMAP (Arctic Monitor-

ing and Assessment Programme) boundary. Thereafter, the Arctic marine area covers

20� 106 km2 and includes the Arctic Ocean, the adjacent shelf seas (Beaufort, Chukchi,

East Siberian, Laptev, Kara, and Barents Seas), the Nordic Seas (Greenland, Norwe-

gian, and Iceland Seas), the Labrador Sea, Ba�n Bay, Hudson Bay, the Canadian Arctic

Archipelago and the Bering Sea. It connects to the North Atlantic Ocean through Fram

Strait, a deep passage between Svalbard and Greenland, and via the Nordic Seas. An

additional smaller connection to the Paci�c Ocean is formed by Bering Strait (Wadhams

2014).

The Arctic climate is, due to its location, in�uenced by the strongly variable solar radia-

tion. While the Arctic region receives most solar radiation in summer, with a maximum

in June sometimes exceeding 340 W/m², it is almost completely absent in the winter

months (Serreze et al. 1998). Still, the annual amount of received radiation is less than
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in other parts of the world, which leads to characteristic cold air temperatures and a

redistribution of heat from southern regions by air and ocean currents (AMAP 1998).

The radiation imbalance thus is a fundamental driver in the Arctic climate system. It is

also the reason for seasonal changes in one of the Arctic's most important climate vari-

ables, sea ice (Meredith et al. 2019). Sea ice is a predominant feature of the Arctic that

covers large parts of the Ocean throughout the year. The extent varies seasonally with

the varying strength of solar radiation, as can be seen in �gure 2.1. An annual minimum

is reached in September with almost 4 million km² (2020) whereas in March, the annual

maximum, the sea ice covers almost 15 million km² (Perovich et al. 2020). Further its

extent varies on a interannual and interdecadal time scale due to various reasons such

as atmospheric pressure anomalies or the in�ux of Atlantic and Paci�c waters (AMAP

1998).

Figure 2.1: Average monthly sea ice extent in March (left) and September (right) 2020
that illustrates the winter maximum and summer minimum extent. The
magenta line indicates the median ice extents in March and September, during
the period 1981-2010 (Perovich et al. 2020).
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2.2 The Sea Ice Cover

2.2.1 Sea Ice Formation and Types

Sea ice is a part of the earth's cryosphere that forms due to a freezing of sea water. It

builds a solid layer made up of brine, ice crystals, air, and solid salts, which �oats on

the water surface and acts as a boundary layer between ocean and atmosphere (Marshall

2012). The freezing point in seawater and the temperature at which the water reaches

its maximum density are depressed by dissolved salts. Seawater with an average salin-

ity of 34.5 psu (practical salinity units) freezes therefore at� 1:86°C (Petrich & Eicken

2009, Marshall 2012). Both the freezing point and the temperature of the maximum den-

sity decreases linearly with increasing salinity. However, the temperature of the density

maximum decreases faster and exceeds the freezing point at 24.7 psu (Hay et al. 1998,

Wadhams 2014). Thus the density of water with a salt content above 24.7 psu increases

continuously as it cools to the point where it freezes. It is the reason why the ocean

water, whose salinity is usually above 24.7 psu, experiences thermohaline convection.

Meaning cool and dense surface water sinks and is replaced by warmer water from the

depths, which in turn is cooled. This process continues until water temperatures reach

the freezing point and sea ice forms.

Di�erent development stages of sea ice are de�ned in the Sea Ice Nomenclature by

the WMO (2014). Initially ice crystals grow under calm conditions that �oat on the

surface in the form of tiny discs with a diameter of less than 2-3 mm (Wadhams 2014)

and can break up under turbulence. Suspended in water, these ice crystals are shaped

like needles, �ne spicules and plates. That is a type of new ice called frazil ice or grease

ice. In addition to the ice, formed by the growth of ice crystals on the water surface, it

can also be formed by heavy snowfall. In that case snow saturated and mixed with water

forms a vicious �oating mass, referred to as slush ice. These types of ice can accumulate

into spongy white lumps of ice a few centimetres in size. The formation of these new

ice types builds a �rst layer on the ocean's surface that reduces the in�uence of wind

stress and heat exchange and therefore the e�ect of thermohaline mixing. Under calm

conditions and following a further freezing, the ice crystals form a thin elastic crust of ice

up to 10 cm in thickness, called nilas. Once formed, the ice eventually thickens though a

di�erent process called congelation growth where water molecules freeze on the bottom

of the ice cover. Through it sea ice in the Arctic can reach a thickness of 1.5 - 2 m

thickness in one single season (Wadhams 2014).
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Figure 2.2: Nilas that form in an area of open water (Jeremy Harbeck / NASA).

Under turbulent water conditions di�erent types of sea ice form. The dynamic environ-

ment favours the growth of frazil ice, often containing a dense suspension of it (Wadhams

2014). In this environment, the so-called pancake ice forms predominantly. It is ice com-

posed of mostly circular pieces from 30 cm - 3 m in diameter and up to 10 cm in thickness

with raised rims due to the collision of these pieces against one another. On a slight swell

it forms from accretion of frazil crystals and under more severe swells and waves as a re-

sult of breaking nilas. Later the individual pancakes eventually consolidate trough frazil

growth and congelation, forming consolidated pancake ice with an irregular and rough

surface topography (Petrich & Eicken 2009, Wadhams 2014).

Figure 2.3: Pancake ice (Peter Lemke / AWI).
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Both sea ice that has formed under calm conditions and sea ice formed in turbulent ones,

is classi�ed as �rst-year ice (FYI) as long as it is not older than one season. Its thickness

ranges between 30 cm and 2 m. As soon as ice survives more than one melting season, it

is classi�ed as multi-year ice (MYI). It is mainly found in the central Arctic ocean and in

the east of Greenland and is often thicker than 3 m and rougher compared to �rst-year

ice (AMAP 1998, Wadhams 2014).

Based on its dynamic character, the sea ice landscape can be divided into four di�erent sea

ice zones, the landfast ice, shear zone, marginal ice zone and the central pack (Wadhams

1980b, Leppaeranta 2011). Landfast ice or fast ice occurs along the entire rim of the Arctic

Ocean and in Subarctic regions (Wadhams 1980b). It is de�ned by the WMO (2014) as

sea ice that forms and remains fast along the coast where it is attached to the shore or

between shoals or grounded icebergs. According to Barry et al. (1979) it consists of an

inner zone, the bottom fast including the ice foot near the beach, and an outer zone made

of �oating fast ice beyond the 2 m isobath. Fast ice di�ers from other sea ice by three

factors. First, it remains relatively immobile for a period of time near the coast; second,

it extends seaward from the coast as a continuous sheet of ice; and third, it is grounded

or forms seaward a continuous sheet of ice to a zone of grounded ice (Barry et al. 1979).

This sea ice zone goes through an annual cycle of formation, growth and expansion during

the winter and the decay during spring where the ice breaks up, drifts away and exposes

open water. The formation and growth of ice during the winter continues seaward where

it eventually encounters the moving pack ice (Wadhams 1980b).

Figure 2.4: Fast ice in the Davis Strait, Ba�n Island, Canada (Russell Hood / ARCUS).
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Under onshore winds the pack ice will be driven towards the coast and deform the fast

ice sheet. The result is an irregular relief composed of ice blocks that can pile up and

form pressure ridges. These pressure ridges can grow large enough to become grounded

to the seabed if the pressure exerted by the pack ice is high enough. Grounded ridges

may also originate from the pack ice itself and be incorporated into the fast ice sheet.

They form anchoring points, which stabilize the fast ice and can have a scouring e�ect

on the seabed (Wadhams 1980b). A typical winter formation of landfast ice thus consists

of a smooth inner ice sheet, which with increasing distance from the coast more often

also includes �oes and ridges, and �nally the outermost zone, which consists of heavily

deformed ice. It is sometimes separated from the shear zone, the adjacent sea ice zone of

the moving pack, by a �aw lead (Wadhams 1980b). This is a narrow band where pieces

of ice are in a chaotic state that forms when drift ice shears along the fast ice edge.

The shear zone forms when the pack ice moves against a �xed boundary of either land

of landfast ice. The motion results in an area with widths up to 200 km (Leppaeranta

2011) composed of highly deformed ice with an ridging intensity often higher than that

in the open ocean (Wadhams 1980b). It, together with landfast ice, forms a boundary

oriented towards the coast.

Figure 2.5: Marginal ice zone in the Barents Sea (worldview.earthdata.nasa.gov
17.04.20).
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The boundary towards the open ocean is marked by the marginal ice zone (MIZ). It is the

region of an ice cover that is a�ected by incoming waves and swells from the open ocean.

The ice responds to the in�uence by bending until the stress is too high and it fractures,

relieving �exural stress and breaking into smaller �oes (Wadhams 1980b). The depth of

penetration to which waves can fracture ice to create �oes is taken to be the width of the

MIZ (Wadhams 2014). The ice at the outermost edge is most a�ected by the open ocean

and therefore the place where the smallest ice �oes are found. Larger �oes can be found

further away from the edge where the ice is partially protected. By this theory, the �oe

size should increase with the distance to the edge. In reality the gradation to large �oes is

not continuous and often banding can be observed where belts of smaller �oes are found

between belts of larger �oes (Wadhams 1980b). The high temporal and spatial variability

of ice conditions and its intense air-ice-sea interactions are the main characteristics of

the MIZ. Wind blowing towards the ice edge from the open sea compresses the MIZ ice

�eld. It leads to an compact ice �eld with a sharp outer boundary of small fragments.

In comparison, the MIZ is di�used as a result of wind blowing away from the edge and

compact ice bands are formed that are separated by open water. And lastly, the central

pack ice zone, often referred to as drift ice, is located within the MIZ boundary. It is free

from direct in�uences originating from the borders. The extent of the pack ice depends

on the basin itself and is therefore only found in large seas (Leppaeranta 2011).

2.2.2 Sea Ice Surface Features

The Sea Ice landscape is not an uniform sheet of level ice, but rather it is very complex

and composed of various structures, some of which are presented here in an overview.

One fundamental part of the sea ice cover are ice �oes. An ice �oe is de�ned as any

contiguous piece of sea ice, with di�erent size classes of small to medium, big, vast and

giant with a diameter of 20 m to 100 km in diameter. These �oes can move and collide

with each other and form pressure ridges, which are de�ned as a linear wall of broken ice

along a fracture line forced up by pressure. Ridges consist of a keel, the part below the

water surface, and a sail, the part above, and will be discussed in more detail in section

2.4.1. In case of long and lasting pressure, they can merge into rubble �elds, areas of

extremely heavily deformed sea ice of unusual thickness with deep ridges and randomly

scattered and tilted ice blocks. Similar to ridges are hummocks. These are composed of

broken ice and �oe pieces that have been forced up by pressure but without a longitudinal

extension. Rather, they form hills of ice blocks as they experience pressure from more

than one side (WMO 2014).
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Other common features of the sea ice landscape are leads and polynyas. They are open-

ings of the ice cover and regions of open water and/or reduced ice extend. A lead is

any fracture or passage-way through sea ice which is navigable by surface vessels (WMO

2014). They are linear features opened by forces of wind or ocean currents up to a couple

of metres to a few kilometres wide and tens of kilometres long (Thomas & Dieckmann

2009). The highest density of leads can be seen in early winter and is associated with

large-scale �elds of ice divergence and shear (Willmes & Heinemann 2016). In winter,

when the temperatures between the atmosphere and the water di�er greatly, they will

refreeze quickly or otherwise can be closed again by the movement of the ice (Barry &

Gan 2011).

Figure 2.6: A lead created by wind that causes the ice to drift apart, exposing open water
areas where new sea ice can form (Stefan Hendricks / AWI).

A polynya is any non-linear shaped opening enclosed in ice (WMO 2014). They are either

persistent or recurring, often at �xed geographical locations, and can reach tens to tens

of thousand square kilometres (Wadhams 2014). Commonly, two types of polynyas are

distinguished, the sensible-heat polynya and latent-heat polynya. Sensible-heat polynyas

are thermally driven through convection and typically formed in regions of upwelling,

strong vertical mixing or strong interactions between ocean currents and topographic

features. Here, the sensible heat content of the surface waters are reduced because heat

is transferred from the ocean to the atmosphere. The �ux of warm water to the surface
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prevents ice formation and at the same time limits the area of this polynya (Wadhams

2014). Latent-heat polynyas are mechanically driven through ice-divergence and form

through o�shore winds along coastlines or down winds or currents of land-fast ice, glacier

tongues or grounded ice bergs. Here, latent heat is removed from the water, which allows

the oceanic water to form new ice that is again mechanically driven away (Thomas &

Dieckmann 2009).

Furthermore, the morphology of the sea ice surface is in�uenced by its snow cover. At

the end of winter its thickness averages between 30 and 40 cm with local variation (Barry

& Gan 2011). After a snowfall, winds can cause redistribution of snow and erosion of

the sea ice surface. The result is a heterogeneous distribution of snow thickness that

can increase the surface topography, especially on level ice (Barry & Gan 2011). It

accumulates preferentially in snowdrifts and downwind of morphological features (Sturm

et al. 1998), such as ridges, and can locally exceed 1 m in thickness (Barry & Gan 2011).

On the other hand, snow can reduce the roughness of the ice surface and smooth it by

drifting in and around of rough sea ice structures (Sturm et al. 1998). On a small scale

the snow relief is classi�ed into three di�erent types (Goodwin 1990). First, stationary

depositional features form during precipitation from wind transported snow, such as dune

�elds. Second, redistributional features form as a result of the erosion of depositional

features, such as sastrugi. These can be described as sharp and irregular ridges, which

are aligned with the wind direction (Warren et al. 1999). Usually sastrugi reach heights

of 0.3 m and in extreme cases they can be up to 2 m tall (Goodwin 1990) And lastly

the relief contains erosional features form from the long-term exposure to winds. These

can be glazed surfaces, which consist of a single snow-grain thickness layer cemented by

a thin �lm of ice that is created by the kinetic heating under a constantly strong wind

�ow (Goodwin 1990). An then in late May - June the snow melts until July when most of

it is gone. The melt water accumulates on the sea ice surface in meltponds and gradually

forms an interlinked network (Barry & Gan 2011). Their extent is in�uenced by the

surface roughness. Melt water on smooth ice can spread laterally, which results in larger

ponds. On rougher surfaces, the melt water accumulates in crevices and in between

roughness features, thus is spatially con�ned (Nolin & Mar 2019). The variability of

melt ponds is the highest at the beginning of the melt season with 5 - 50 %. As melting

progresses, the extent of melt ponds increases, while their extent often decreases on

thicker, older ice due to drainage. This is important because melt ponds on sea ice

greatly reduce albedo and lead to a positive ice-albedo feedback (Landy et al. 2015).
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2.3 Sea Ice in Motion

2.3.1 The Momentum Balance

Most of the sea ice covering the Arctic is almost constantly in motion, a�ecting the ice

sheet and changing the morphology of the sea ice. As a result, features such as ridges,

leads, and polynyas are formed. This movement can be described by the momentum

balance (Wadhams 2014). It considers the forces acting on a unit of the ice cover.

Mass � Acceleration = Air Stress+ Water Stress+ Coriolis Force+ Internal Ice Stress (2.1)

M � a = � a + � w + � c + � j + � t (2.2)

Thorndike & Colony (1982) found that sea ice moves on a time scale of one day or longer

primarily in response to local winds and ocean currents. Thus, the most important

driving forces for sea ice drift are air and water stress. Both contribute equally to ice

movement over the long term (several months). Only on a shorter time scale (days to

months) does wind contribute more than 70 % of the velocity in the central Arctic Ocean.

The Coriolis force exerts the least in�uence on ice motion. It is the force that directs sea

ice, icebergs, ocean currents, and global winds in the Northern Hemisphere to the right

due to the Earth's rotation.

Figure 2.7: The major forces of drifting sea ice in the northern hemisphere (Leppaeranta
2011)
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Another force acting on sea ice comes from the tilt of the ocean surface. This force

arises because the height of the sea surface is partially di�erent from that of the geoid.

The geoid de�nes the surface on which the gravitational potential is constant. Thus, a

tilt of the sea surface causes a horizontal pressure gradient that attempts to move the

surface water and may a�ect the movement of sea ice to a small degree. And �nally,

the internal ice stress contributes to the momentum balance. The force develops when

the ice experiences pressure transmitted through the surrounding ice sheet. The internal

stress is the sum of the variable environmental stresses acting on the ice, as well as the

rheology (the way the ice as a material responds to di�erent types of stresses), strength,

and thickness distribution of the ice sheet. In a state of free drift, the factor of internal

stress is negligible. However, it plays an important role in close pack ice or enclosed seas

and channels (Wadhams 2014).

2.3.2 Air Stress and Roughness

It could be observed that the wind stress acting on the surface of sea ice is proportional to

the square of the wind speed relative to the surface (Wadhams 2014). This relationship

is expressed by the constant of proportionality called drag coe�cient. It is a function of

the surface roughness (Banke et al. 1976) and thus important to model the response of

sea ice in the wind �eld. The atmospheric drag over sea-ice can be expressed as

� a = � au2
� = � aCdn (z)U2(z) (2.3)

with the air density � a, the friction velocity over sea iceu� , the average wind speedU

and the air-ice drag coe�cient Ca at the reference heightz (10 m for wind measurements

are recommended by the WMO) (Wadhams 2014).

It is a common approach to divide the drag coe�cient into coe�cients for small and

large scale roughness (Arya 1973, 1975, Banke et al. 1976). The skin friction drag forms

on top of undeformed ice whereas the form drag is a result of larger obstacles on the ice

surface, i.e. pressure ridges, rafted ice, and vertical �oe edges (Wadhams 2014). Several

attempts have been made to relate the air-ice drag coe�cientCa to the measurable and

variable surface roughness. Banke et al. (1976) suggested the equation

Ca = C10 + ( Cf hn=2) (2.4)
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where the skin friction drag coe�cient C10 varies between 0.0013 and 0.0021 for various

surfaces and the form drag coe�cient Cf ranges between 0.3 and 0.4 depending on the

age of pressure ridges. The variation of the drag is thus largely determined by the the

mean ridge height h and the number of ridges n.

Wadhams (2014) commented that this approach is too simplistic. First of all, undeformed

ice can be subject to strong roughness variations as well and cannot be assumed more

or less constant. This is the case especially for pancake or multi-year ice. Moreover, it

is di�cult to identify individual ridges on heavily deformed sea ice such as rubble �elds.

Furthermore, ice in the marginal ice zone has a higher drag coe�cient due to �oe edges

that can vary quickly when �oes break into smaller pieces. And lastly, he commented

that the equation lacks information about the stability of the near-surface wind �ow.

This is because the air temperature compared to that of the sea ice has an in�uence on

the development of surface drag. It is therefore very di�cult to de�ne generally valid

values. However, from air-ice drag coe�cients given in Guest et al. (1995) it can be said

that grease ice, nilas and small pancake ice accounts for the smallest drag coe�cient.

They even o�er a smaller surface for wind stress than open water. Multi-year ice mostly

has higher drag coe�cients than �rst-year ice. However, all drag coe�cients can vary

strongly between a smooth and rough surfaces. Another attempt to the in�uence of

roughness is given by Arya (1975), who suggested that the total wind drag could be

written as the sum of the skin friction drag SD and the form friction drag FD .

� a = FD + SD (2.5)

with

SD = (1 � mR i )� 0 (2.6)

whereRi is the ratio of the mean ridge height h and the mean ridge spacing s, m = 20, and

where � 0 is the skin friction over sea ice without pressure ridges. Arya (1975) formulates

the total form drag under the assumption based on Hibler et al. (1972), that ridging

is homogeneous and isotropic in a given areas and that pressure ridges are randomly

orientated and thus can be characterized by the mean ridging densityRD (total length

of ridges per unit area).

FD =
RD

�

1Z

h0

CDh �U 2
h hP(h)dh (2.7)
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Here isCDh the form drag coe�cient, P(h) the probability density function of the ridge

height and h0 the lower cut-o� height. By specifying the cut-o�, surface elevations that

contribute mainly to the surface friction and surface elevations that contribute to the

form drag can be di�erentiated.

2.3.3 Large Scale Drift Pattern of Sea Ice in the Arctic

In the Arctic, the drift of sea ice is mainly in�uenced by two major wind patterns (Tim-

mermans & Marshall 2020). One is the Beaufort High with anticyclonic tendencies,

centred above the Canadian Basin. The other one is the Icelandic Low with cyclonic

tendencies in the Eurasian Basin, centred outside of the Arctic basin between Iceland

and southern Greenland. They are drivers for the two major drifts: the Beaufort Gyre

and the Transpolar drift stream.

Figure 2.8: The Arctic Ocean and the two major drift systems, the Beaufort Gyre and
the Transpolar Drift (right, (AWI 2019)) and the mean annual sea-ice drift
(left, NSIDC).

The Beaufort Gyre is the dominant upper-ocean circulation in the Canadian Basin where

ice typically takes 7 - 10 years to complete one circuit (Wadhams 2014). The Transpolar

drift stream is a �ow of ice and water from the coast of Siberia across the Arctic to

the North Atlantic via the east cost of Greenland, where it exits the central Arctic

Basin. Ice in the Transpolar drift system can be transported up to three years and hence

leaves the Arctic more quickly. This route through Fram Strait is where most of the

ice leaves the Arctic basin and the biggest water and heat exchanges occurs (Wadhams
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2014, Thorndike 1986). Both drift �elds are under various in�uences, e.g., changes in

the atmospheric circulation structure. With these in�uences the position and intensity

of drift �elds vary from year to year. This variation in turn e�ects conditions like melt

and ice growth and the redistribution of ice in the Arctic Basin as well as its removal

through Fram Strait (Volkov et al. 2020).

2.4 Deformation

Sea ice is in�uenced by thermodynamic and dynamic processes. Thermodynamic pro-

cesses e�ect the growth and decay of sea ice systematically over large areas through

freezing and melting. The result is most often smooth level ice with a thickness of a few

millimetres to an equilibrium thickness of 2-2.5 m (Maykut & Untersteiner 1971). Much

thicker ice can be reached through dynamic processes, which deform sea ice and occur

locally. This deformation of ice is caused by the drift of sea ice (Marshall 2012). The

movement of ice is not regular but reacts quickly to changes in the local wind. In a model

presented by Hibler et al. (1992) sea ice reaches a steady drift state within an hour after

applying the wind force. The fast reaction and displacement of sea ice in the wind �eld

can be also seen in drift tracks of single ice �oes with the randomness of a "drunken

march" (Colony & Thorndike 1985). It leads to a motion of ice that can be divided

into three di�erent types: divergence, convergence, and shear. Divergence is a dispersive

motion that can reduce the ice thickness and relieve stress in the ice cover. It is the

cause for openings of the ice cover and formation of leads and polynyas (Marshall 2012).

Convergence, by contrast, is a compacting motion that can increase the ice concentration

and produce stress. The third type is shear, which comes from ice moving in signi�cantly

di�erent directions. The convergence and shear movements cause the deformation of the

sea ice. The main deformation processes listed by the WMO (2014) are rafting and

ridging. Rafting takes place if the ice is thin and elastic enough that it doesn't break

under pressure and �oes remain intact while sliding on top of each other. With growing

thickness, the ice becomes less elastic and breaks up under the compressive forces. In

that case, ice blocks pile up along the fracture zone and form a pressure ridge. Other

deformation processes listed by the WMO (2014) are fracturing, hummocking, shore ice

ride-up and weathering. Fracturing is described the initial deformation process where

the ice deforms permanently under pressure and hummocking is the pressure process by

which sea ice is forced into hummocks. Furthermore, sea ice that is subject of shore ice

ride up is pushed on land or other structures. Finally, the process of weathering leads to

a ablation where irregularities on the sea ice surface are eliminated gradually.
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2.4.1 Sea Ice Ridges

The presence of pressure ridges is important for several reasons. First, they are an im-

portant factor in the mass balance of sea ice because they contain a large fraction of

the mass of the ice sheet. Depending on the degree of deformation, pressure ridges can

account for 30-80% of the total ice volume (Wadhams 2014). In addition, their height

and spatial distribution is related to the average regional ice thickness. Therefore, this

information could contribute to the development of methods for determining ice thickness

from remote sensing data based on ice roughness (Wadhams et al. 1992). Moreover, the

momentum and heat transfer between the atmosphere and sea ice depends strongly on

the aerodynamic roughness of the sea ice and pressure ridges, i.e., their height, mean dis-

tance, and intensity (Arya 1973). For ice engineering, ridges are important because they

are associated with the highest ice loads on structures within �rst-year ice �elds, scour

the sea�oor, and a�ect conditions for navigation and tra�c on the ice (Leppaeranta 2011).

Figure 2.9: A large pressure ridge (NASA).

Ridges are the most important morphological feature of the sea ice surface, along with

minor snow drifts and other roughness features (Tan et al. 2012). Pressure ridges are

the result of high pressure created when ice �oes collide or are compressed and cannot

withstand the stress. They are distinguished from shear ridges, which are the result of

extensive shearing between ice �oes and typically occur at the boundaries between fast ice

and the moving pack ice (Kovacs 1970). The accumulated ice blocks can freeze together
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