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CHAPTER

INTRODUCTION

“White men think of ice as frozen water, but Inuit think of water as melted ice.
To us, ice is the natural state”

—Nukapinguagq, Inuit hunter (Kobalenko, 2002).

Water has several properties that make it a unique and exceptional material in
many regards. For example, all three states of matter can be found in natural con-
ditions. Due to the presence of hydrogen bonds, water has one of the highest heat
capacity of all liquids and very high latent heat of evaporation and fusion. At atmo-
spheric pressure, water density increases with decreasing temperature until 4 °C,
like any other liquid. But below this threshold temperature, the water molecules
begin to form hexagonal crystals, resulting in a decrease of the density which fur-
ther undergoes a strong shift when ice forms. In consequence, its solid phase is
less dense than its liquid phase and ice floats on water. Without this fundamental
characteristic, one would not know sea ice. According to the World Meteorologic
Organization, sea ice is any form of ice found at sea which has originated from the
freezing of sea water.

During the sea ice formation, salt and impurities can hardly be incorporated
into the crystal lattice and are dissolved in liquid inclusions. Sea ice is thus a two-
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phase, four-components material: it is made of pure freshwater ice with brine in-
clusions, air pockets, and solid salt deposits (e.g., Weeks and Ackley, 1986). Sea ice
constitutes an unexpected habitat of life: algae, bacteria, viruses and other micro-
organisms survive at very low temperatures in the complex networks of brine cha-
nels and at the ice surface and bottom (e.g., Palmisano and Garrison, 1993; Staley
and Gosnik, 1999; Lizotte, 2003). To protect them from cold winters, bacteria have
developed the aptitude to synthesize fatty materials (EPS: extracellular polymeric
substance, Krembs et al. (2002)).

As an echo to the Inuit point of view, most of the water in the Solar System is in
solid phase (Deming and Eicken, 2007). Like sea ice, ice is rarely pure and impu-
rities trigger the presence of liquid inclusions that could potentially host microor-
ganisms, a domain of research actively investigated by astrobiology. Another as-
trobiological field of inquiry concerns viruses. These bacteriophages are the vector
of “horizontal” transfer of genes (in contrast to vertical —parent-to-child- transfer),
raising the question of their role in the evolution of life (Deming and Eicken, 2007).
Understanding the physics and biology of sea ice is hence mandatory to investigate
possible extraterrestrial life in frozen environments (e.g., Europa, Mars, Titan) and
constitutes one of the many motivations to study sea ice.

Seaice in the climate system

Volumetrically, sea ice is insignificant compared to the total volume of water in
the World Ocean (roughly 0.004%, Weeks (2010)). In extent though, sea ice covers
about 4.5% of the Earth surface and 7% of the ocean surface, on annual average. Itis
the natural barrier that sea ice constitutes between the atmosphere and ocean that
makes it a key component of the high-latitude climates (e.g., Serreze et al., 2007). In
regions where the incoming solar radiation at the top of the atmosphere is higher
during local summer than elsewhere on Earth (e.g., Wallace and Hobbs, 1977), most
of the downwelling shortwave radiation is reflected due to the high snow and ice
albedos (e.g., Perovich et al., 2002). Due to its low thermal conductivity, sea ice fur-
ther insulates the relatively warm ocean waters from the cold atmosphere. The ice
cover hence drastically limits heat, momentum and water mass exchanges between
the low atmosphere and the upper ocean. Moreover, the salt rejected into the un-
derlying water during sea ice formation takes an important part in high-latitude
oceanic convection and thus in the global thermohaline circulation (e.g., Aagaard
and Carmack, 1989). All these interactions illustrate the complex role played by sea
ice in the climate system. In particular, the ice-albedo feedback (Ebert and Curry,
1993) is considered to be largely responsible for the high sea ice sensitivity to cli-
mate change, as highlighted by simulations with climate general circulation mod-
els (CGCMs) on the one hand (e.g., Manabe and Stouffer, 1980; Holland and Bitz,
2003), and by the acceleration of the recent decline of the Arctic sea ice cover on the
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other hand (Stroeve et al., 2011). Nevertheless, recent comparisons between CGCM
simulations (e.g., Holland and Bitz, 2003; Arzel et al., 2006; Zhang and Walsh, 2006;
Lefebvre and Goosse, 2008) plead for the need to improve our understanding of sea
ice and its representation in climate models.

Sea ice has been given growing media coverage over the last decade due to the
repetition of Arctic sea ice extent minima (Stroeve et al., 2005; Comiso et al., 2008;
Stroeve et al., 2008; Kwok et al., 2009), initiating a transition phase to a summer ice-
free Arctic Ocean. More importantly, this decrease in extent has been coupled with
a decrease in the ice volume and ice age. Observations based on upward-looking
sonar onboard submarines (ULS, Rothrock et al. (1999); Wadhams and Davis (2000))
have shown that the ice draft (the component of the ice thickness that is submerged
under the sea) has lost about 40% between the mid-seventies and the mid-nineties.
Recently, helicopter-borne electromagnetic thickness measurements indicate a loss
of up to 53% between 2001 and 2007 (Haas et al., 2008). Regarding the ice age,
within the central Arctic Basin for example, 57% of the ice was 5 or more years old
in 1987 (25% at least 9 years old) while, by 2007, the fraction of 5 or more years old
shrank to 7% and no very old ice survived (Maslanik et al., 2007). Nowadays, an
increasing fraction of the Arctic Ocean is thus covered by thin, first-year ice that is
more sensible to summer melt and is associated to another facet of the ice-albedo
feedback: more open water leads to more solar heat absorbed, which results in
more melting and more open water (Perovich et al., 2007, 2008).

The need for unstructured grids

In order to study and understand the behavior of sea ice, numerical sea ice mod-
els have been developed since the early seventies. The first detailed sea ice model
is the one presented by Maykut and Untersteiner (1971) and deals with vertical
heat transfers —the so-called thermodynamic component. In the mid-seventies,
intense efforts have been dedicated to the modeling of dynamical processes (e.g.,
Coon et al., 1974; Pritchard et al., 1976; Hibler, 1977). Since then, numerous im-
provements have been achieved in sea ice modeling, regarding thermodynamics
(e.g., Bitz and Lipscomb, 1999; Notz and Worster, 2006; Flocco and Feltham, 2007;
Vancoppenolle et al., 2007), dynamics (e.g., Schreyer et al., 2006; Wilchinsky and
Feltham, 2006; Coon et al., 2007; Sulsky et al., 2007; Weiss et al., 2007; Girard et al.,
2011) or numerics (e.g., Hunke and Dukowicz, 1997; Lipscomb and Hunke, 2004;
Lemieux et al., 2010). Sea ice models are further included in climate models to in-
vestigate the interactions between sea ice and the other components of the climate
system, understand the past variations of the sea ice cover and project its future
evolution in the framework of IPCC! assessments.

LIPCC stands for Intergovernmental Panel on Climate Change.
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Figure 1.1: Finite element mesh of the Arctic with a close-up of the Canadian Arctic
Archipelago. The domain extends north of the parallel 50 degrees North. The mesh contains
17053 triangles and 10505 nodes and its resolution varies from 10 to 400 km.
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Sea ice models have traditionally been based on structured grids and finite dif-
ference schemes due to their ease of implementation and widespread use. These
algorithms have also the advantage of being very fast. However, structured grids
lack geometrical flexibility because the grid is an image of the coordinate system.
There exists alternative numerical methods to solve differential problems. In this
thesis, we will focus on the finite element method (FEM). The FEM has in com-
mon with finite differences (FD) the computation of approximate values of the so-
lution at some particular points (nodes) of the computational domain. But where
FD discretize the differential operators, the FEM is based on the discretization of
the fields, on which the differential operators are applied. The discretization relies
on the choice of interpolation functions, allowing to derive the solution at any po-
sition from the nodal values. Finally, the mesh divides the domain of the problem
in small entities (Fig. 1.1).

Finite element methods have been proposed at the onset of sea ice modeling.
In the framework of the AIDJEX project (Arctic Ice Dynamics Joint Experiment),
Mukherji (1973) was the first to make use of a finite element method code for its ap-
titude to simulate the crack propagation in sea ice. A few years later, Becker (1976)
introduced the guiding lines of the method and asserted: “Because of their general-
ity and widespread use, finite element techniques seem a worthwhile alternative to
the difference scheme. |[...] The ease with which finite element techniques can be used
to model complicated shapes with arbitrary variation in the mesh spacing is likely
to be the motivating factor leading to any such use.”. In the early eighties, Sodhi
and Hibler (1980) used in a pioneer study an unstructured grid along with a finite
element method in order to resolve the ice drift in the complex region of Strait of
Belle Isle. Another work investigating the finite element method in sea ice model-
ing was held by Thomson and McKenna (1988). They performed a comprehensive
comparison between different constitutive laws for Eulerian and Lagrangian de-
criptions in order to model the short-term ice motion in the Beaufort Sea. Over the
last decade, many efforts have been directed towards the implementation of un-
structured meshes in sea ice modeling (Schulkes et al., 1998; Yakovlev, 2003; Wang
and Ikeda, 2004; Sulsky et al., 2007). Recently, Timmermann et al. (2009) success-
fully performed a run on a global configuration with a coupled ice-ocean model.

Unstructured meshes have among others the advantage to avoid the pole sin-
gularity and related stability problems (Williamson, 1979) and to represent in a
more accurate fashion coastlines (e.g., Adcroft and Marshall, 1998; Legrand et al.,
2006). But with their natural ability to locally increase the mesh resolution, unstruc-
tured meshes propose above all an alternative framework to capture the complex
oceanic areas formed by coasts and islands. They are also particularly well designed
for multi-scale problems: the mesh resolution can be increased where and when
needed. The mesh design can also be based upon the bathymetry (Gorman et al.,
2006; Legrand et al., 2007), or any given field (Legrand et al., 2000).
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Motivation for this thesis

This thesis falls within the framework of the SLIM? project. This project aims at
developing a coupled sea ice-ocean model based on the finite element method and
unstructured grids. The ocean model solves the shallow water equations by means
of the discontinuous Galerkin finite element method. It features a 1D river model,
2D depth averaged model and a full 3D model (de Brye et al., 2010; Blaise et al.,
2010; Comblen et al., 2010a). The model is the result of the collaboration between
the entities of Applied Mechanics (MEMA) and the G. Lemaitre Institute of Astron-
omy and Geophysics (ASTR) at the Université catholique de Louvain (Louvain-la-
Neuve, Belgium).

For more than a decade, ASTR has been at the leading edge of sea ice model-
ing. LIM3 was originally a large-scale dynamic-thermodynamic sea ice model de-
veloped by Fichefet and Morales Maqueda (1997). The first coupling effort was due
to Goosse and Fichefet (1999) before LIM was coupled to the French ocean model
OPA* (Timmermann et al., 2005). Recently, a new version of the sea ice model has
been released (LIM3, Vancoppenolle et al. (2009)) with major improvements. In
order to account for unresolved variations in ice thickness, several thickness cat-
egories have been included in the model. A new multi-layer halo-thermodynamic
component incorporates an explicit representation of brine entrapment and drain-
age, as well as the impact of brine on sea ice growth and decay. LIM3 is part of the
NEMO? ocean modeling system and is used in numerous laboratories involved in
climate studies and operational oceanography.

This thesis is dedicated to the development of the sea ice component of the SLIM
model, and as such lies between the worlds of sea ice modeling and applied me-
chanics. The key developments that constitute this work are associated to realistic
applications. They can be summarized as follows:

* What are the advantages of using finite element methods for sea ice mod-
eling? Associated to unstructured meshes, the finite element method un-
doubtedly yields large geometrical flexibility to represent coastlines and cap-
ture narrow straits (Fig. 1.2). Contrary to finite differences, finite element
methods do not need a global coordinate system to define the discrete differ-
ential operators. Instead, the combined use of a local coordinate system on
each element and suitable changes of variable enable to express partial dif-
ferential equations on curved surfaces (Comblen et al., 2009). In particular,

2Second-generation Louvain-la-Neuve Ice-ocean Model, http: //www.climate.be/SLIM.
3Louvain-la-Neuve sea Ice Model, http: //www.climate.be/LIM.

40OPA (Océan Paralléllisé) was developed at LOCEAN, Université de Paris VI, Paris, France.
5NEMO stands for Nucleus for European Modelling of the Ocean.
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this method circumvents the pole singularity issue arising when the numeri-
cal grid is based on a geographical coordinate system.

RRRREDK
VA‘@% 4
T

Figure 1.2: Finite element mesh of the Canadian Arctic Archipelago. From left to right, the
coast resolution is increasing (75 km, 40 km and 10 km, respectively). The mesh resolution
is also increasing: 40 km, 20 km and 10 km.

* What is the impact of resolving the narrow straits of the Canadian Arctic
Archipelago for sea ice modeling? The complex area formed by the numer-
ous islands and coastlines in the Canadian Arctic Archipelago (CAA, see Fig.
1.1) presents a natural application for unstructured meshes. The straits con-
stitute an important pathway for the cold waters from the Arctic Ocean to the
Atlantic. This area is also currently being of strong economical importance
and political interest in the context of the possible opening of the Northwest
Passage during summer months in the coming decades. Clearly, modeling
sea ice in the CAA is challenging and involves many scales: its ice cover char-
acteristics are influenced by the proximity of the Arctic Basin, which is itself
dependent on the World Ocean circulation; on the other hand, small scales
involve static arches formation and landfast ice, which play a key role in the
ice circulation of the area. In a first study of the CAA (Lietaer et al., 2008), we
have shown that, on average, the sea ice volume in the CAA represents a non-
negligible 10% of the total sea ice volume in our model (Fig. 1.3). The CAA
does thus matter in terms of the Arctic sea ice mass balance.

e What are the interest and potential applications of developing a Lagrangian
sea ice model? The Lagrangian description offers several attractive advan-
tages such as the easy tracking of free surfaces or the direct access to the
material deformation history. At least two natural applications arise from a
Lagrangian sea ice model: first, this approach can be particularly efficient to
track the ice edge, which can be especially useful to operational oceanogra-
phy. Second, it reveals an appropriate tool to develop new sea ice rheologies
since the non linear advection term is naturally handled and the computa-
tion of the rheological contribution to the momentum equation is simplified
as we follow material points.
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Figure 1.3: Left: close-up view of the mesh in the CAA. Right: seasonal cycles of the Arctic sea
ice volume with (solid) and without (dashed) the contribution of the CAA. All the elements
included in the blue triangle in the left figure are considered being part of the CAA.

* What can be gained from mesh adaptivity? Dynamic mesh adaptivity de-
livers a mean to increase the mesh resolution where and when it is needed
in the domain. Is it particularly powerful for very transient processes with
strong gradients. In practice, mesh adaptivity follows a criteria that can take
several forms: error estimator, field isovalue, predefined mesh size field dis-
tribution, ... As far as sea ice is concerned, this high mesh flexibility could be
used to better resolve the ice edge or regions of strong deformation.

* How sea ice age can be modeled and what is the influence of the ice age
definition on the results? The sea ice age is an interesting diagnostic tool
because it may provide a proxy for the sea ice thickness and is easier to infer
from observations than the sea ice thickness. Remote sensing algorithms and
modeling approaches proposed in the literature indicate significant method-
ological uncertainties, leading to different ice age values and physical inter-
pretations. The Lagrangian sea ice model is a nice modeling tool to compare
in the same framework different sea ice age definitions and analyze their im-
pact on the age values.

However, the use of unstructured grids for sea ice modeling still faces several
constraints that currently limit their widespread use. The main limitation comes
from the higher computational time compared to structured grids. Indeed, the use
of unstructured grids is associated to more complex (thus more expensive) numer-
ical methods and suffers from the Courant-Friedrichs-Lewy (CFL) condition: in ex-
plicit methods, the time step must be smaller than the travel time of the fastest
physical process over the smallest space increment. In other words, when the mesh
is refined, the time step has to be decreased in accordance with the CFL condition.
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On the other hand, as the mesh is refined, some physical parameterizations need to
be updated accordingly. Indeed, model subgrid-scale parameterizations take into
account unresolved processes at a given spatial resolution. With the resolution of
smaller scales comes the need to update these parameterizations accordingly. In a
certain sense, the Lagrangian model developed during this thesis constitutes a nice
numerical laboratory to study new rheologies or new physical parameterizations.
This is certainly one of the most attractive applications of the model. The different
limitations mentioned above explain why unstructured grids are not yet general-
ized in current ocean and sea ice models and demonstrate that there is still large
efforts and research to be done before it can be achieved successfully.

Structure of the thesis

In Chapter 2, we focus on vertical heat transfer in sea ice and the common hy-
potheses and general principles of a thermodynamic model are delivered. In order
to investigate the vertical age profile in sea ice, we propose a vertically-variable sea
ice age definition. An analytical solution is derived in a simplified setup and two
numerical methods to solve the age equation are proposed. Both methods are val-
idated against the analytical solution and finally applied to a stand-alone thermo-
dynamic sea ice model of the Arctic.

In order to resolve the ice circulation in the Arctic, the equations for ice dynam-
ics are derived in Chapter 3 and the principles of the finite element method are
introduced. The discretization of the sea ice momentum equations leading to the
algebraic system is described. The sea ice model is validated against satellite and
buoys measurements and the influence of closing the narrow straits of the Cana-
dian Arctic Archipelago in the numerical simulation is investigated. In particular,
we show that the annual mean ice export towards Baffin Bay is not negligible and
may play an important role on the convective overturning in the Labrador Sea.

In Chapter 4, we develop a Lagrangian, adaptive sea ice model allowing the com-
putational grid to move with the ice drift. In order to maintain a good quality of the
mesh, the mesh has to be adapted during the simulation, involving particular mesh
adaptation techniques. When the mesh is adapted, the fields have to be updated
accordingly. Based on a discontinuous representation of the fields, we use a local
Galerkin projection based on the geometrical mesh intersection of the source and
target mesh elements. The mesh adaptation and field update methods are vali-
dated on standard benchmarks. Finally, the Lagrangian model is run on the Arctic
Basin and different ice age definitions are implemented in the model and com-
pared.

Conclusions and perspectives are eventually proposed in Chapter 5.
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THERMODYNAMIC PROCESSES:
THE VERTICAL AGE PROFILE IN SEA ICE

This Chapter reproduces an updated version of the following paper:
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V. Legat. The vertical age profile in sea ice: theory and numerical results. Ocean
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Summary

Changes in the surface energy budget shape the seasonal cycle of ice thick-
ness. The sea ice age is often considered as a proxy for the sea ice thickness.
However, significant methodological uncertainties appear in sea ice age stud-
ies. In this chapter, we focus on the thermodynamic evolution of sea ice and
propose a vertically-variable sea ice age definition. An analytical solution of an
idealized sea ice age problem is derived and allows for assessing two numerical
methods. Both methods are applied to a thermodynamic sea ice model of the
Arctic and the age-thickness relationship is analyzed.
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In this section, we focus on vertical heat transfer in sea ice and the common
hypotheses and general principles of a thermodynamic model are delivered. We
first present a one-dimensional analytical model of sea ice growth and melt forced
by changes in air temperature. In order to validate sea ice models, modelers use
available sets of observational data, including sea ice thickness. Sea ice thickness,
however, is difficult to infer from satellites, so that sea ice age has been given grow-
ing attention recently. Indeed, it may provide a proxy for the sea ice thickness (“the
older the ice, the thicker the ice”) and is easier to infer from observations than the
sea ice thickness. Since satellites do not see subsurface processes, remote sens-
ing studies track the surface ice age. Modelers tend to mimic the sea ice age de-
rived from satellite observations and new ice formed at the base or at the surface
is assumed to have the same age as the rest of the column. In contrast to previous
modeling studies, we propose a vertically-variable sea ice age definition in order to
investigate the vertical age profile in sea ice.

2.1 Aone-dimensional model of sea ice accretion and melting

Changes in the surface energy budget shape the seasonal cycle of ice thickness.
The first sea ice model that has been established is probably Stefan’s one (1891),
which describes the evolution of ice growth. In this section, a one-dimensional
analytical model of sea ice growth and melt forced by changes in air temperature
is introduced. The model combines the classical model of Stefan (1891) for sea ice
growth and a linear parameterization of melt. This model is able to reproduce the
salient features of sea ice growth and melt. However, being highly idealized, itis not
meant to provide accurate simulations of ice thickness.

2.1.1 Stefan’s law

Assume that the ice layer under study is horizontally homogeneous and infinite,
implying that only vertical heat fluxes are to be taken into account. During the ac-
cretion period, we assume that only ice accretion occurs at the bottom of the ice.
Let t denote time (¢ = 0 at the beginning of the accretion period). At the lower
boundary of the ice, the ice temperature is that of the melting point. At the upper
boundary, the air temperature largely influences the ice temperature. The differ-
ence, AG, between the temperatures of the ice bottom and the ice surface is positive
during the accretion season, and is considered constant in the present approach.
By neglecting thermal inertia and internal heat sources, the temperature difference
A0 is associated with a heat flux F¢, which, in Stefan’s model, is assumed to be con-
stant over the height of the ice (the fluxes directed to the ice surface are taken to be
positive). This simplification holds for thin ice, but the model validity is question-
able for ice thicker than about 1 m. If we neglect the oceanic heat flux, the growth
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rate of H (1), the ice thickness, satisfies the following expression:

L— =F¢, 2.1
a1 c (2.1)

where L represents the volumetric latent heat of fusion of ice (see Table 2.1).

Parameter Symbol Value Unit
Volumetric latent heat of fusion L 3x 108 Jm™3
Thermal conductivity k 2.1 Wm™!°c™!
1 year T 365 x 86400 S
Duration of accretion season T, 200 x 86400 S
Duration of melting season Tm 165 x 86400 s
Bottom temp. - top temp. AO 20 °C
Conductive heat flux Fc parameterized Wm™2

Table 2.1: Table with principal parameters and values used for the simple model of ice ac-
cretion and melting.

According to Fourier’s law, the upward conductive heat flux F¢ taking place in
the ice may be parameterized as kA8/H, where k is the thermal conductivity of ice
(Table 2.1). The differential equation that the ice thickness must satisfy during the

accretion period is:

g _ B0 22)
dtr L’ )

Without any loss of generality, the ice accretion period may be assumed to start at
time ¢ = 0. If Hy = H(0) and if T, is the duration of the accretion period, then the

ice thickness grows as
H(t)=\/Hi+at, 0<t=<T, 2.3)

where @ depends on various physical parameters (see Table 2.1):

2kAO
a=—-: (2.4)
L

Then, the ice thickness at the end of the cold season is:

Hy=\/H+aT,. (2.5)

2.1.2 The melting period and the periodic regime

During the warm season, we assume that only the upper part of the ice melts,
and, for simplicity, that the melting rate is constant. It is now further assumed that
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the ice layer evolution exhibits a periodic regime (Fig. 2.1.) with a period of one
year, implying that the ice thickness at the beginning of the accretion period (Hp)
must be equal to that attained at the end of the warm season (H»). The periodicity
of the ice thickness seasonal cycle allows us to compute the ice height AH frozen

and melted each year:
AH = H(T,) - Ho=\/H3 + aT,— Hy. (2.6)

Ice thickness (m)

Hyt

AH

Hy=H, .

TTET
a s N

. 0 100 ) 200 300
0 T, T, T Time (days)

Figure 2.1: Left: periodic regime of the ice thickness (H» = Hy); AH denotes the ice height
frozen and melted each year. Right: ice thickness seasonal cycles obtained for the param-
eters described in Table 2.1 and for various values of N (integer relating the maximum ice
thickness to AH).

Taking the hypothesis of the constant melting rate into account, the ice thickness
evolves according to:

\ Hi +at, 0<t<T,
H(1) = o 2.7)
VHs+aTa— T ¢AH, Ta<t<T+Tp

where Ty, is the duration of the melting period and AH is given by equation (2.6).
In order to further simplify the problem, we consider that the ice layer is made of N
annual layers of ice height AH:

Hy+AH=NAH. (2.8)

We can derive an analytical expression for Hy:

_ [(N-1?aT,
Ho=\| N1 (2.9)
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As illustrated in Fig. 2.1, the parameter N gives rise to different ice regimes. To
further understand the thermodynamic evolution of the ice layer, we will refer to
the concept of sea ice age.

2.2 Introduction to the sea ice age

Sea ice age patterns and how they change in time provide an integrated view
of the recent evolution of sea ice growth, melt and circulation, and therefore give
some information on the recent thinning of Arctic sea ice. The sea ice age may
also provide a means to retrieve the ice thickness, as older ice is typically thicker.
For these reasons, the age of Arctic sea ice has recently been the subject of several
remote sensing and modeling studies (Walsh and Zwally, 1990; Nghiem et al., 2007;
Maslanik et al., 2007; Vancoppenolle et al., 2009; Hunke and Bitz, 2009).

Sea ice age inferred from satellite ice concentration and motion data has been
used as a proxy for ice thickness because of the difficulties to observe ice thickness
from space. Typically, the satellite sea ice age products (Rigor and Wallace, 2004;
Fowler et al., 2004; Belchansky et al., 2005) are based on (i) the creation of sea ice
with age zero in open water, (ii) horizontal advection of the age using gridded fields
of ice motion, (iii) ageing of sea ice with time and (iv) disappearance of ice of any
age lying outside the limits of the ice edge. The age evaluated in this manner cor-
responds to the time elapsed since the creation of an ice parcel and is available at
large scales. However, there are significant differences in sea ice age among the
different algorithms used. In addition, those algorithms neglect several processes,
including the vertical processes of sea ice growth and melt, which could have a sig-
nificant role.

In order to understand how ice thickness can be inferred from sea ice age, the lat-
ter has been introduced in large-scale sea ice models (Vancoppenolle et al., 2009;
Hunke and Bitz, 2009). Sea ice age is considered in those models as a two-dimensio-
nal tracer, following ice area (Vancoppenolle et al., 2009) or ice volume (Hunke and
Bitz, 2009). This implies horizontal transport and redistribution in thickness space
due to thermodynamic and mechanical processes. Besides, new ice formed at the
base or at the surface is assumed to have the same age as the rest of the column.
Thereby, modelers intend to mimic the sea ice age derived from satellites which
observe only the surface age and do not consider the role of vertical processes. Us-
ing such definitions for sea ice age, model studies found some difficulties to derive
ice thickness from ice age. Besides, those studies indicate large methodological
uncertainties. For instance, Harder (1997) proposes another approach where new
bottom ice is considered as a sink of ice age, and Hunke and Bitz (2009, Fig. 9) show
that integrating bottom growth in the ice age induces a decrease in the simulated
sea ice age by more than a factor of 2. This illustrates how the choice of the age def-
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inition leads to different values and physical interpretations, which is well known
in marine modeling (see Deleersnijder et al., 2001).

The ice age vertical profile accounts for subsurface processes that satellites can-
not see. Hence, understanding the sea ice age vertical profile provides a theoretical
framework for understanding satellite retrievals. Of particular interest is bottom ice
growth that reduces the average ice age. The sea ice age vertical profile also tells us
about the history of the ice formation, and therefore about recent changes in the
thermodynamic evolution of the ice pack in the context of climate change. Fur-
thermore, sea ice age is an interesting diagnostic that is related to several sea ice
physical properties (ice strength, salinity, surface topography).

There are two fundamental questions that are addressed here. First, what are
the ranges for sea ice age associated with vertical thermodynamic processes? Sec-
ond, what is the nature of the relation between ice age and thickness, considering
the vertical thermodynamics of sea ice? To address these questions, we consider a
vertically-variable sea ice age, based on the age theory developed for marine mod-
eling by Delhez et al. (1999) and Deleersnijder et al. (2001) . In contrast to previous
modeling studies, we define the sea ice age as the time elapsed since the ice parti-
cle under consideration has been formed at the ice base and explicitly compute the
vertical age profile. Horizontal advection and redistribution in thickness space are
not taken into account.

2.3 Theice age: concepts and analytical solution

The concepts of the ice age are presented and a general equation of evolution of
the ice age is derived in a three-dimensional framework. We will then deduce the
ice age equation for different vertical coordinates. Finally, an analytical solution of
the vertical age profile in sea ice is deduced.

2.3.1 The theory of the age applied to sea ice

Let us first derive the evolution equation for age in sea ice. From a general point
of view, the sea ice age can be considered as a three-dimensional tracer. If (x, y, z)
denote the cartesian coordinates, we attach the coordinate system to a given mate-
rial surface of the ice at time ¢ = 0, defining the level of reference z = 0 (Fig. 2.2). The
z axis points upwards and the x and y axes are horizontal and define an orthogonal
basis. The ice thickness can be defined as:

H(x,y,t) =zs(x,y,8) — zp(x, 3, 1),

IThis theory is a component of CART (Constituent-oriented Age and Residence time Theory,
http://www.climate.be/CART).
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where z;(x, y,t) and zs(x, y, t) denote the height (positive upwards) of the bottom
and surface of the ice column. These interfaces are time-dependent and define a
domain with moving boundaries. The boundaries evolve according to the rate of
change in ice thickness (g) which can be decomposed in surface (g;) and basal (g3)
components:

qx,y,t)=qs(x,y, 0 +qp(x,y,1). (2.10)

We further assume that the ice is moving in a “solid block” way -that is, the ice ve-
locity does not depend upon the vertical coordinate. Accordingly, in this reference
frame, ice particles are created or removed at the two free surfaces and keep the
same height: the vertical velocity is zero (the trajectories of several ice particles are
illustrated in Fig. 2.3). In particular, the Eulerian and Lagrangian kinematical de-
scriptions are thus equivalent in the vertical coordinate. Obviously, this referential
is not the physical frame of reference, as the sea ice vertical velocity is not vanishing
in the general case. Moreover, Archimedes’ force acting differently at each location
would induce an additional motion that could create internal stress and deforma-
tion in the ice layer.

Z = Zs(ajvyvt)

z = z(x,9,1)

Figure 2.2: Sketch of the domain Q(#). We define the coordinate system as attached to a
given material surface of the ice at time # = 0. The ice thickness is given by H(x,y,1) =
zs(x, 3, 1) — zp(x, y, 1).

Following Delhez et al. (1999), the age of a particle of a given continuum is de-
fined as “the time elapsed since the particle under consideration left the region in
which its age is prescribed to be zero”. From a Lagrangian point of view, an ice parti-
cle “carries along” its age which increases at the same rate as time passes. In other
words, the age of an ice particle is the time elapsed since it was “created”. In math-
ematical terms, the equation for the three-dimensional ice age states that the ma-
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terial derivative of the ice age a(x, y, z, t) must be equal to unity:

Da( =1 (2.11)
—(x, 9,2, =1. .
Dt y

®)

0 1 2¢ 0 1 240 1 2t

Figure 2.3: Evolution of the ice thickness as a function of time (years) illustrated in the three
coordinate systems. In this sketch, ice accretion occurs at the ice bottom and ice ablation
at both interfaces. The same particles trajectories in the vertical direction (dotted lines) are
illustrated in each domain. (a) Original domain. The level of reference is 0. In this referential,
particles have a zero vertical velocity and thus keep the same height. (b) Same, but using the
o coordinates. Using this ALE description, particles are now moving according to the accre-
tion/melting rates at both interfaces, which is expressed by the velocity w of the particles in
the referential domain (see equation (2.20)). (c) Same, but using the distance to the bottom
coordinates (Z). Particles are moving according to the accretion/melting rates at the ice bot-
tom only, which is expressed by the velocity w of the particles in this domain (see equation
(2.26)).

The general boundary value problem for the ice age a(x, y, z, t) consists in solving
equation (2.11)
08 vz, 0+ ux, 1,0 2% (%, 7,20 + 0%, 1, 02 (5, 9,2, 1) 1, (2.12)
- X045 W) — X045, W)X 05 = ) .
Y y y ox y y ay y

on the unknown moving domain

Q(t) = {(x, y,2) € R® such that z,(x,y, 1) < z < z5(x, y, D)}. (2.13)
We denote by (u,v) the horizontal components of the ice velocity. In terms of
boundary conditions, we impose that the age of newly frozen ice is zero. We need
to define an initial age field, but its importance is weak: as soon as all the initial ice
has melted, the ice age will be correctly defined in the whole ice layer. Moreover, in
usual hindcast simulations, a spin-up is generally performed in order to initialize

correctly all physical variables. Equation (2.12) is hyperbolic, and the ice age must
be prescribed where ice is formed:

a(xv y,ZyO) a()(xry) Z)) (214)
a(x,y,zp,t) = 0, if g,(x,y,1) >0, (2.15)
alx,y,z5,t) = 0, if gs(x,y,1) >0. (2.16)
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The motion of the ice bottom and surface are prescribed by the thermodynamic
rates of change in ice thickness:

—qp(x,y,1),2.17)

(x »t)+ulx,y, t) (x »o+vx,y, t) (x »t)

(x »+ulx,y, t) (x »o+vx,y, t) (x »t) qs(x,y,1). (2.18)

Note that the boundary condition (2.16) covers the case where ice is formed at the
surface, so that the boundary value problem (2.12)-(2.18) is general.

In order to transform the problem from a moving domain to a fixed reference
domain, we introduce the following change of variable for the vertical coordinate:

<— Zb(x, » t)
zs(x, 3, 1) = zp(x, 3, 1)’

o(x,y,2,1) =

defining a new reference frame which has the advantage of keeping the height of
the domain constant. Actually, these coordinates define an Arbitrary Lagrangian-
Eulerian (ALE) formalism (e.g., Donea et al., 2004). In the ALE description, the com-
putational grid is neither fixed in space, nor necessarily associated with material
points. In this formalism, the ice bottom is mapped onto o = 0 and the surface
onto o = 1. Note that this coordinate is similar to the sigma coordinate defined in
ocean modeling (Phillips, 1957). In the equation for the age, a vertical velocity w
has to be introduced in order to take into account the motion in the domain:

da (x ¥,0,0)+ux,y, t) (x 0,0 +v(x,y, t) (x ¥,0,1)
(2.19)

oa
+w(x,y,0, t) (x ¥0,t)=1.

The particle velocity w can be directly obtained as a linear combination of the rates
of change in ice thickness at the ice bottom and surface (Fig. 2.3b):

1- » U - » I
w(x,y0,0 = - DDEPDZIG0 1D (2.20)
Zs(xyy)t)_zb(x»yvt)

The initial and boundary conditions associated to equation (2.19) are:

a(x,y,0,0) = aplx,y0), (2.21)
alx,y,0,t) = 0, if qp(x,y,1)>0, (2.22)
alx,y,1,r) = 0, if gs(x,y,1)>0. (2.23)
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For notational convenience, we also define a local vertical coordinate by:
Z(x, y,2,0) =z—zp(x, 3, 1), (2.24)

which refers to the distance to the ice bottom (Fig. 2.3c). This transformation be-
longs again to an ALE formalism and equation (2.11) becomes:

a—a()c zZ,)+u(x t)a—a(x zZ,)+v(x t)a—a(x zZ,)+w(x t)a—a(x z,t)=1
6[ 7y) ’ )yy ax vy) ’ )_Vy ay )yy ’ )yy 02 vy) ’ -4
(2.25)

where
wx,y,t) = qp(x,y,1), (2.26)

corresponding to the intuition that the distance separating a material point from
the bottom of the ice is only dictated by the ice growth/melt at the ice bottom. Ac-
cordingly, in absence of ice accretion or melting at the bottom, an ice particle keeps
the same relative height in the ice. The converted initial and boundary conditions
to close the problem are:

alx, 2,00 = apx,y2), (2.27)
0, if gp(x,y,1)>0, (2.28)
0, if gs(x,y,6) >0. (2.29)

a(x, y,0,1)

a(x,y,zs—zp, t)

In the remainder of this chapter, we will focus on the vertical profile of the ice age,
neglecting the horizontal advection.

2.3.2 An analytical solution of the ice age for the periodic regime

In order to determine an analytical solution for the vertical profile of the sea ice
age, we will consider the model developed in Section 2.1 and based on the following
hypotheses: (i) the ice layer is horizontally homogeneous, (ii) horizontal advection
is neglected, (iii) the ice thickness seasonal cycle is split into two non overlapping
periods (growth and melt), (iv) the simple thermodynamic model of Stefan (1891)
is used to compute the ice growth, (v) the ice thickness decreases linearly during
the melting period, (vi) a periodic regime of the ice thickness seasonal cycle is con-
sidered and (vii) the maximum ice thickness is an integer multiple (V) of the ice
height AH frozen and melted each year.

The first step of the derivation of the analytical solution focusses on the newly
formed ice layer (see Fig. 2.4). We first consider the ice accretion period. Let ()
denote the total ice growth since the beginning of the growth season (¢ = 0):

V(1) = H(t) - Hy = \/ H; + at — H. (2.30)
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Figure 2.4: Sketch of the evolution of the newly formed ice layer. Hy denotes the ice thick-
ness at the beginning of the accretion period (¢ = 0). ¥ (¢) represents the ice thickness ac-
cumulated since the beginning of the ice accretion period. Z;(#) is the distance to the ice
bottom at time ¢ of the particle formed at time 7.

We naturally have the following requirements for the ice age of the newly formed
ice:

0<t<T, (2.31)
0<z<V¥Y(), (2.32)
a(0,1) =0, (2.33)
aW (0,1 =t, (2.34)
0<alz 1<t (2.35)

which state that the ice age is greater than zero (for newly formed ice) and smaller
than t (for ice frozen at the beginning of the accretion period). In one dimension,

equation (2.25) is:

6_61(2 1)+ (t)a—a(z =1 (2.36)
o1 2P T AU H =1 '

An elegant way of solving the ice age equation (2.36) is to consider the growth of
the ice layer as a streakline, i.e. a geometrical curve generated by the continuous
emission of particles from a given position in space (here Z = 0). Note that this
method is equivalent to the method of characteristics. The streakline is described
at the time ¢ as the ensemble of particles of Lagrangian coordinate z such that ata
given time 7 we have Z(z, 1) = 0. Its parametric equation is given by:

Z: =z(z(0,1),1), O0<t<t (2.37)

where z = z(Z, t) is the inverse one-to-one mapping from the referential to the orig-
inal domain. Following equation (2.26), the parametric equation of the streakline
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is the solution of the following differential expression:

%— (1) (2.38)
at‘””’ ) .

and, according to hypothesis (iii), g5 (1) = % here. Equation (2.38) gives then by

integration between 7 and t:

ZT:\/H§+at—\/H§+ar, (2.39)

thanks to equation (2.3). In a Lagrangian framework, the age of this particle must
satisfy equation (2.12):

a—a(z(O 7),1) =1 (2.40)
al_ ) ) - ) .
with a(z(0,1),7) =0, yielding by integration again:
a(z(0,7), ) =t—1=al(z;t). (2.41)

Equation (2.39) can be rearranged as (dropping the subscript 7):
22 [, z .
T=t—— H0+at+—, 0<z=<VY¥Y(pr. (2.42)
a a
Substituting equation (3.2) in equation (2.41), the age of the newly formed ice is
finally given by:

_ 2% z y
a(z,t)= — H0+at——, 0<z=<VY¥(p. (2.43)
a o

Using equation (2.43), we now can get the age in the newly formed ice layer dur-

ing the whole year:
2 52
VHG +at—%, 0<st=<T,

aVLEW(Z,t)z B
VHE+aTq— 2 +1-T, Ta<t<T,+Tp

Finally, for the remainder of the ice column, we introduce the integer i to deter-
mine in which annual layer we are:

. f—\l’(t)J
i= (2.44)
AH

=N =IN

where |x] is the largest integer smaller than or equal to x. The first annual layer is
characterized by i = 0, and its age is comprised between t and ¢ + 1 year, etc. We
can now finally generalize the ice age for the whole column:

a""(z, 1), 0<zZ<W¥()

a(z,1) = { a"v(z - (1) - iAH, T)+t+iT, W()<Z<H(),

where T =1 year.
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Figure 2.5: (a) Time series (in days) of the analytical sea ice age (N =5, 0-5 years) contoured
in the sea ice domain. (b) Same, but in the ¢ domain. (c) Same, but in the Z domain. As
expected, the age gets older with height. The sharp variations in colour between two growth
seasons illustrate the annual stratification of the ice column and the discontinuities in the
age profile.

1 1
Age (years) Age (years)

Figure 2.6: Left: time series (in days) of the analytical sea ice age (IV = 2, 0-2 years) contoured
in the Z domain. Centre: profile A (snapshot after 1 month) of sea ice age. Right: profile
B (after 11 months). The discontinuity in ice age corresponds to the duration of the melt
season.

The analytical solution is illustrated in figures 2.5 and 2.6. Fig. 2.5 shows the
time series (in days) of the analytical sea ice age contoured in the sea ice domain
for the three different coordinates (case N = 5). The periodicity of the ice regime
is obvious. In the z domain (Fig. 2.5a), the reference level is taken to be the ice
bottom at the beginning of the accretion period. In this simple model, ice particles
are formed at the ice bottom during the accretion period and keep the same height
until they melt at the ice surface during the melting period. The age thus gets older
with height and is comprised between 0 and 5 years. The sharp variations in colour
between two growth seasons illustrate the annual stratification of the ice column
and the discontinuities in the age profile. Note that the number of annual growth
layers corresponds to N and the number of age discontinuities to N —1. When
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the ice column is described as a function of the distance to the bottom (panel (c)),
accretion at the ice bottom generates a vertical velocity (see equation (2.26)), while
during summer, we have the same age contour as in the previous reference frame
due to the absence of basal melting. Panel (b) illustrates the same configuration,
but using o coordinates. The fact that the domain is fixed is counterbalanced by
a much more complex particles movement depending on the accretion/melting
rates at both interfaces (see equation (2.20)). Fig. 2.6 illustrates two ice age profiles
in the Z domain. Profile A corresponds to the growth period. New particles of age
0 are accreted at the ice bottom and the discontinuity in ice age corresponds to the
duration of the melt season. Profile B illustrates the melt season. Particles at the
ice surface are melted, while the rest of the particles see their age increasing at the
same rate as time passes.

2.4 Numerical methods

In this section, we present two numerical methods for solving the sea ice age
equation. The first method is designed to capture the vertical profile of sea ice
age and its discontinuities. This method can be viewed as a Lagrangian method
because the vertical velocity vanishes in our model. Therefore, the Eulerian grid
nodes correspond to Lagrangian particles. The second one is based on a finite el-
ement method, is computationally cheaper and aims at simulating the mean and
standard deviation of the age only. To illustrate both methods’ respective strengths
and weaknesses, we compare them to the analytical solution.

2.4.1 Spatial adaptive discretization

We present a simple adaptive approach to compute the vertical profile of the ice
age. It consists in updating the age of a large number of ice particles. The vertical
resolution can be chosen arbitrarily, the point here being not to enhance the preci-
sion but merely the “picture” of the vertical distribution of the ice age that we get.
Actually, such a method consists in integrating a partial differential equation along
the characteristic and will provide an exact solution if the temporal discretization
is performed exactly. This is particularly helpful in a realistic simulation where no
analytical solution exists. Since particles only move vertically in this work, the vari-
ables in this method are the number n of particles and the distance of the first par-
ticle to the bottom (zy). Also of use are the distance of the last particle to the surface
(z), the ice thickness (H) and the growth/melt rates. The method is illustrated in
Fig. 2.7.

The particles are updated at each time step in function of the basal and surface
growth/melt rates. For the sake of generality, in the sketch of the method (Fig. 2.7),
summer melt has bottom and surface contributions, whereas the analytical solu-
tion involves surface melt only. If the distance z; (z,) is larger than the prescribed
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vertical resolution Az, we add a particle at the bottom (surface) of the ice layer. If
the distance to the bottom (surface) is negative, we remove the first (last) particle.
In practice, we store the accretion time of the particles instead of their age, avoid-
ing any further time update. The computational overhead to handle the Lagrangian
particles is almost negligible, unlike the memory footprint of this method.

Zn 4
Az '
Az' 80 305
20} 200 5 ‘ *30 ‘ *
0 100 200 300

Figure 2.7: Ice thickness seasonal cycle illustrating the Lagrangian particles method used
in this work. zg and z; are the distance of the first particle to the bottom and the distance
of the last particle to the surface, respectively, and Az denotes the vertical resolution. The
age of some particles is noted (in days). In this illustration, summer melt has bottom and
surface contributions. Bottom melt is responsible for downward motion of the particles in
this referential.

2.4.2 Spatial ALE discretization

The aim of this method is to reproduce the mean and standard deviation of the
vertical distribution of the ice age using as few degrees of freedom as possible. The
problem is easier to solve numerically on a fixed domain, using the o coordinates.
The boundary value problem (see equations (2.19)-(2.23)) that needs to be solved
for the vertical ice age profile a(o, t) is summarized as follows:

(1-0)qp(1) —0qs(t) da

oa
E(U’ )+ Z(0) - 250 %(0, n=1, (2.45)

with the following boundary conditions:
a(@,0) = ap(o), (2.46)
a0,r) = 0 if () >0, (2.47)
al,r) = 0, if g(8) >0, (2.48)
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where g (f) and g;(t) are prescribed by the ice thermodynamics. In order to com-
pute the age profile by the finite element method, a variational formulation of this
problem must be obtained. To this end, we first multiply equation (2.45) by a test
function a and we integrate the partial differential equation over the height of the

domain:
d ' . !
E/o aadaz—[waahﬁfo

where the second term of equation (2.45) has been integrated by parts. Further-
more, the unknown field a(o, t) is approximated by piecewise polynomial functions
defined as follows:

0(wa)
g

a+ &) do, (2.49)

p
ao,0)=a"(0,0=Y a;j(Op;) (2.50)
i=0

J

where ¢ (o) (j =0,1,..., p) are the polynomial shape functions and a;(#) the un-
known degrees of freedom. In a usual Galerkin formulation, the shape functions
are used as test functions 4. Taking the boundary condition (2.47)-(2.48) and the
expression for w into account, the first term of second member of equation (2.49)
now reads:

q,a(0,1)¢;(0) + g5 a(l, )i (1)

~[wag;ly = =

i=01,...,p (2.51)
where the — superscripts denote the melt rates. Substituting equations (2.50) and

(2.51) in (2.49) gives rise to a system of p+1 ordinary differential equations and p+1
unknowns a; (1):

porl daj 1
Zfo ¢i(o)¢j(a)daF=ZAijaj+f(] ¢i(o)do, i=0,1,...,p (2.52)
j=0 j=0

$i(0)¢; 0)+q5 pi (N (1 wd; ,
where A;; = 9,910, );Iq $ie;@ | fol( (G;Pl) (pj) do. The system of equations

gets even simpler if one decides to opt for orthonormal shape functions, i.e.

1
fo ¢pi(0)pjlo)do =6}, (2.53)

where 6;; denotes Kronecker’s delta, diagonalizing the mass matrix. Such an or-
thogonal property is provided by the Legendre polynomials P;, from which we de-
rive the shape functions:

$j(@)=V2j+1Pj20-1). (2.54)

These polynomials are illustrated in Fig. 2.8. The system now takes the following
form:
d a;

p
= A,-jaj+50i, i=0,1,...,p (2.55)
dt =0

]
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and is easily discretized in time, using in this work the forward Euler scheme for
simplicity. The coefficients of the matrix A are given in the appendix A.1. The ques-
tion as to whether it is better to use several piecewise polynomials of low order
or one polynomial of higher order resorts to the interpolation problematic and is
treated in the appendix A.2. We find that increasing the number of elements does
not enhance significantly the approximation and, in the remainder of the study, we
will restrict ourselves to polynomials of degree up to three on one element.

0y constant j ) I
¢1:Iinear Pt - Pt

-.-.0,:quadratic| .- ot
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-
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)
0 i ‘ S
-2 0
Shape functions ¢,

Figure 2.8: Orthogonal Legendre shape functions used to solve numerically the age equation
in function of the normalized vertical coordinate o.

2.4.3 Validation with the analytical solution

Numerical results of the Lagrangian particles and the finite element method are
compared against the analytical solution derived in section 2.3. The solutions are
shown after a spin-up of 25 years of integration. The vertical resolution of the La-
grangian particles is taken to be Az = 0.05 m. For the finite element solutions, we
use polynomials of degree up to three on one element.

There is a very good agreement between the analytical solution and the Lagran-
gian particles (Fig. 2.9) which are clearly able to reproduce the ice age disconti-
nuities across melting periods. As one could have expected, the constant finite
element approximation clearly is to be rejected. To explain this, we show that the
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constant approximation corresponds to the mean value u(¢) of the age distribution:

1 p 1
u(t)zf a0, )do =Y aj(t)f ¢;(0)da = ag (1.
0 j=0 0

=60;
In the particular framework of the analytical solution, equation (2.55) gives the fol-
lowing relationship for the coefficient ay():

dag(t) _ { L g0 +1, 0<r<T, (2.56)

THQ)
dt 1, Ta<t<Tya+Ty.

During the accretion period, as the newly frozen ice has an age of zero, the ice
growth tends to decrease the mean age (—%ao(t) term), counterbalancing the
ice ageing process (term equal to 1). During the melting period, the oldest ice is
supposed to “melt and carry along its age”, decreasing the mean value of the age.
However, this effect is not taken into account with a constant age approximation,
explaining the (inconsistent) large values of the computed mean age (Fig. 2.9). In
consequence, we will omit the constant approximation for the remainder of this

study.

For young ice (N = 2, panels a-b), differences between the finite element solu-
tions are clear. In the early accretion period, the cubic approximation gives a nega-
tive ice age which has to be rejected. For multiyear ice (INV = 5, panels c-d), all finite
element solutions (except the constant approximation) converge towards a linear
evolution of the ice age inside the ice, since no discontinuity is introduced in the
solution. This result is similar to the conclusion drawn in appendix A.2.

In order to determine the accuracy of each method, we compute the root mean
square (RMS) error between the numerical approximations and the analytical so-
lution (Table 2.2). As expected, the Lagrangian particles method shows excellent
accuracy to simulate sea ice age and the error is about two orders of magnitude
smaller than the error produced by the finite element approximations. As men-
tioned before, the error is not affected by the number of particles. On the other
hand, due to the forward Euler scheme, the error is O(At) so that, asymptotically,
decreasing the time step by two yields an error divided by two. The RMS error of the
finite element solutions is approximately the same for any value p. Thus increasing
the order of the approximation does not enhance the solution in the presence of
discontinuities.

The main goal of the finite element method is to approximate the mean value and
standard deviation of the ice age distribution. To evaluate this ability, we compare
the mean and standard deviation of the analytical solution age distribution with the
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Figure 2.9: Analytical (solid black line) and numerical solutions of the ice age as a function
of the normalized vertical coordinate. The red stars represent the Lagrangian particles. The
degree of the Legendre polynomials is specified in the legend. (a)-(b) Snapshot of the case
N =2 after month 1 (a) and 11 (b). (c)-(d) Same for N = 5. Note that each value of the integer
N corresponds to an equilibrium state that is reached by the numerical solution after 25

years of integration.

N | 2 3 4 5 6 7

Lagr. | 0.0016 0.0015 0.0017 0.0015 0.0015 0.0015
Py | 01326 0.1314 0.1308 0.1305 0.1304 0.1304
P, 01198 0.1253 0.1276 0.1286 0.1291 0.1294
P3| 01034 0.1245 0.1281 0.1292 0.1296 0.1298

Table 2.2: RMS error (in years): Lagrangian particles method (Lagr.) and finite element me-

thod: linear (P1), quadratic (P2) and cubic (P3) approximations.
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numerical solution. Based on the finite element method, the standard deviation of
the age distribution is computed as:

1 ) 1 2 1
(= / [a"(o,0)] do - [[ al(o, t)da] = f
0 0 0

Thanks to the orthogonality of the shape functions, the standard deviation reads
finally:

do —[ag ()%

p
Y aj(tg;j(o)
j=0

(=

Tables 2.3/and 2.4 give the mean and standard deviation of the ice age for the finite
element solutions. The linear approximation (P;) yields satisfactory results which
improve for increasing N. Actually, the analytical solution is composed of a linear
part with a deviation of mode N —1 and of amplitude of the order of half a year. The
larger N, the better the linear approximation since the relative importance of the
deviation decreases. Again, increasing the order of the finite element approxima-
tion does not remarkably enhance the solution.

N | 2 3 4 5 6 7

P, | 0.0174 0.0106 0.0071 0.0053 0.0041 0.0032
P, | 0.0229 0.0118 0.0075 0.0055 0.0043 0.0035
Py | 0.0166 0.0095 0.0066 0.0051 0.0041 0.0033
fi | 07634 1.2563 1.7532 22512 27497 3.2485

Table 2.3: RMS error of the finite element method on the mean value p(¢) of the ice age (in
years): linear (P1), quadratic (P2) and cubic (P3) approximations. The annual mean of u(#)
(f) is also shown.

N 2 3 4 5 6 7

P; | 0.0428 0.0246 0.0166 0.0123 0.0094 0.0078
P, | 0.0348 0.0171 0.0111 0.0084 0.0068 0.0058
P3 | 0.0246 0.0136 0.0098 0.0078 0.0065 0.0056
¢ 0.4247 0.7165 1.0063 1.2956 1.5846 1.8735

Table 2.4: RMS error of the finite element method on the standard deviation {(t) of the ice
age (in years): linear (P1), quadratic (P2) and cubic (P3) approximations. The annual mean
of {(¢) ({) is also shown.
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2.5 Application to the large-scale distribution of sea ice age

In this preliminary study, both numerical methods are applied to a stand-alone
thermodynamic model of the Arctic sea ice to evaluate the vertical profile of the
sea ice age, which, in the case of undeformed ice, is essentially thermodynamically
driven. The model used in this study corresponds to the thermodynamic com-
ponent of the model presented in Lietaer et al. (2008), based on Semtner (1976)’s
model. In the absence of ice transport, the modeled age field gives an approxima-
tion of the time needed to thermodynamically grow an ice layer as a function of
local atmospheric conditions.

2.5.1 Astand-alone thermodynamic sea ice model of the Arctic

The computation of heat diffusion within the thick ice is based on Semtner (1976)’s
zero-layer model. This model neglects the storage of sensible and latent heat, re-
sulting in a linear temperature profile in the ice. Following Fichefet et al. (1998),
two boundary conditions are needed, expressed as a heat budget at the surface and
at the bottom of the ice. At the upper surface, an equilibrium surface temperature
T is computed from the heat balance:

Q1-a)F+F,+Fs+F+Fc=0, (2.57)
Fy

where a is the surface albedo, which in our model is prescribed for each month
and takes the presence of snow into account. Fj is the net atmospheric flux to the
upper ice surface and F¢ is the conductive flux through ice. Fluxes directed to the
ice surface are taken to be positive. In order to solve the heat balance equation,
the model includes a parameterization of the solar radiation F, (Zillmann, 1972),
the net longwave radiation Fy (Berliand and Berliand, 1952) and turbulent fluxes of
sensible (F;) and latent (F;) heat (bulk aerodynamic formulas, see Goosse (1997)).
If the predicted T is above the melting point Ty, its value is fixed to Ty and the
excess of energy is used to melt ice:

Fap+F¢
L

s =

) (2.58)

where L represents the volumetric latent heat of fusion of ice.

At the ice base, temperature is kept at the freezing point of seawater. The melt or
growth rate of the ice depends only on the imbalance between the conductive heat
flux F¢ and the oceanic heat flux Fj:

_Fc-Fp

I (2.59)

qb
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We use a simple slab ocean model and assume that the ocean has a constant mixed
layer depth of 30 m. This ocean layer is characterized by a unique temperature T,
that is equal to the freezing point of seawater if there is ice on the area element.
When the area element is ice-free, the ocean temperature is computed thanks to
the following prognostic equation:

oT,
PwCpuw hmai—= = Bi. (2.60)
By is the heat budget of the oceanic area:
Bi=(-ay)F+F +Fs+F +Fp, (2.61)

where a,, stands for the ocean surface albedo. The oceanic flux consists of a restor-
ing term towards a climatological temperature of the mixed layer (T;,,;) taken from
the Polar science center Hydrographic Climatology (PHC 3.0, updated from: Steele
etal. (2001)):

Fy=0wCpwhmxiYe Tz — Tw), (2.62)

where Cp,y, is the specific heat of seawater and y; a relaxation constant (6 x 1078
-1
s

Finally, the atmospheric forcing data sets used to run the model are daily NCEP/
NCAR reanalysis data for the air temperature and the wind velocity, and monthly
climatologies for the relative humidity (Trenberth et al., 1989) and the total cloudi-
ness (Berliand and Strokina, 1980). No snow precipitation is included in the model.

The model here is purely thermodynamic, neglects new ice growth in leads as
well as ice transport and deformation. Consequently, ice production and piling
are underestimated and the simulated ice thickness gradient between Siberia and
Canada is too weak (Fig. 2.10). However, despite the absence of ice dynamics,
ice thickness of up to 6 m is produced along the Canadian Arctic Archipelago and
Greenland, which is in agreement with observations (e.g., Bourke and Garrett, 1987;
Haas et al., 2010). The presence of very thick ice is the signature of the (low) ob-
served air temperatures used to force the model there. The reanalyses of air tem-
perature are naturally influenced by the cold winds around Greenland and other
glaciers and by the very thick ice present along the Canadian Arctic Archipelago. In
consequence, the thermodynamic sea ice model reproduces very thick ice in turn.
Despite being simple, the model does reasonably simulate the features of Arctic sea
ice thickness that are required to understand the thermodynamic controls on the
vertical profile of sea ice age.

2.5.2 Results of the large-scale distribution of Arctic sea ice age

The thermodynamic model is spun up for 12 years (so that the initial state of the
ice age has vanished) and is then integrated with daily wind and air temperature
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Figure 2.10: Top: ice thickness climatology from Rothrock et al. (2008) converted from ice
draft data collected by naval submarines (April 1975-2000, 0-6 m). Bottom: global sea ice
thickness pattern as computed by the thermodynamic model (April 1979-2000, 0-6 m). OW

stands for “open water”.
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forcings between 1979 and 2009. The computational domain is situated north of
the parallel 50 degrees North and englobes most of the Arctic sea ice. It is com-
posed of triangular elements at the barycenter of which we compute the ice age,
following the two methods exposed before. In absence of ice dynamics, everything
happens as if each element corresponds to an ice column. In this section, the ver-
tical resolution of the Lagrangian particles is set to Az = 0.1 m.

First, a general overview of the maximum age of the ice columns is presented in
Fig. 2.11, based on the Lagrangian particles method. We compute the 1979-2009
March mean age of the oldest Lagrangian particle of each ice column. Within our
general framework and hypotheses, in this numerical simulation, most of the sea
ice of the Arctic Basin is second- or third-year ice. Due to the influence of Green-
land on the air temperature reanalyses, the ice along the coast of Greenland and
the Eastern Canadian Arctic Archipelago is thick and old (older than 6 years). In
absence of dynamics, the first-year ice (comprised between 0 and 1 year) matches,
by definition, the seasonal ice zone.

The bottom panel of Fig. 2.11 corresponds to the same result as the top panel,
except that the average age of all Lagrangian particles on each vertical profile is
shown instead of the age of the oldest particle. This illustrates the two different
approaches discussed in the introduction: tracking the surface ice age or allowing
bottom ice growth to decrease the ice age, i.e. a volume-averaged ice age. Com-
pared to the top panel, the spatial pattern of sea ice age is very similar, except that
the color scale has been divided by two. This factor of approximately two confirms
the discrepancy between the two approaches noted by Hunke and Bitz (2009).

At first glance, the correlation between ice thickness (Fig. 2.10) and the age of
the oldest ice particle (Fig. 2.11, top) seems evident (e.g., most of the first-year ice
is smaller than 2 m). Indeed, the overall correlation amounts to about 0.84 for the
average month of March 1979-2009. However, this correlation is not uniform over
the Arctic Basin as shown in Fig. 2.12. In particular, the correlation is highest in
the Beaufort sector (0.97) and lowest in the Kara sector (0.71). It should be noted
that, judged from the upper and lower bounds of each year distribution, the scatter
follows the typical curve of purely thermodynamically growing ice, i.e. decreasing
growth rates with increasing ice thickness and growth towards a cyclostationary
state. Therefore, a linear regression fit should not match perfectly by definition. We
further compute the mean ice thickness for each age class for the same period as
Maslanik et al. (2007), i.e. March 2003-2006 (Fig. 2.13). Our model tends to overesti-
mate the ice thickness, except for first-year ice, and the ranges of the ice thicknesses
within each ice class are larger than those obtained by Maslanik et al. (2007). We ob-
tain a strong relationship between mean ice age and mean ice thickness (0.87 for
all classes and 0.95 for 1-8 years). However, only the first ice class preserves a high
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Figure 2.11: Ice age (March 1979-2009) computed north of the parallel 50 degrees North. Top
panel: for each triangular element of this numerical simulation, the long-term mean of the
age of the oldest Lagrangian particle is represented. Bottom: same, but the average age of all
Lagrangian particles on each vertical profile is shown instead of the age of the oldest particle.
Note the different scale. OW stands for “open water”.
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correlation (0.77) when computing the correlation within a single ice class. In our
model, the relationship is the image of the growth/melt rates and is thereby subject
to the atmospheric variability. Our results are in agreement with Hunke and Bitz
(2009): outputs from numerical models show that sea ice age is a good proxy for
sea ice thickness when averaged over large spatial and time scales, while the corre-
lation breaks down at smaller scales. Presumably, improvements could be achieved
by using information on, for example, the history of atmospheric forcing fields.

An overview of the evolution of sea ice age is shown in Fig. 2.14. We compare
two different years to illustrate the thermodynamical evolution of the ice near the
Canadian Archipelago in our simulation. In this case, we observe ice thinning in
the model between 1979-1980 and 2008-2009. This decrease of about 1.5 m corre-
sponds to the signature of the global warming in the air temperature data used to
force the model. As can be seen in Fig. 2.14, the ice column essentially undergoes
surface melting, so the ice thinning is coupled to a decrease in sea ice age of about
2 years.

Finally, a couple of snapshots of Arctic ice age profiles are provided in Fig. 2.15.
The right figure illustrates the vertical age profile for the same place as in Fig. 2.14
for March 2009. The finite element solutions converge towards a linear age profile,
missing the age discontinuities between annual layers revealed by the Lagrangian
particles method. The ice column surface is almost 7 years old. The centre panel
shows a snapshot of second-year ice in Beaufort Sea. Differences between the fi-
nite element solutions are clearly marked. The quadratic solution inconsistently
predicts a younger ice inside the ice column than at the bottom of it. However, it
must be stressed that this method has been designed to compute the mean and
standard deviation of the age distribution. For both snapshots, the error in mean
age computed by the finite element solutions compared to the particles method is
smaller than 10 days and the error in standard deviation does not exceed 13 days.
Moreover, the finite element solutions give an approximation of the maximum age
of the column (that is, the age at the surface in the absence of ice formation at
the surface) that is reasonable, considering that sea ice is traditionally classified in
year classes (first-year, second-year, ...) for climatological analyses. On the left, a
first-year ice vertical profile in the Laptev Sea is shown. In the absence of age dis-
continuities, quadratic and cubic approximations are in very good agreement with
the particles method. Since the Arctic Ocean is the subject of a shift from perennial
to seasonal ice (e.g., Maslanik et al., 2007; Nghiem et al., 2007), this is an interesting
feature of the method.
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Figure 2.12: Ice age of the oldest particle at the end of the simulation for each column be-
longing to one of the sectors described in the bottom figure. The correlation of each sector
between the ice age and the ice thickness is mentioned in the legend of the top figure. The
melting period induces gaps between crosses clusters that clearly identify ice types (first-
year, second-year, ...). Note that for the sake of readability, the top figure has been cropped
to ice particles of maximum 6 years.
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Figure 2.13: Average March 2003-2006 ice thickness as a function of the ice age. 10+ corre-
sponds to ice that is at least 10-years old. The ranges of mean thicknesses over the period
are indicated. Also shown is the proxy ice thickness data from Maslanik et al. (2007) for the
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Figure 2.14: Left: time series of sea ice age (0-8 years) contoured in the Z domain. The ice
column is situated along Ellesmere Island (near the Canadian Arctic Archipelago, see the
red diamond in Fig. 2.12) for the years 1979-1980, starting at the beginning of the accretion
period (days of the year). The sharp variations in colour between two growth seasons are
clearly marked, illustrating again the annual layering of the ice column. Right: same, but for
the years 2008-2009.
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Figure 2.15: Comparison of vertical age profiles (March 2009) as computed by the La-
grangian particles method (red stars) and the finite element method. The blue cross indi-
cates the ice surface. (a) First-year ice (Laptev Sea, see the red circle in Fig. 2.12). In absence
of age discontinuities, quadratic and cubic approximations are in very good agreement with
the particles method. The linear approximation gives a measure of the mean and standard
deviation of the age distribution that is as accurate as higher order polynomials. (b) Second-
year ice (Beaufort Sea, see the red square in Fig. 2.12). Differences between the finite element
solutions are clearly marked. (c) Multiyear ice (along Ellesmere Island, see the red diamond
in Fig. 2.12).

2.6 Discussion and conclusions

In this chapter, we have introduced a vertically-variable sea ice age, based on
the age theory in marine modeling (see, e.g., Delhez et al. (1999) and Deleersnijder
et al. (2001)). The age of a sea ice particle is a function of the three spatial coordi-
nates and is interpreted as the time elapsed since its creation. The age is defined
here in a geological sense and differs from the ice age derived from satellite data
measuring the time elapsed since a parcel of ice has been created. Our develop-
ments include the particular case of ice formation at the surface (see the boundary
condition (2.16)).

We have first resolved the sea ice age equation in the framework of an analyti-
cal model of sea ice, combining the classical formulation of ice growth by Stefan
(1891) and a linear parameterization of melt. An analytical solution of this model
has been derived. In absence of ice formation at the surface, ice age typically in-
creases upwards and features discontinuities corresponding to the length of the
melting periods. Based on the age, the ice column can thus be decomposed in an-
nual growth layers. This annual layering has been reported in past studies (e.g.,
Cherepanov, 1957; Schwarzacher, 1959). However, these observations of ideal, un-
deformed multiyear ice are sparse and the stratification is generally less defined in
the upper part of the ice experiencing melting and refreezing (Weeks, 2010).
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Two numerical methods have been further introduced. The first method involves
Lagrangian particles and thereby follows an approach similar to what has been
done in, e.g., ice sheet modeling (see Miigge et al. (1999); Rybak and Huybrechts
(2003)). This method is adaptive and designed to capture the vertical profile of sea
ice age and its discontinuities. Based on the characteristic method, it provides ex-
cellent agreement with the analytical solution but is expensive in terms of mem-
ory usage (e.g., adding 10 particles to each element is equivalent to adding 10 P,
tracers on the domain). Increasing the number of particles does not enhance the
precision, but merely the “picture” of the vertical age profile that we get. The aim of
the second method is to reproduce the mean and standard deviation of the vertical
age profile using as few degrees of freedom as possible. The method uses an ALE
spatial discretization and is based on the finite element method. Due to the age dis-
continuities, the approximations of degree up to three do not accurately represent
the vertical distribution in sea ice age, but a linear approximation is sufficient to
simulate the mean and standard deviation of the age in very good agreement with
the analytical solution.

Both methods have been used in a large-scale simulation of the Arctic by ac-
counting for thermodynamic processes only. In this framework, the correlation be-
tween ice thickness and ice age as computed by the Lagrangian method is typically
high. However, the scatter is significant, and it does not seem feasible to find a
unique relationship between ice age and thickness, as pointed out earlier by Hunke
and Bitz (2009) and Vancoppenolle et al. (2009) using a different definition. Fur-
thermore, the growth of new ice in leads, transport and piling of ice by deformation
may further reduce the age-thickness relationship. In conclusion, our study sug-
gests that the ice age is a good proxy for ice thickness where ice deformation is small
or absent. But even in this simplified framework, it is not sufficient to reconstruct
ice thickness. The finite element method is able to compute the mean and standard
deviation of the age distribution in good agreement with the particles method, and,
in the particular case of first-year ice, even its profile is well reproduced. Moreover,
the method gives an order of magnitude of the maximum age of the column that
is reasonable, considering that sea ice age is typically presented in year classes for
climate studies.

Though the principal contribution to compute the ice age comes from the ice
growth/melt rates, the role of dynamics is important in redistributing the ice age
profile. The ice transport may change dramatically the atmospheric and oceanic
conditions (e.g., multiyear ice exported through Fram Strait) experienced by an ice
particle. Piling of ice in regions of strong deformation redistributes the age pro-
file. Taking into account new ice formation in leads should largely increase the
ice production and consequently provide a greater volume of young ice. It is there-
fore expected that the age distribution should significantly deviate from a quasi lin-
ear profile, which should reduce the accuracy of the finite element method based
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on a linear polynomial and should increase the interest of higher degree polyno-
mials. The results should also clearly benefit from an oceanic feedback and the
oceanic heat advection missing in this model. This should substantially reduce the
ice thickness in closer agreement to observations during the last decade.

A perspective of this work is to take the ice dynamics into account and trans-
port the ice age distribution. On the other hand, in future developments, the age
must be integrated in the framework of the subgrid-scale ice thickness distribution
(ITD, Thorndike et al. (1975)). In both cases, an open issue concerns the “mixing”
of age profiles from different categories (ITD) or from different ice columns (trans-
port). Though it should in principle be easy to get a vertically average age content,
it sounds much more complex to reconstruct a consistent age profile. However,
this is true for other properties that vary in the vertical (temperature, salinity, ...)
and a solution for the finite element method can be devised. On the contrary, con-
sidering that the Lagrangian particles method is exact if the temporal integration
is performed exactly, averaging different profiles would induce a significant loss of
information (in particular, the position of the discontinuities). Lagrangian parti-
cles should thus be considered as anchored in a parcel of undeformed ice (i.e., ne-
glecting the ice deformation) to measure the thermodynamical controls on the ice
age. In this respect, Lagrangian particles might constitute an interesting method to
study the evolution of passive tracers in the ice (e.g., in the biogeochemistry field).
Other passive tracers of interest in the ice are §'80 profiles (the ratio between sta-
ble oxygen isotopes), which could be easily computed thanks to a Lagrangian sea
ice model. Following Pfirman et al. (2004), this would constitute an effective tool
to study the evolution of Arctic surface water masses. By computing the sea ice
age, the comparison between modeled isotopes profiles and sea ice cores would be
easier for the samples presenting an annual stratification. Finally, modeled vertical
profiles of sea ice age could be evaluated thanks to ice mass balance buoy data that
measure ice growth and ablation.






CHAPTER

SEA ICE DYNAMICS: THE EFFECTS OF RESOLVING
THE CANADIAN ARCTIC ARCHIPELAGO
IN A FINITE ELEMENT SEA ICE MODEL

This Chapter reproduces an updated version of the following paper:

O. Lietaer, T. Fichefet, and V. Legat. The effects of resolving the Canadian Arctic
Archipelago in a finite element sea ice model. Ocean Modelling, 24:140-152, 2008.
doi: 10.1016/j.0cemod.2008.06.002.

Summary

Seaice dynamics are accounted for in a two-level dynamic-thermodynamic
sea ice model, including a viscous-plastic rheology. A finite element method is
proposed to solve the sea ice dynamics equations. The model is run over 1979-
2005, forced by daily NCEP/NCAR reanalysis data, and is validated against dif-
ferent sets of observational data. The sensitivity of the Arctic sea ice cover to
the resolution of the Canadian Arctic Archipelago (CAA) is investigated. The
importance of the CAA in terms of mass balance is highlighted.
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44 The effects of resolving the CAA in a FE sea ice model

3.1 Introduction

Sea ice is drifting at the surface of the ocean, mainly driven by the wind and the
oceanic currents. The large-scale Arctic ice circulation is characterized by two main
features. In the western part of the Arctic, the ice describes a large anticyclonic gyre
named the Beaufort Gyre where the ice can be trapped for up to 10 years (Hibler,
1980; Rigor and Wallace, 2004), with typical ice velocities of 2 cm s~1. In the east, the
ice is transported by the Transpolar Drift from the north of Siberia to the North At-
lantic through Fram Strait. This strait is approximately 435 km wide and constitutes
the main exit for the Arctic sea ice, the ice volume export reaching about 2200 km?
yr~! (= 0.07 Sv) (Kwok et al., 2004). Narrow straits, on their part, may have a strong
impact on the geophysical flows in general (e.g. water mass exchanges between
different oceanic basins, complex flow in localized areas, etc.) and, in the polar re-
gions, they can be responsible for a complex dynamical behavior of sea ice: due to
the high ice concentration and low ice temperature, the formation of ice bridges
in channels like Nares Strait (Samelson et al., 2006) may prevent any ice flow for
several months; later, the ice is suddenly released when the plugs collapse. More-
over, the ice characteristics in these channels have a strong interannual variability
(Melling, 2002; Kwok, 2006).

Of particular concern is the complex area formed by the numerous islands and
coastlines in the Canadian Arctic Archipelago (CAA, see Fig. 3.1). The straits con-
stitute an important pathway for the cold waters from the Arctic Ocean to the At-
lantic. Even if many recent studies have explored the freshwater cycle of the Arctic
(e.g., Stigebrandt, 2000; Serreze et al., 2006), large uncertainties remain, especially
concerning the sea ice contribution. Assembling different sources, we get the fol-
lowing picture: estimates of the ice freshwater outflow through the southern part
of the CAA based on observations in Lancaster Sound (Prinsenberg and Hamilton,
2005) roughly amount to 160 km? yr~! (= 0.005 Sv) (Serreze et al., 2006), while, in
the north, the Nares Strait sea ice flux (Kwok et al., 2004) accounts for ~ 100 km?
yl"1 (= 0.003 Sv) of freshwater (assuming a sea ice salinity of 4 psu, for a reference
seawater salinity of 34.8 psu, and a density of 900 kg m~3, see Serreze et al. (2006)).
In comparison, the oceanic freshwater flux through the CAA is evaluated by Prin-
senberg and Hamilton (2005) at 3200 km® yr~! (= 0.1 Sv). The rest of the northern
gates of the CAA contributes to a net inflow into the Arctic (Kwok, 2006), suggest-
ing, as stated in the latter study, that most of the ice exported into Baffin Bay (except
from Nares Strait) is produced in the CAA rather than exported from the Arctic. Be-
cause sea ice is landfast during a large part of the year in the northern CAA (Melling,
2002), the different straits act as a “buffer” on sea ice between the Arctic Ocean and
Labrador Sea, preventing Arctic ice outflow in the north and providing ice genera-
tion in the south (Sou, 2007).
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1 - Beaufort Sea

2 - Amundsen Gulf
3 - M’Clure Strait
4 - Queen Elizabeth Islands South
5 - Queen Elizabeth Islands North

6 - Nares Strait 4 \ ,
7 - Smith Sound Y
8 - Jones Strait

9 - Lancaster Strait
10 - Baffin Bay

11 - Labrador Sea

O
)"i /
Figure 3.1: The Canadian Arctic Archipelago is composed of numerous islands and coast-

lines. All the geographical places of interest for this study are clearly labeled on the map.
Most of them correspond to the gates for the computation of ice area/volume fluxes.

The role of the freshwater flux through the CAA is thought to be important re-
garding the freshwater budget of the region (Stigebrandt, 2000; Dickson et al., 2007),
and may play an important role in the Labrador Sea convective overturning (Goosse
et al., 1997). Less known is the influence of the ice contribution to this freshwater
export, on the one hand, and the impact of the ice flux on the water stratification
in Baffin Bay, on the other hand. Together with the North Water Polynya formation
(northern Baffin Bay, see Barber et al. (2001)), the latter impact might constitute
a part of the explanation why most of the models miss the decay of the summer
sea ice cover in Baffin Bay (e.g., Timmermann et al., 2005; Johnson and Gerdes,
2007; Vancoppenolle et al., 2009). Indeed, observations show that, in northern Baf-
fin Bay, the North Water Polynya existence is partly due to the formation of an ice
bridge that prevents any ice flow. The polynya further extends southwardly dur-
ing summer and promotes the ice retreat in Baffin Bay. Enhancing the modeled
ice flux in the CAA, and in particular in Nares Strait, should thus help better repre-
senting the ice decay. Finally, data in this harsh region of the world are scarce (e.g.,
Melling, 2002), especially concerning the ice thickness, ranging between 2 and 6 m
in the CAA (Bourke and Garrett, 1987; Melling, 2002; Kwok, 2005), underlining the
need for numerical experiments. Furthermore, this area is currently being of strong
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economical importance and political interest in the context of the opening of the
Northwest Passage.

Very few modeling research has been performed on the CAA. Three studies are
based on regional models: Kliem and Greenberg (2003) constructed gridded fields
of potential temperature and salinity, used in a second step to simulate the mean
circulation in the area on an unstructured grid, while Sou (2007) studied the impact
of future climate scenarios on the CAA. Recently, Rasmussen et al. (2010) have mod-
eled the seaice in Nares Strait in a regional setup. The present work in turn presents
alarge-scale sea ice model operational for climate studies which, to our knowledge,
is the first to investigate the effects of resolving the CAA on the ice cover features.
This work has served as a basis for a recent study (Terwisscha van Scheltinga et al.,
2010).

The model presented is aimed at being coupled to the finite element ocean model
SLIM (White et al. (2008); Blaise et al. (2010); Comblen et al./ (2010a)). As both mod-
els are still under development, and because a large part of the variability of the
ice circulation can be explained by the winds (Thorndike and Colony, 1982; Ser-
reze et al., 1989), the study presented here is conducted with an uncoupled sea ice
model with no ocean dynamics. Furthermore, the ocean stress is not significant in
most of the northern CAA due to the weak ocean currents (Stronach et al., 1987).
Though tides are strong in other parts of the CAA (e.g., Hell Gate, Nares strait, Gulf
of Boothia), they are not represented in this model. Tidal effects on sea ice may in-
clude a stronger mobilizing and fracturing of the ice (Holloway and Proshutinsky,
2007). Tides are also responsible for an enhanced ocean heat mixing to the surface
that could result in ice thinning. These effects are clearly beyond the scope of the
present study. Since most of the results are considered on a climatological time
scale, the effects of tides on the ice dynamics should not alter significantly the re-
sults. Other physical processes missing or crudely represented in the present study
include katabatic winds along the glaciers and landfast ice. Landfast ice stabiliza-
tion is associated to the presence of grounded ridges (Mahoney et al., 2007). Any
attempt to model landfast ice should thus necessitate information extracted from
bathymetry data. The sea ice model includes a viscous-plastic rheology and the
Semtner (1976) zero-layer thermodynamic scheme presented in Chapter 2. It is ev-
ident that some caution must be taken while analyzing the model results because
of the simple thermodynamics used, the absence of ocean currents and other lim-
itations of the model. These limitations prevent us to compare model outputs to
detailed in situ data, but the model complexity is nevertheless found sufficient, for
the purpose of this chapter is to focus (i) on the feasibility and advantages of un-
structured grids in large-scale sea ice modeling, and (ii) on the overall influence of
the CAA on the Arctic ice cover and freshwater budget.
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3.2 Model description

3.2.1 The seaice dynamics

Following Hibler (1979), sea ice is assumed to behave dynamically as a two-di-
mensional viscous-plastic fluid with nonlinear viscosities. The model includes two
thickness categories (see Fig. 3.2): thick ice with an actual thickness H and thin
ice corresponding to a thickness lower than a cutoff constant /. In this so-called
two-level model, we introduce two variables to describe sea ice on a given oceanic
area: the ice volume v’ and the ice concentration A, which is defined as the pro-
portion of thick ice covering the oceanic area. The relation between those variables
is illustrated in Fig. 3.2. In this approach, the ice thickness H corresponds to an
equivalent (intensive) variable that is only used in thermodynamic computations,
while the ice volume v’ and the ice concentration A are the state variables.

H

Iho

Figure 3.2: Two-level model: neglecting h leads to a simplified relation between ice volume
(v') and ice thickness (H): v* = AH.

A 1-A

According to the aforementioned definitions, the equation of momentum con-
servation reads:
i

D . .
pv D—l;=—pv’fk><u+A(ta+‘rw)—pV’gV«f+V-a (3.1)

where pv' is the ice mass per unit area, u is the ice velocity, D% = % +u-Vis the

material derivative, f is the Coriolis parameter (taken to be constant for the high
latitudes), k is a unit vector normal to the surface, T, et T,, are the air and ocean
surface stresses on the ice weighted by the ice concentration, respectively (Connol-
ley et al., 2004), g is the acceleration due to gravity, ¢ is the sea surface dynamic
height and o is the ice internal stress tensor. Both the air and water stresses are pa-
rameterized by quadratic drag laws, the water stress depending on the ice velocity:
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Ty = PwCwlUy—ull(Uy—u)cosly, +kx U, —u)sinhd,] (3.2)

where C,, is the water drag coefficient, p,, the water density and 6, the water turn-
ing angle. The force due to the ocean tilt is commonly computed by establishing
the geostrophic balance with the ocean current:

—pvigVE=pv' flkxU, (3.3)

In our model, the ocean velocity U, is uniformly equal to zero, hence reducing
the water surface stress to a simple drag of the ocean on the ice. Additionally, the
contribution of the ocean tilt vanishes. We shall nevertheless take these terms into
account in the rest of this chapter for the sake of generality.

The viscous-plastic rheology assumes that sea ice is behaving as a nonlinear
compressible viscous fluid with the general form:

0=2n(é‘,P)é+(((é,P)—n(é,P))tr(é)I—gl (3.4)

where € = % (Vu + VuT) is the strain rate tensor, I is the identity tensor, 1 and { are
the shear and bulk viscosities, respectively, and P is the ice strength. For typical
strain rates, ice is assumed to behave plastically, while for small strain rates, ice is
supposed to flow very slowly in a viscous way. In the one-dimensional case, a fixed
strain rate ép defines the boundary between the plastic and the viscous regimes. In
two dimensions, this threshold concept is generalized through a yield curve in the
principal stress plane. If the stress state lies inside this curve, ice behaves viscously;
otherwise, ice is constrained to plasticity and the state lies on the curve. Hibler
(1979)’s original elliptical yield curve has been widely used, and, combined with
the normal flow rule, it yields the following viscosities:

P
5:min(5,z.5x 108P) and n={/e? (3.5)

where e is the ellipse eccentricity (typically 2), P determines the ellipse size and y
is given by :

Y= (€ +€5) (1 +1/%) +465, /€% + 2606y, (1 -1/ )] (3.6)

and can be interpreted as a measure of the strain rate determining whether the
material undergoes plastic deformation or not. In the principal stress plane, all
the stress states characterized by the same y value lie on an ellipse centered on
(=1/2,-1/2) whose size normalized by P is proportional to y (Fig. 3.3). A one-
dimensional testcase that illustrates the ice rheology can be found in the appendix
B.1. Finally, we need an expression of the pressure term to close the system. Fol-
lowing Hibler (1979), P is computed as:

pP= p* Ui e*C(lfA) (3.7

with two empirical parameters p* and C.
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Figure 3.3: Principal stress diagram of the constitutive relationship. Inside the ellipse, the
material is considered as viscous. On the ellipse itself, the material undergoes plastic defor-
mation, keeping a constant stress even if the deformation rate is higher than the limit defined
by the geometrical locus (y = 2 x 1079 s~1). Material points yielding a Y= 1072 57! are also
plotted in red.

Mass conservation is ensured by an advection equation for the mean ice thick-
ness, while another continuity equation is required for the ice concentration:

a—yi+v-(uu")— (3.8)
at = v :
OA V. (uA) = (3.9)
ot =4gaA .

where g, and g, are source terms accounting for sea ice ablation or accretion.
These terms are computed thanks to three heat budgets: two at the top and the
bottom of the thick ice and one over the thin ice/open water area. This explains
why the actual ice thickness H will be used as variable when computing the ther-
modynamical processes. In addition, the ice concentration is constrained (A < 1)
to roughly account for the mechanical redistribution of sea ice.

In the two-level approach, compared to the thermodynamic model presented
in Chapter 2, we need to account for the lateral growth and decay of sea ice (g4).
In addition of heat balances (2.58) and (2.59), the heat budget B; of the lead area
is computed in the same fashion as equation (2.61). If it is negative, the lead is
partially filled with ice of thickness hy (Fichefet et al., 1998):

_1-AB,

1
Lho (3.10)

qy=

where the + superscript denotes the accretion rate. In the case of open water, the
ocean temperature has first to be decreased (equation (2.60)) to the freezing point
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Tr before a new ice layer can be formed. When the heat balance is positive, the
lateral decay depends on the melt rate of thick ice:

- A s by1+
— = + . 3.11
qa 2H[ (@ +4g7)] (3.11)
The source term ¢, is hence made of different contributions:
dv=AG+q"+q} ho+q, H, (3.12)

taking into account the surface melt, the basal accretion or melt and the lateral
growth and decay.

3.3 Numerical method

In this section, the equations and the initial and boundary conditions of the sea
ice model are presented. The finite element spatial discretization of this boundary
value problem is derived and the system of equations obtained is integrated with
respect to time.

The sea ice model consists in finding the ice velocity u(x, y, t), the ice volume
v'(x,y, t) and the ice concentration A(x, y, t) satisfying the following partial differ-
ential equations:

iou i i
pv o1 = Veou,v,A)+q,(uv,A (3.13)
vt i i
E+V-(uv ) = ¢, A (3.14)
E+V-(uA) = qa(v,A (3.15)

on the two-dimensional domain Q2 encompassing the whole Arctic sea ice north of
the parallel 50 degrees North. In the momentum equation (3.13), the term q,, takes
into account the wind and ocean forcings, the Coriolis force and the force due to
the tilt of the ocean, and the advection has been neglected (Fichefet et al., 1998) in
the momentum balance (equation (3.1)). All the calculations are performed from
a given initial situation where all fields are specified. The kind of boundary condi-
tions is twofold: on the one hand, a no-slip condition is prescribed along the coast-
line and islands. On the other hand, along the open sea boundary, a stress-free
boundary condition is applied, while the inward ice thickness and concentration
fluxes are prescribed.

The finite element method consists of three major steps.
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Figure 3.4: Finite element mesh of the Arctic. The domain extends north of the parallel 50

degrees North. The mesh contains 17053 triangles and 10505 nodes and its resolution varies
from 10 to 400 km.

* We divide the domain Q into a triangulation of non overlapping elements Q.
as shown in Fig. 3.4. Unstructured grids enable a flexible distribution of the
degrees of freedom in the domain according to the areas of interest. As far
as sea ice is concerned, the mesh resolution can be coarse where the spatial
variability is mostly on large scale and it should be fine where smaller scales
are relevant. Hence, in this study focusing on the influence of the CAA on the
Arctic ice cover, large elements are used in Central Arctic and in areas of low
latitudes, while the mesh is refined along coastlines, especially in the CAA.
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* We replace the three unknown fields by piecewise polynomial approxima-

tions defined as follows:

p

ulx,y,t) ~ ulxyn = Y Uj(¢jx,y) (3.16)
j=1

vy & vy = ) Viayixy) (3.17)
j=1

Ay, =~ Alvyn = Y A0y (3.18)
j=1

where the shape functions ¢ and y are defined a priori, and U (1), V]’ (#) and
Aj(t) are the unknown degrees of freedom. Generally, they correspond to the
nodal values in a usual continuous finite element discretization. The local
support of those polynomial shape functions is the key ingredient of the finite
element method allowing us to derive a discrete algebraic system enjoying

nice sparsity properties.

e Finally, we define a discrete Galerkin formulation to obtain numerical val-
ues for the unknown degrees of freedom. Such a procedure imposes that the
weighted residuals of the partial differential equations have to vanish. Typ-
ically, we integrate over the whole domain the partial differential equations
weighted by the shape functions. However, even if those residuals vanish, it
does not ensure that the differential equations will be satisfied everywhere by

ul

ih . .
, v'" and A". Moreover, some integrals by parts are performed in order to

reduce the degree of differenciability required by the shape functions. One
clear advantage of the finite element method for sea ice modeling is its facil-
ity to handle Neumann or so-called natural boundary conditions (Thomson
and McKenna, 1988). Taking advantage of the homogeneous stress boundary

condition, the spatial discretization reads:

. ih
Find ©", v?" and A" such that:

ihou” h ho ch il Ak
<¢jpv ¥> = —<V<pj~a >+<¢>jA q,w”*, v, A%) >
ih
vt ih ih in
<yjo—> = <vu/]--(uhyl )>—<<u/j1/’ (uh-n)>>+<1[/qu(v’ LAl >
Ah o
<Yj5> = <Vu/j-(uhAh)>—<<1//jAh(uh~n)>>+<1//qu(v’ ARy >

j:L
i=1
j=1...

(3.19)
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where n denotes the outward normal, the notation < . > holds for [, . dQ and
<« .>» for [,y . dI. p and m are the number of nodes corresponding to the de-
grees of freedom for the velocity field and the ice volume and concentration fields,
respectively.

This spatial discretization leads to a nonlinear system at each time step whose
unknowns are the discrete degrees of freedom. A nonconforming linear approx-
imation (Hua and Thomasset, 1984) is chosen for the velocity field, while the ice
volume and concentration are approximated by constant shape functions (Fig. 3.5).
To illustrate this spatial discretization, the degrees of freedom for velocities are lo-

Figure 3.5: Linear nonconforming (left) and constant (right) shape functions.

cated on the edges of the triangles, while the degrees of freedom for scalar proper-
ties A and v’ are located in the center of the element and represent a value that is
constant over the element - similar to an Arakawa C grid. The two-level model pro-
posed by Hibler (1979) suggests indeed a constant ice volume and concentration
in each cell, even if not excluding a higher order representation of both variables.
Advantages of the linear nonconforming elements include an easier computation
of the fluxes through the edges and the orthogonality of the shape functions. In the
set of discrete equations, it is important to emphasize that the integral over the do-
main has to be splitted into the sum of the integrals over each element because the
derivative no longer exists on the edge. This is so because nonconforming shape
functions are discontinuous across elements edges. In the same way, the bound-
ary integral is now the sum of the integrals along all internal and external edges.
For more details, we refer the reader to Hanert et al. (2004). Finally, we perform a
hybrid time stepping scheme where Coriolis force and external forcings due to the
ocean are implicitly integrated. To take into account nonlinear terms, a standard
linearization based on a Newton-Raphson scheme is introduced, and the resulting
sparse matrix is solved with a “skyline” linear solver. Typically, for a simple Euler
scheme, the discrete equations read:
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i h i h
<gpipvi"(uh —ul)> = At(-<Vg;-oh>+<piqhl,, vi" Al >)

<y; (u”Z+1 - uflh) > At(— <y, vi" (ul,,-n)>+< uquy(vflh,AZ) >)

<yj(Al, -Al)> = At(—<<1//jA’,’L(uZ+1.n)>>+<1//qu(vf1h,AZ)>)

n+1

where the subscript denotes the time evaluation.

Advection is computed via a first-order, finite volume upwind-weighted scheme.
Though numerically diffusive, it is monotonic and conservative, two essential in-
gredients to ensure the positive-definiteness of the transported variables v* and A.

3.4 Results and discussion

The model has been run over the period 1979-2005. We first present results from
the control simulation, essentially focusing on the patterns of ice concentration,
volume and drift. A numerical experiment is further presented where we investi-
gate the influence of the ice flow through the narrow straits of the CAA on the Arctic
ice thickness distribution and freshwater budget.

3.4.1 Control run

The model is spun up for only 6 years with annual mean forcings and then in-
tegrated between 1979 and 2005. The atmospheric forcing data sets used to run
the model are daily NCEP/NCAR reanalysis data for the air temperature and the
wind velocity, and monthly climatologies for the relative humidity (Trenberth et al.,
1989) and the total cloudiness (Berliand and Strokina, 1980). The mesh used for
this simulation has a varying resolution between 10 km in the CAA and 400 km (Fig.
3.4). Since the resolution in Central Arctic is low, some small-scale and short-term
processes might be neglected. However, on the one hand, the results should not be
significantly altered, especially as most attention is being paid to the climatological
results of the model. On the other hand, the aim of this study being to focus on
the influence of the CAA on the Arctic ice cover, this resolution was found sufficient
in Central Arctic. The integration of one simulation year on this mesh takes about
2 hours on an ordinary computer. Finally, the oceanic heat flux is computed ex-
actly as in Chapter 2 (see equation (2.62)): it consists of a restoring term towards a
climatological temperature of the mixed layer.
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Figure 3.6: Mean annual climatological ice drifts (1979-2005). Top: observations; bottom:
the velocity field as computed by our model. Both fields have been interpolated on a regular
grid for visual convenience.

We first compare the annual mean sea ice drifts simulated during the whole
1979-2005 period to the available data (Fig. 3.6). The daily observed ice motion vec-
tors for the 1979-2005 period are derived from data of Advanced Very High Resolu-
tion Radiometer (AVHRR), Scanning Multichannel Microwave Radiometer (SMMR),
Special Sensor Microwave/Imager (SSM/I), and International Arctic Buoy Program
(IABP) (http://nsidc.org, Fowler (2003)). The simulated ice drift vectors are only
drawn on grid points where the annual mean ice concentration is higher than 15%,
a value that will be considered here as delimiting the ice edge.

Both the Beaufort Gyre and the Transpolar Drift Stream are recognizable in the
observations and the simulation, attesting that the model captures well the essen-
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tials of the ice circulation in the Arctic. However, the simulated Beaufort Gyre ap-
pears too weak and the model exhibits a clear ice outflow from the Arctic in the
region of Bering Strait. But on a climatological time scale, observations suggest
that the ice is almost static there. This difference is attributed to the effects of the
oceanic surface currents flowing from the North Pacific to the Arctic Basin through
Bering Strait which are missing in our model and tend to counterbalance the wind
stress. Plug flow might be also a part of the explanation. The simulated ice dy-
namics indicates also a higher ice drift along the east coast of Greenland, while a
parabolic-like velocity profile across Fram Strait (e.g., Kwok et al., 2004) is expected.
It is worth noting that the model does not include any parameterization of landfast
sea ice. We suppose that the fine mesh resolution along the coastline allows the
influence of the no-slip boundary condition to vanish rapidly, resulting in a steep
variation of the velocity profile. We also note in the simulation the too large ice
tongue south of Fram Strait.

Fig. 3.7 compares the mean ice concentrations from our simulation to those de-
rived from SMMR and SSM/I data sets (http://nsidc.org, Comiso (1999, updated
2005)) and interpolated on the finite element mesh. As can be seen from the obser-
vations, in winter, the ice is very concentrated in the Arctic Basin (> 90%). The sim-
ulated ice pack represents this feature, but the ice is too extensive in the southern-
most part of the domain. The missing oceanic heat advection is clearly responsible
for this overestimation. In the North Atlantic, a huge amount of heat is brought
into the Nordic Seas by the North Atlantic Drift Current that originates from the
Gulf Stream. This feature is not present in our simulation and mostly explains the
too large presence of sea ice in the Norwegian and Labrador Seas. The simple pa-
rameterization of the oceanic heat flux, consisting of a restoring term towards a
climatological mixed layer temperature, may also be partly responsible for this dis-
crepancy. In summer, only the central Arctic Basin remains ice-covered. The sim-
ulated ice concentration better matches the observations, even if the model still
overestimates the ice cover, especially in Baffin Bay and the Kara Sea.

A question regards whether such a simple model is able to capture the interan-
nual variability of the sea ice cover. For this purpose, Fig. 3.8 shows the time series
of the monthly mean anomalies of the ice extent as simulated by the model and in
observations for the 1979-2005 period. Even if the mean climatological ice extent
is overestimated in our model, the interannual variability is in reasonable agree-
ment with the observations. Surprisingly, the simulated ice extent is clearly un-
derestimated during the first three years of the simulation. This may be attributed
to two factors: the necessary time adaptation after the model spin-up and the too
high NCEP/NCAR reanalyzed winter temperatures in the Northern Siberian Coast
in 1980 and 1981 (Vancoppenolle et al., 2009). Moreover, the extent minima are not
accurately represented and their phase is somewhat delayed.
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Figure 3.7: Mean ice concentrations in March (top) and September (bottom). For both
months, we compare the data sets (left, 1979-2005) derived from SMMR and SSM/I and inter-
polated on the finite element grid with the simulated ice concentrations (right, 1979-2005).
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Extent monthly mean anomalies (x 10° kmz)

Figure 3.8: Time series of monthly mean anomalies of sea ice extent for the Arctic as sim-
ulated by the model (red line) and in observations (black line) derived from satellite mi-
crowave recordings (Comiso, 1999, updated 2005). The anomalies were obtained by taking
the monthly ice extent for each individual month and by subtracting the mean ice extent for
that month over the 1979-2005 period.

Figure 3.9: Global sea ice thickness pattern (in m) as computed by the model (March 1979-
2005, right) and as observed (January-April 1960-1982, left, Bourke and Garrett (1987)).

Finally, there is a general agreement between the simulated ice thicknesses and
observations (Fig. 3.9). In the model Central Arctic, ice thickness lies between 3 and
4 m. Thickness progressively increases from Siberia to the CAA “providing natural
barriers to the movement of the ice” (Bourke and Garrett, 1987), where thickness
reaches up to 6 m. The essential of the ice ridging occurs indeed in front of the CAA.
Inside the CAA, some spots attain about 7 m (Fig. 3.11). The Beaufort maximum
visible in the observations is not captured by the model. This feature is however
rarely represented in sea ice models. The influence of resolving the narrow straits
constituting the CAA will be investigated in a separate subsection.
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3.4.2 Sensitivity experiment

In order to explore the sensitivity of the sea ice cover to the resolution of the nar-
row straits of the CAA, two numerical experiments are conducted. The first one
(OP) corresponds to the control simulation with the CAA open. In the second ex-
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Figure 3.10: Zoom on the CAA. The edges in red are considered as land in the CL experiment,
thereby closing artificially the Arctic Basin in the Canadian area.

periment (CL), the straits connecting the Arctic Basin to the CAA are closed. For this
purpose, the edges of the mesh crossing those straits are converted to land bound-
aries, thereby disconnecting the Arctic Basin from the CAA. This finally reduces to
imposing a zero velocity for the velocity degrees of freedom situated on the edges
in red (see Fig. 3.10). This procedure is meant to mimic the situation encountered
in coarse resolution sea ice models that are not able to represent the exchanges of
sea ice through the CAA.

Fig. 3.11 illustrates the climatological ice thicknesses in March for OP and CL mi-
nus OP. As mentioned earlier, the mean ice thickness reaches about 6 m along the
CAA. Inside the CAA, thickness progressively decreases southward in the direction
of Baffin Bay and the Labrador Sea. What strikes first when analyzing the difference
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Figure 3.11: March ice thicknesses in the CAA for the 1979-2005 period. On the left: control
simulation OP, the scale ranges from 0 to 6 m; on the right: difference between CL and OP,
the scale ranges from -0.5 m to 0.5 m.

between CL and OP is the high similarity between results of both experiments. Out-
side a restricted area surrounding the CAA entrance, there is no clear difference be-
tween OP and CL. Henceforth, on a climatological time scale, this experiment tends
to attest that closing the CAA does not significantly alter the general ice thickness
pattern. Nevertheless, the local thickness pattern shows a clear sensitivity to the
resolution of the narrow straits north of Canada. In particular, the ice thickness dif-
ference between OP and CL is up to 2 m (not shown) in the southern gates of the
Queen Elizabeth Islands (QEI-South, see Fig. 3.1), because of the stopped ice flux
from the Arctic to the CAA.

On a daily basis, the comparison between OP and CL reveals stronger differences.
The mean ice thickness patterns are compared for late October 2005 in Fig. 3.12.
During that period, the wind is blowing offshore the CAA. Two points are to be out-
lined here. First, along the Queen Elizabeth Islands, the ice divergence caused by
the wind is much more pronounced in CL because the closed straits prevent any
ice thickness outflow from the CAA. The influence of the domain boundary and
the related boundary condition diffuses inside the domain. Moreover, even a very
thick ice cover, which is supposed to have a high ice strength, is very sensitive to
the wind direction. In a few days, the mean ice thickness along the CAA has de-
creased by more than 2 m. It is worth mentioning that, in Hibler (1979)’s model, the
tensile strength applied to the ice is weak and that no landfast parameterization is
included. The ice accumulated against the CAA is hence more sensitive to the wind
direction in the CL experiment. Second, for the same reason, closing Amundsen
Gulf (southern strait in Fig. 3.10) in CL leads to an ice accumulation inside the CAA,
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while in Amundsen Gulf, it generates a large open water area, with all the physi-
cal processes involved. The ice fluxes between both regions are thus important to
accurately represent the ice flow in northern Canada.

Figure 3.12: Ice thicknesses (from 0 to 5 m) in the CAA simulated by the model for late Oc-
tober 2005. On the left: control simulation OP; on the right: CL. Note the formation of open
water in the Beaufort Sea for simulation CL and the difference in thickness between OP and
CL along the Queen Elizabeth Islands.

Exchanges of sea ice between the CAA and the Arctic are extensively described
and quantified by Kwok (2006). This study based on RADARSAT ice motion pro-
vides a 5-year complete record of ice area fluxes in the northern CAA. The mean
annual observed ice fluxes for the 1998-2002 period (Table 1) indicate a northward
ice movement in Amundsen Gulf and M’Clure Strait and an Arctic outflow in the
Queen Elizabeth Islands. Overall, ice area is exported from the CAA to the Arctic,
but the seasonal and the interannual variability of these ice fluxes are very high. Ice
volume fluxes are estimated on the basis of the ice area fluxes and representative
ice thicknesses.

Sou (2007)’s study uses a finite difference regional ice-ocean model forced by
NCEP/NCAR reanalyzes data with two ice thickness categories and viscous-plastic
rheology. The model is run on a nested grid with a 0.2° horizontal resolution which
covers the CAA region. The ice area fluxes computed by this model (Table 1) com-
pare reasonably well with the observations, in particular in the QEI region. On the
low side, the ice outflow in Amundsen Gulf is too large and the direction of the flux
in M'Clure Strait is opposite to what is observed. Sou (2007) has reservations about
the accuracy of the use of representative ice thicknesses to estimate the “observed”
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Kwok (2006) Sou (2007) Model
| Area Vol. Thick. Area Vol.  Thick. Area Vol.  Thick.
AG -85 -85 1.0 -130 -97 1.1 -70 -87 1.5
MS -20 -80 4.0 2 54 2.0 -19 -32 2.6
QEI 8 27 3.4 11 72 3.6 33 131 4.2
Net -97 -138 -117 29 -56 12

Table 3.1: Mean annual ice area (x 103 km? yr~!) and volume (km3 yr~!) fluxes for the
1998-2002 period through Amundsen Gulf (AG), M’Clure Strait (MS) and Queen Elizabeth
Islands (QEI) in observations (Kwok, 2006) and as computed by Sou (2007)’s model and by
our model. Positive sign indicates Arctic outflow. The ice volume estimated by Kwok (2006) is
based on a representative ice thickness (m). For comparison, a representative ice thickness
is also provided for both models, but not used in the volume fluxes computation.

ice volume fluxes in regions of high thickness or ice direction variability. For exam-
ple, in the case of an oscillating ice flux through a gate whose ice thickness is higher
at one of its sides, the net ice area flux would be close to zero, while the ice volume
flux will not. The weighting played by the non uniform ice thickness appears to be
the leading factor to explain large differences that one can get between the area and
the volume fluxes.

Our model shows a good agreement with the observed ice area fluxes, with typi-
cally the same direction and order of magnitude. The model does particularly well
in M’Clure Strait. Discrepancies of the model include too large an ice flux through
the Queen Elizabeth Islands, especially in winter when the model is missing the
landfast sea ice. The net exchange in ice area between the Arctic and the CAA is
hence smaller than in observations. Due to the method used, the agreement be-
tween modeled ice volume flux to the “observed” one depends highly on the vari-
ability of the region (Sou, 2007). In both models for example, the estimated ice vol-
ume flux based on the representative ice thickness overestimates the modeled ice
volume flux in M’Clure Strait (+54% in our simulation). However, in the QEI, the
estimated ice volume flux (33 x 103 km? yr~! x4.2 m =~ 139 km? yr™!) is very close
to the one computed by our model (131 km? yr~!). Both models exhibit the same
discrepancy between the total net ice area (Arctic inflow, consistently with obser-
vations) and volume (Arctic outflow) fluxes. The opposite signs between net area
and volume fluxes is striking, but can be explained by the arithmetic weighting of
the ice area fluxes by the ice thicknesses.

As expected, North Nares Strait monthly ice area fluxes are weak on average (<
200 km?, not shown here), but with large northward exports for a couple of months,
yielding a net Arctic inflow (=3 x 103 km? yr™!, 1998-2002). Note that the Arctic
inflow can also be deduced from Fig. 3.11: more ice is present in Nares Strait when
it is closed. This discrepancy with the observations is also present in Sou (2007)’s
study and is mainly attributed to the coarse wind forcing missing the effects of the
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topography on the local wind pattern (Sou, 2007). The absence of oceanic currents
and the lack of mesh resolution in North Nares Strait can also be adduced.

A recent paper by Terwisscha van Scheltinga et al. (2010) mimicked the present
study and gives another point of comparison. Their model is based on FESOM
(Timmermann et al., 2009) and is similar to the one presented in this chapter in
all points but the forcing data sets and the finite element discretization (P; — P;
formulation). As expected, their results compare well with the ones presented in
this chapter. However, their model has better representation of the ice fluxes in the
QEI compared to the observations (Kwok, 2006). Though their mesh resolution is
clearly higher in the narrow straits than in our simulations, some numerical tests
have shown that the ice fluxes are not very sensitive to the resolution. The differ-
ence in the ice fluxes is thus probably linked to the different data set that was used
to force the model. In the next subsection, we investigate the influence of those ice
fluxes on the freshwater budget of the Arctic.

3.4.3 Importance of the CAA for the mass balance of Arctic sea ice

The resolution of the CAA still constitutes in the large majority of sea ice models
a missing peace of the Jigsaw puzzle. We have already highlighted the importance
of the CAA for the mass balance of Arctic sea ice in the introduction (Fig. 1.3). Ac-
cording to our model, the mean CAA ice mass as computed in the control run OP
represents a rough 10 % of the total simulated sea ice volume, which is far from
being negligible.

Furthermore, we perform an additional analysis: the ice volume fluxes towards
Baffin Bay are evaluated at three gates described in Fig. 3.13 and situated in Lan-
caster Sound, Jones Sound and Smith Sound. The fluxes experience a strong in-
terannual variability and, except for three years in Lancaster Sound, contribute to
a positive ice flux to Baffin Bay. As expected, Smith Sound yields the major con-
tribution with roughly 70 % of the mean total sea ice export, while Lancaster and
Jones Sounds contribute to 20 % and 10 %, respectively. Converted into mean an-
nual freshwater fluxes, we find a contribution of ~ 20 km? yr’1 for Lancaster Sound,
~ 15 km?® yr~! for Jones Sound and ~ 90 km3 yr~! for Smith Sound. The mean total
sea ice freshwater export towards Baffin Bay is hence of 125 km3 yr~!, which is close
to the 160 km® yr~! estimated by Serreze et al. (2006), on the basis of Prinsenberg
and Hamilton (2005)’s study, and computed by Sou (2007) on a long period (1950-
2004). As mentioned by Sou (2007), the ice volume transport is probably underes-
timated in models in narrow straits like Jones and Lancaster Sound due to the the
coarse wind forcing and the low mesh resolution. In order to evaluate the relative
importance of the ice export through the CAA, this value is to be compared to the
mean freshwater export through Fram Strait. According to recent observations, our
estimate represents only 7% of the freshwater equivalent of the ice export through



64 The effects of resolving the CAA in a FE sea ice model

'V VAVAY,

RS A

v YAVAN

R VAV WA
R
4 5 DG

uﬁiﬂ 45";"5':‘ S
O R
NS
AN
AV OVAVAWN
2 muuﬁ

X/ \ >
S OSAAAVLS
i
R

KADEA, AD
AN R
A SN
RO
KIADPAGHSS

D
TR

K
Volume flux (km® yr™)
200 — T T ; :
—— Smith Sound
= @ = Jones Sound
1@ Lancaster Sound|
150¢ 1
100t 1
]
50 o Qo .
0 209 -0
0. P 000 A
%% "00e28°® ° ‘3
0 L

1980 1985 1990 1995 200
Year

Figure 3.13: Top: close-up view of the mesh in the CAA. Bottom: annual ice volume fluxes
(positive if directed towards Baffin Bay) through the three gates represented in the upper
figure (bottom-up: Lancaster Sound, Jones Sound and Smith Sound). See also Fig. 3.1 for
the geographical locations.
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Fram Strait (1800 km® yr™!, estimation from Kwok et al. (2004) converted into fresh-
water equivalent) and 5% of Fram Strait’s liquid freshwater outflow (2400 km? yr~!,
Serreze et al. (2006). Though relatively small, the impact of this ice export on the
water stratification in Baffin Bay and on the convective overturning downstream in
Labrador Sea has to be investigated.

3.5 Conclusions

In this chapter, we have presented a finite element, unstructured grid sea ice
model. The model includes a viscous-plastic rtheology along with a complete pa-
rameterization of the atmospheric fluxes and is driven by daily NCEP/NCAR reanal-
ysis data. The climatological sea ice drifts, thicknesses and concentrations com-
puted by the model compare qualitatively well with the observations. The finite
element method presented in this chapter reveals effectiveness for sea ice model-
ing and enables the use of unstructured grids with all their potential and flexibility.

A clear advantage of unstructured grids is to enable the resolution of the nar-
row straits of the Canadian Arctic Archipelago (CAA). A numerical experiment has
hence been performed to investigate the influence of the ice flow through the CAA.
Focusing on the large-scale sea ice thickness pattern, within our general framework
and hypotheses, we have shown that the inclusion of those straits is not essential,
the impact being merely local. This tends to validate the idea of the role of the CAA
as a "buffer" on sea ice between the Arctic Basin and Baffin Bay. However, we have
shown that the local and short-term influences of the ice exchanges are nonneg-
ligible. In particular, depending on whether the straits are open or closed in the
numerical experiment, the domain boundary and the associated boundary con-
dition influence directly the numerical solution in the proximity of those straits.
Moreover, on average, the sea ice volume in the CAA represents a nonnegligible
10 % of the total sea ice volume in our model. Finally, the annual sea ice volume
flux towards Baffin Bay has been evaluated in order to assess its importance in
the freshwater balance of the Arctic and yields a mean freshwater outflow of 125
km?3 yr~!, which is in good agreement with the 160 km® yr~! suggested by Serreze
et al. (2006), on the basis of Prinsenberg and Hamilton (2005)’s study. Though rel-
atively small compared to the ice contribution of the freshwater outflow through
Fram Strait (7%), this ice export, together with the North Water Polynya formation,
might be important regarding the water stratification in Baffin Bay and the decay
of the summer sea ice cover in Baffin Bay. All these diagnoses show how important
the CAA is on the mass balance of the Arctic sea ice and plead for the need to better
understand the complex processes and interactions being held in this region.

Future work on the sea ice model will include a better representation of the sea
ice physics (halo-thermodynamic model (Vancoppenolle et al., 2007), ice-thickness
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distribution (Thorndike et al., 1975), etc.). An intermediate step towards the de-
velopment of a coupled ice-ocean model might consist of including climatological
modeled currents (e.g., Maslowski et al., 2004; Vancoppenolle et al., 2009) in order
to improve the ice circulation in areas where these currents play an important role
(Bering Strait, Nares Strait, etc.). Some additional investigation based on a cou-
pled sea ice-ocean model should be carried out to assess the actual role of sea ice
passing through the CAA on the global ocean circulation, by way of the interactions
between the associated freshwater flux and the water mass properties of the ad-
jacent seas. Recently, this issue has been readdressed by Kwok (2005) concerning
the impact of the ice export through Nares Strait and more generally from the CAA
on the convective overturning downstream in the Labrador Sea. A coupled model
might also enable to assess the role of static arches on the ice circulation and the
interactions with the ocean, or propose lacking data (such as thickness order of
magnitude for estimations of mass budgets). As outlined by Dickson et al. (2007),
numerical models have indeed a role to play to make up for the inherent difficulties
and financial limitations to collect data, and in particular ocean fluxes.

The results presented in this study must be considered with some care though
since no ocean dynamics nor oceanic feedback are included in this uncoupled ver-
sion of the model. The deficiencies of the model, including the Bering outflow, are
to be attributed to these factors. In particular, the absence of oceanic heat advec-
tion is clearly responsible for the overestimation of the simulated sea ice extent.
The simple parameterization of the oceanic heat flux is also a weak means to com-
pensate for the lack of ocean interactions. An important issue is to know whether or
not the coarse resolution atmospheric forcings typically used in the models is suf-
ficiently accurate to enable realistic simulations in the CAA. The resolution of the
air temperature and wind velocity data sets used in this study amounts to about
200 km, while the mesh resolution reaches 10 km in some parts of the domain. Ad-
ditionally, coarse wind forcing do not resolve the effects of the topography on the
local wind pattern (channeled wind, katabatic winds, ...). Sou (2007) showed that
the average wind stress (1950-2004) from NCEP/NCAR indicates a northward direc-
tion in Nares Strait, while a southward ice flow is observed. As stated by Wang et al.
(2003), high resolution atmospheric forcing fields might help to solve these issues.

The mesh resolution must be ideally sufficently fine to resolve the ice circulation
everywhere, in particular where smaller scales are relevant. In a series of numerical
simulations that we performed on different meshes, we found little dependence of
the sea ice fluxes and the ice features to the mesh resolution. We can thus consider
that most of the ice flow is resolved. One exception is probably Nares Strait, where
we have shown that the ice circulation is poorly resolved. However, this particular
place seems to collect the modeling challenges: the wind is subject to the partic-
ular topography and is channeled, ice arches form during winter in the northern
(Lincoln Sea) and southern (North Water Polynya) parts and some portions of the



3.5. Conclusions 67

strait are occupied by landfast ice. We have shown that, with our model, we are not
able to represent static landfast sea ice in the North Canadian Archipelago. This
issue might be resolved by including some parameterization of the landfast sea ice
in the model. However, detailed bathymetry and well-resolved coastal currents are
needed for an appropriate simulation of landfast sea ice (Wang et al., 2003). The
formation of static arches should be investigated in a first step thanks to some test
problems (see Dumont et al. (e.g., 2009)). In light of these model deficiencies, it
appears that, instead of adding new features and parameterizations to the actual
model, significant improvements might be gained by investigating a new rheology
integrating recent laboratory research work on the mechanical properties of the ice
and observations based on buoys tracking (e.g., Schreyer et al., 2006; Coon et al.,
2007; Weiss et al., 2007; Girard et al., 2011). It is our believe that the developments
presented in the following chapter towards a Lagrangian model will greatly help in-
vestigate these issues and better understand the mechanical behavior of sea ice. As
such, Nares Strait constitutes a nice testcase for new model developments.






CHAPTER

A LAGRANGIAN, ADAPTIVE, FINITE ELEMENT SEA
ICE MODEL

Summary

We present a Lagrangian, adaptive, finite element sea ice model allowing
the computational grid to move with the ice. The Lagrangian description of-
fers several attractive advantages such as the easy tracking of free surfaces or
the direct access to the material deformation history. We take advantage of the
locality of the mesh adaptation procedure to update the discontinuous fields
thanks to a local Galerkin projection. The mesh adaptation procedure is first
validated. Then the conservation and convergence properties of the field pro-
jection are demonstrated through different benchmarks and the transport al-
gorithm is evaluated by a classical advection test case. Finally, the model is
run on the Arctic Basin and different ice age definitions are implemented and
compared.

4.1 Introduction

Eulerian models associated to the finite difference method have constituted the
larger part of sea ice models in the past. The Lagrangian description is an attractive
alternative as it facilitates the tracking of moving boundaries and free surfaces. The
Lagrangian approach is also mathematically well-suited for the description of con-
servation equations. In particular, ongoing research is dedicated to the develop-
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ment of new sea ice rheologies (e.g., Schreyer et al., 2006; Wilchinsky and Feltham,
2006; Coon et al., 2007; Sulsky et al., 2007; Weiss et al., 2007; Girard et al., 2011). The
inclusion of material properties and the access to the history of deformation are
key elements to improve sea ice dynamics representation. The implementation of
these features is straightforward in a Lagrangian framework. Finally, the Lagrangian
description clearly makes easier the assimilation of sea ice trajectories from buoy
motion or satellite tracking (Meier and Maslanik, 2001; Lindsay and Stern, 2004).

A series of studies focusing on Lagrangian or Eulerian-Lagrangian descriptions
for sea ice modeling have been reported. Our objective is not to conduct an exten-
sive survey (we refer the reader to Lindsay and Stern (2004) and Sulsky et al. (2007)),
but to report on different approaches developed so far. Pritchard et al. (1990) uti-
lized an adaptive Arbitrary Eulerian-Lagrangian model to forecast the ice edge po-
sition. Another approach has been investigated by Hopkins and Hibler (1991) in
which sea ice behaviour is dictated by interactions between discrete particles. A
couple of studies had recourse to the Particle In Cell (PIC) method that mixes Eu-
lerian and Lagrangian descriptions (Flato, 1993; Huang and Savage, 1998; Ligett,
2000). A fixed grid is used to solve the ice momentum equation, while Lagrangian
particles are transported by the ice flow. The Material Point Method (MPM) can be
viewed as an alternative of the PIC method applied to solids (Sulsky et al., 2007). Fi-
nally, the Smoothed Particule Hydrodynamics (SPH) is a Lagrangian method based
on a large number of particles without any grid (Gutfraind and Savage, 1997; Lind-
say and Stern, 2004). Because unstructured meshes enable the use of mesh adap-
tivity, we had the opportunity to enjoy the advantages of a purely Lagrangian ap-
proach and thereby followed the preliminary work of Wang and Ikeda (2004) con-
sisting in a Lagrangian, finite element, adaptive model.

Lagrangian methods involve frequent remeshing operations to maintain a good
quality of the mesh, thus necessitating the use of interpolation techniques to trans-
fer the fields from the source mesh to the target mesh. This naturally yields a loss
of accuracy which can be viewed as the counterpart of diffusion in the Eulerian
description. In this chapter, we investigate a local and conservative projection to
handle fields updates. Our model has been tested on two specific applications. The
first one deals with the ability of the model to track the ice edge. The second ap-
plication concerns the ice age. In Chapter 2, we presented a vertically-varying sea
ice age. In this chapter, we take advantage of the Lagrangian description to take ice
dynamics into account and compare the results with other ice age definitions.

4.2 Mesh adaptation

The mesh design is supported by a prescribed mesh size field that describes the
desired element size and shape distribution. Depending on the modeler’s objec-
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tives, it depends generally upon space, but possibly upon any other variables, in-
cluding time, direction (anisotropic mesh) or any field of the problem studied. The
latter possibility of refining the mesh in areas of physical interest renders adaptive
mesh simulations particularly attractive. The mesh adaptation procedure used in
this study modifies the given mesh thanks to local operations in order to satisfy at
best the desired element size and shape distribution. These operations are handled
by a mesh adaptivity library (MAdLib, http://www.madlib.be). The definition of
the mesh size field and the choice of the local operations constitute the core of the
mesh adaptation procedure described below and have been largely discussed and
validated (Li, 2003; Remacle et al., 2005; Shephard et al., 2005; Compere et al., 2008).

4.2.1 The mesh size field

In three dimensions, the mesh size field can be represented at any point by a
mesh metric tensor describing an ellipsoidal surface whose points yield the desired
mesh edge length for any direction. An appropriate space transformation mapping
the ellipsoidal surface on a unit sphere allows us to deduce naturally a mesh con-
formity criteria. If an entity of the given mesh does not satisfy this criteria, the
adaptation procedure is activated, using the information contained in the size field
to correct the mesh.

The mesh metric field at a point P is defined as “a 3 x 3 symmetric positive def-
inite mesh metric tensor M(P) such that the desired directional mesh edge length
distribution at this point follows an ellipsoidal surface

xMP)xT =1 (4.1)

where x = {x1, X2, x3} is a coordinate vector” (Li, 2003). In two dimensions, the met-
ric tensor is of order two and the ellipsoidal surface reduces to an elliptical surface
(Fig. 4.1). Let h(P, e) denote the desired mesh edge length at the point P along the
direction given by the unit vector e. By construction of the metric tensor, the vector
h(P e)e starting from P points at the ellipsoidal surface, hence satisfying equation
(4.1):

h(P.e)eM(P)h(Pe)e’ =1,

from which we can derive an expression for h(P, e):

h(Pe) = (4.2)

1
VeM(P)el

Due to its symmetry, the tensor M(P) can be classically diagonalized as follows (e.g.,
Lancaster and Tismenetsky, 1985):

M(P) = R(P)A(P)R(P)T
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T

xM(P)xT =1

Figure 4.1: In two dimensions, the mesh metric field can be represented at each point P by
a symmetric positive definite tensor M(P) describing the desired mesh edge length k(P e) at
the point P along any direction e.

where R(P) is an orthogonal matrix containing the eigenvectors of M(P) and A(P) =
diagil,...,A,} is the diagonal matrix composed of the eigenvalues of M(P). The
tensor being positive definite, the eigenvalues are all positive and the tensor can be
finally decomposed as:

M(P) = (R(P)D(P)) (R(P)D(P))" = Q(P)Q(P)"

with D(P) =diag{ \/)L_ Yeeey \//l_n}. The tensor Q(P) can be geometrically interpreted
as the combination of a rotation (R) and a distortion (D), thereby defining a space
transformation x’ = xQ(P). The latter has the particular property of mapping any
edge from the physical space into an isotropic and normalized transformed space
(see Fig. 4.2):

2T =xQP)QP) xT =xMP)x" =1.

Ideally, all mesh edges should have a unit length in the transformed space, provid-
ing a criteria to measure with what accuracy the mesh size field is satisfied. Note
that the desired edge length depends on the metric of both vertices of the edge. A
piecewise interpolation between these vertices is hence applied to yield the final
edge length.

In practice, it is often impossible to satisfy exactly the mesh size field for each
mesh entity. The ideal criteria is hence relaxed towards an interval [L,y;,, Linqx] de-
fined in the transformed space. In order to avoid infinite loops between refining
and coarsening operations, this interval must be chosen such as L,;,; < 0.5 L.
This condition ensures that whenever an edge larger than L, is split in two (split-
ting operation), it then belongs to the interval. Finally, Fig. 4.3 illustrates a mesh
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M Pz =1

Figure 4.2: Linear transformation from the physical space to the transformed space associ-
ated to the tensor Q(P). In the latter space, ideal mesh edge lengths are normalized.

size field used to generate a typical mesh of the Arctic. The mesh resolution varies
between 10 and 200 km.

4.2.2 Mesh adaptation operations

All mesh modification operations described and used in this work are local, there-
by meaning that only a small set of mesh triangles, called cavity and noted €, are
involved by the operation and replaced by another cavity €’ with the same closure.
An advantage of this approach is that only a small part of the mesh is modified,
allowing frequent mesh adaptations and local conservative field projections (see
Section 4.3).

Among these operations, two are aimed at better satisfying the mesh metric field.
If the length of an edge in the transformed space is longer than L., the splitting
operation allows us to refine the mesh. The edge is divided into two equal parts and
a new vertex is inserted, while the cavity goes from two to four triangles (see Fig.
4.4). If the length of an edge is smaller than L,;;,, the collapsing operation removes
the shortest edge and collapses its vertices (Fig. 4.5). The number of elements in
the cavity decreases by two.

The last operation regards the quality of the triangles. The shape measure of
an element e is evaluated according to the square mean ratio (Liu and Joe, 1994)
expressed as:

AL?
2 e
Ne=48 073 4.3)
il
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Figure 4.3: Mesh size field used to generate a typical mesh of the Arctic and surrounding
seas. The mesh resolution varies between 10 and 200 km.

S e

e I

Figure 4.4: Splitting operation: if an edge is too long, it is split in its middle by inserting a
new vertex.
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Figure 4.5: Collapsing operation: if an edge is too short, it is removed and its vertices are
collapsed.

Figure 4.6: Swapping operation: if a triangle is too flat, the cavity formed with a neighboring
triangle is modified in order to create two new triangles.

where Aj, and [} are the area of the element e and the length of the ith element edge,
respectively, both measured in the transformed space. The value of the criterion is 1
for an equilateral triangle and 0 for a flat element. According to this criterion, if a tri-
angle is detected as badly shaped, a swapping operation is attempted and retained
only if the overall quality of the considered triangles is enhanced by the operation.
This operation simply consists in modifying the mesh topology in the cavity so that
the two existing triangles are replaced by two others (see Fig. 4.6) by swapping the
edge. Finally, according to the triangle shape measure, flat elements (slivers) are
eliminated. This step is very important for the robustness of the algorithm since
badly shaped elements are particularly harmful for the numerical solution. When
such elements are detected, the above three basic operations are successively ap-
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boundary

Figure 4.7: Sliver removal procedure on the boundary: typically, a collapse operation is ap-
plied to remove the sliver (greyed element).

plied to try and remove them. When a sliver is detected on the boundary (Fig. 4.7),
collapse and swap are temporarily enabled on the boundary.

4.2.3 Mesh adaptation procedure

Once the mesh adaptation operations have been described, one has to make up
his mind on the exact order of succession of theses operations. Each sequence is
operated in a row, and the order of succession of these operations constitutes a
degree of freedom of the mesh adaptation procedure. This one being rather em-
pirical, the influence of applying different operation sequences on a test problem
has been investigated. We consider four adaptation sequences inspired by the lit-
erature (Remacle et al., 2002; Li, 2003; Shephard et al., 2005) (see Fig. 4.8). Each
sequence has been studied twice: by applying the sequence once, and by integrat-
ing the sequence into a minimum quality objective algorithm: the sequence is re-
peated until a minimum quality threshold (here fixed at 0.14) is satisfied, meaning
that the mesh is free of sliver triangles. In order to avoid infinite loops, a maximum
number of iterations (here 10) is imposed. To validate the mesh adaptation pro-
cedure, the following test case is studied. The domain of study corresponds to a
square representing a parcel of ocean in which an idealized island is placed (Fig.
4.9). The velocity field used to challenge the adaptation procedure needs to cancel
out on the boundaries. Therefore, a non-uniform velocity field u(x(¢)) is computed
by multiplying a rotational velocity field by the solution of the Poisson equation
(V¢ = —1). The resulting field is illustrated in Fig. 4.9. The displacement of the
nodes is computed by integrating the velocity field:

w = u(x(1)) (4.4)
dt ’ ’
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Sequence 1 Sequence 2 Sequence 3 Sequence 4
RemoveSlivers RemoveSlivers Split Split
Collapse Collapse RemoveSlivers Swap
Split Swap Collapse RemoveSlivers
Swap Split Swap Collapse

Swap Swap

Figure 4.8: Mesh adaptation sequences considered. Each component of a sequence corre-

sponds to a loop on the concerned mesh entities. The operation RemoveSlivers refers to
the sliver removing procedure.

u 2.00
|
200
1.50
I |1.00
e
0.50

100 .0.00

100 150 100

Figure 4.9: Left: configuration of the mesh adaptation test case. The greyed rectangle corre-
sponds to an island. Right: norm of the velocity field used to displace the mesh.

thanks to a simple Euler forward scheme. The first five displacements of the mesh
are shown in Fig. 4.10.

The mean and standard deviation of the element shape measure are computed
for every adaptation sequence listed in Fig. 4.11 during 400 time steps. Also shown
are the minimum and maximum values of the shape measure. As can be seen, the
mean and standard deviation are very similar for all sequences. It must be stressed
that the most critical operation is the sliver removal. In this regard, the minimum
value is particularly important since we want to avoid slivers. As expected, the se-
quences integrated into a minimum quality objective algorithm provide better re-
sults than a single iteration of each sequence. Two sequences yield better results in
terms of minimum quality measure (2 and 4). Sequence 2 has the additional advan-
tage to begin with a collapse loop, which tends to decrease the memory peak at the
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begin of the procedure as collapsing operations decrease the number of elements.
We therefore chose this sequence for all numerical simulations in this work. To save
cpu time, the sequence is not integrated in a loop depending on a quality thresh-
old, but is repeated a maximum number of times as long as some mesh adaptation
operations are applied. This sequence has proven to be well suited to remove the
slivers.
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Figure 4.10: Mesh position of the initial and five first time steps of the mesh adaptation
test case. Blue and red triangles help guiding the eyes. Examples of the three basic mesh
operations are shown (split in green, swap in light blue and collapse in mauve).
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Figure 4.11: Comparison of the mean mesh quality between different sequences of opera-
tions. The symbol * refers to repeated sequences integrated in the algorithm with minimal
quality objective. The mean values (1) are represented by ¢ and the 68% confidence intervals
(corresponding to one standard deviation) by thick lines. Maximum and minimum quality
values are indicated by A and v, respectively.
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4.3 The field update procedure

In the previous section, we have described a mesh adaptation procedure in which
source and target meshes only differ in a finite number of element cavities. In prac-
tice, the two meshes are hence very similar and, thanks to the discontinuous rep-
resentation of the fields, the latters must only be updated on the adapted cavities.
In this section, we describe a local and conservative field projection. The locality of
the method makes its efficiency and its originality.

4.3.1 The need for conservative projection

The problem of field transfer between meshes arises in many applications of nu-
merical modeling: h-adaptivity, multiphysics simulations (fluid-structure interac-
tions, problem with interfaces), multigrid methods, etc. Let us formulate the prob-
lem: let CS be a field given on the source mesh that we want to project on the target
mesh to obtain the field C”. The two most common properties that the field trans-
fer must satisfy are that it must be as accurate as possible (we want to minimize

the L, norm of the residual |CS = CT||, = \/ fQ (CS —CT)2 dx and be conservative:

Jo CSdx = [, CT dx. Both fields are classically discretized by the finite element
method as C* = ¥.15, ¢7CP and CT = Y17 ¢T C[, where ¢7 (¢]) correspond to the
ns (nt) shape functions of the source (target) mesh and Cl.s (CiT) are the associated
nodal values.

Several methods have been proposed to solve this issue. The first solution found
in the literature is the consistent interpolation that consists in determining the
nodal values CZ.T pointwise by evaluating the source interpolants at the geomet-
ric locations of the target nodes. As outlined by Farrell and Maddison (2010), this
method suffers from several drawbacks: it is in general not conservative, it tends
to diffuse the extrema of the source function and it is not well defined for (partly)
discontinuous shape functions. Cubic splines have proven to be very accurate to
transfer information between meshes (Jiao and Heath, 2004), but conservativity is
not achieved. The L, minimization consists in minimizing the L, norm of the resid-
ual by requiring that the derivative of the norm vanishes:

an(CT—CS)de f T, ~T S < T T
= 2¢; (C° -C)dx=2 E fgb.(/).dx—zf ngCde—O,
G(IiT a ! j=1JQ v o'’

i=1,...,nr,
(4.5)

leading to the system of equations M'TCT = MT5CS where Ml.TjT = qubl.T(/)]de
denotes the consistent mass matrix based on the target shape functions, Ml.TjS =
Ja gbfd)?dx denotes the mixed mass matrix based on both shape functions and
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C represents the nodal values on each mesh. Because the same system of equa-
tions can be seen as an orthogonal projection of the residual on the function space
spanned by the target shape functions, this method is generally referred to as Galer-
kin projection. It is conservative, suitable for discontinuous Galerkin discretization
and optimal for the L, norm in the above-mentioned space.

4.3.2 Local projection on the mesh cavities

Regarding the projection of the solution between the source and target meshes,
the mixed mass matrix M’ needs a particular treatment: the shape functions of
the source mesh are piecewise polynomials over the elements of the target mesh.
Integrating exactly functions that are piecewise is not an easy task as the classi-
cal quadrature rules are generated for smooth functions. Increasing the order of
integration does not achieve to compute exactly the integrals, not even to a pre-
scribed precision (Farrell and Maddison, 2010). The usual way to bypass this diffi-
culty is to integrate (exactly) the fields on each intersection between the source and
the target elements (George and Borouchaki, 1998; Jiao and Heath, 2004; Alauzet
and Mehrenberger, 2009; Farrell and Maddison, 2010). On the other hand, the use
of a discontinuous representation of the fields introduces one great simplification:
fields only need to be projected locally, that is, on the mesh cavities altered by the
mesh adaptation procedure (see Fig. 4.12). Indeed, these cavities contain a limited
number of elements and, on each element, the field relies on discontinuous shape
functions (that are thus independent of the neighboring elements). In this work,
we have implemented a local Galerkin projection based on the element cavities
and generalized for any order of shape functions.

We first need to construct the intersection mesh of the cavity. The mesh adapta-
tion algorithm returns the source and target elements constituting the mesh cavi-
ties. Hence no global search algorithm is needed in this approach and, due to the
small number of elements involved in a cavity, the intersection of the source and
target cavities is computed thanks to a brute-force segment-by-segment intersec-
tion. The locality of the method constitutes an important simplification and ad-
vantage compared to methods dealing with constructing a complete intersection
mesh (e.g., Farrell et al., 2009). Degenerated cases such as aligned or coincident
edges, or element included in another, are first detected.

The mixed mass matrix is integrated on the mesh intersection and assembled. A
noteworthy feature of the method is that all the computations needed to assemble
both mass matrices are essentially based on geometrical considerations and must
be done only once for different fields of the same order. Finally, once the contribu-
tions of all the intersections on a target element have been assembled in the mixed
mass matrix, the fields can be projected. The consistent mass matrix must be in-
verted only once for all fields of the same order, leaving only matrix-vector products
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Figure 4.12: Projection of a linear discontinuous field on a mesh cavity (example of a col-
lapse). The source cavity is in thin lines and the target cavity in thick lines. Left: the shape
functions associated to the source cavity are denoted by their degrees of freedom (color
points) and are discontinuous accross the elements of the target cavity. In this case, the

projection of the field on the target central element (right) involves integration of the field
on all the elements of the source cavity.

to derive the updated nodal values for each field. In addition of the locality of the
method, increasing the number of fields of the same order is thus almost negligi-
ble in terms of cpu time and the projection proposed here is conservative, trivially
parallelizable and efficient.

The locality further yields a nice simplification to limit fields based on linear
shape functions (P{) G): by inspecting the source cavity, we have directly access to
the lower and upper bounds of the field that the projected field must satisfy on the
target cavity in order to avoid new extrema, whereas classical formulations have re-
course to an extrapolation of the field on the neighboring elements (Cockburn and
Shu, 1998). The following slope limiting procedure is therefore adapted from Cock-
burn and Shu (1998). Let us denote by U; (i = 1,2,3) the nodal values of the field
to be limited after the projection and by U the mean of these nodal values. We first
compute the maximum (A, 4) and minimum (A ;) deviations of the field on the
source cavity compared to the mean U. The largest (in absolute value) deviation A;
allowed on the target cavity in order to avoid new over/undershoots is given by

i :{ min (Ui—U,Amux)» if Ui_U>0’ (4.6)

max (U; —U,~-Amin), otherwise.

Then, if Z?Zl A; =0, the mean value is kept constant after the limiting stage and the
deviations can be applied directly to determine the limited nodal values U} :

U =0+, i=1,23. @.7)
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In the negative, one has to define the maximum proportion of the positive and neg-
ative deviations that are allowed:

3
pos = Z max (0,4A;), (4.8)
i=1
3
neg= ) max (0,-4;), (4.9)
i=1

and the proportions are set to:

ne

" = min (1,—g), 4.10)

pos

S
0~ = min (1,p—). @.11)

neg

The conservative deviations A ; read:

A;=0" max (0,A;) -0~ max (0,-A;), i=1,2,3, (4.12)

and are applied in the same manner as equation (4.7).

4.3.3 Field update benchmarks

To validate the field projection procedure, we perform a convergence analysis of
the L, error between an analytical field and its local projection. In order to involve
the maximum element cavities possible in the projection procedure, we first force a
strong mesh distorsion by imposing a (weak) average mesh element shape quality.
This step is realized thanks to an edge collapse loop. Second, the mesh is adapted
following the initial characteristic mesh size h to restore a good average mesh el-
ement quality. This artificial benchmark is intended to challenge the projection
procedure whereas, in usual simulations, only a few element cavities are adapted
at each time step. An example of source and target meshes is provided in Fig. 4.13.
The analytical field is taken from Farrell and Maddison (2010) and given by:

Clx,y) = exp(x®) + 2y. (4.13)

The results of the convergence analysis is shown in Fig. 4.13. As expected, the
theoretical rates of convergence are reached for constant (Py), linear (PIDG) and
quadratic (PéJ 9 shape functions.

Finally, an analytical field is projected repeatedly 100 times to check that the in-
tegral of the fields are conserved up to machine precision and to analyze the evolu-
tion of the extrema of the fields. To this end, we use the peaks function proposed
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Figure 4.13: Source ((a), 1216 elements) and target ((b), 1380 elements) illustrative meshes
used to perform the projection benchmarks. (c) Convergence of the Ly error of the projec-
tion of the field C between source and target meshes with the element size h. Theoretical
convergence rates (dashed lines) are reached.

by Jiao and Heath (2004):

peaks(x,y) =3(1- x)zexp(—x2 -1+ y)z) - 10(f S - y5) exp(—x2 — y2)
X 5 (4.14)
— § exp(—(1+ x)2 — yz).

The contours of the P2D G field after 100 iterations are in very good agreement with
the initial field (Fig. 4.14). In the absence of discontinuity in the analytical function,
the repeated projection of the PEG field is indeed remarkably low diffusive (Fig.
4.15). The Pf)G field is slightly more diffusive. However, both fields are subject
to strong over- and undershoots when the initial function features discontinuities
(e.g., acylinder of unit height, not shown here). The effect of the slope limiter on the
P{) @ field is also illustrated. As expected, the initial bounds are respected strictly at
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Figure 4.14: The peaks function after 100 repeated projections: (a) analytical solution, (b)
PPG, () PPS, (d) PPC with limiter and (e) Py.

o

the cost of diffusing these extrema. The Py field is by far the most diffusive. The
PPG with limiter seems to constitute a good compromise between accuracy and
extrema-preserving, but, again, one must keep in mind that repeating intensively
the projections is not likely to occur in realistic simulations. It is only intended to
magnify the errors generated by the field transfer method.

4.3.4 Lagrangian formulation

In this section, we formulate the Lagrangian approach and analyze the ability
of the Lagrangian model to transport tracers. The Lagrangian description is based
on a reference fixed configuration Qg (X) (e.g., the domain configuration at ¢ = #),
where X denote the Lagrangian coordinates. We define the mapping between the
reference and the spatial domains as:

G0 —Q:X—PpX,0)=x, (4.15)

and require that this transformation be invertible:

ox
]=det(a—X) >0, (4.16)
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Figure 4.15: (a) Difference between the integral of the fields during 100 repeated projections
of the peaks function and the integral of the initial field. Conservation between two iter-
ations is achieved up to machine precision. Evolution of the maximum (b) and minimum

(c) of the peaks function. Projection of Py fields is very diffusive, while

DG
Pl

and

Pf) G are

subjects to some over- and undershoots. Adding a limiter allows to respect strictly the initial
bounds of the field at the cost of diffusing these extrema.

where J is the Jacobian determinant of the transformation and represents the ratio
between the elementary volumes in the spatial and in the reference configuration.

Since the mesh moves with the flow, we need to recast the tracer equation in the
Lagrangian framework. The equation of tracer conservation reads:

ocC
— +V-(Cu) =0,

ot

(4.17)

where C(x, t) is the tracer concentration and u(x, t) is the (mesh) velocity field. We

first rewrite this equation in non-conservative form:

DC
—+C (V-u)=0,

Dt

(4.18)
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that makes the material derivative % appear. In order to conserve the tracer, we
thus need to take into account the contribution of the divergence term. From con-
tinuum mechanics, we know that the divergence of the mesh velocity is related to
the Jacobian as follows:

1DJ
u=--=. (4.19)
J Dt
Equation (4.18) can be rewritten as:
DC D D(C
g€, DI _DEn_, (4.20)

Dt Dt Dt

Intuitively, when the mesh is displaced, the product of the Jacobian and the tracer
is conserved. In a finite element framework, the tracer equation is thus satisfied if
the nodal values of the field are updated as a function of the ratio of the elements
before and after the displacement.

4.3.5 The frontogenesis advection test case

The frontogenesis problem (Doswell, 1984) consists of a divergence free rota-
tional velocity field in an initially strait front. The domain covers the square [—4;4] x
[—4;4]. The analytical velocity field is given by the following expression:

u(r)= uitanh(r)/cosh(r)2 4.21)
0

where r = /x% + y% and ug = 0.385. The initial tracer concentration reads:
C(x,y,0) = —tanh(y/2). (4.22)

These fields are illustrated in Fig. 4.16.

We performed a convergence analysis of the error of the tracer field compared to
the analytical solution for constant and linear shape functions (Fig. 4.17). The Py
tracer yields a linear rate of convergence and the P{J G field a quadratic rate. The
limiting procedure described by equations (4.6)-(4.12) decreases slightly the accu-
racy of the original P{J G field but gives the same order of convergence. Note that in
this test case, no update of the field as a function of the element area change has
been applied since the analytical velocity field is divergence-free. However, to be
consistent, one should ensure that the velocity field is discretely divergence-free.
The latter work is beyond the scope of this chapter.
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Figure 4.16: The frontogenesis problem (Doswell, 1984): (a) norm of the velocity field, (b)
initial tracer field and (c) analytical solution.
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Figure 4.17: Convergence of the Ly error of the tracer with the grid size & for constant (Pp)
and linear (PID Gy shape functions. Also shown is the P{) G tracer with the limiting procedure
described by equations (4.6)-(4.12). Linear and quadratic rates of convergence are depicted
by the grey lines.
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4.4 Numerical simulations of the Arctic sea ice cover

The Lagrangian sea ice model is described and the model is run on the Arctic. Sea
ice thermodynamics and dynamics are essentially similar to the previous chapters,
except that the model equations are solved on spherical geometry. Two specific
applications highlighting the benefits of the Lagrangian approach are presented.

4.4.1 Configuration of the Lagrangian sea ice model

The equations are solved on spherical geometry following the approach descri-
bed by Comblen et al. (2009). This approach involves two coordinate systems with
appropriate changes of variable, one defined locally on each triangle and the other
associated to the vectorial degrees of freedom. As a result, it enables the resolution
of partial differential equations on curved surfaces and avoids the pole singularity
issue arising when the numerical grid is based on a geographical coordinate sys-
tem. The spherical geometry introduces a couple of difficulties regarding the mesh
displacement. As the velocities are defined on a plane tangent to the sphere, the
vertices will thus no longer belong to the spherical surface and need to be pro-
jected back on the surface. The error generated by this stage is however small since
typical element sizes and mesh displacements are small compared to the Earth ra-
dius. Another consequence of the spherical geometry is that we need to project the
mesh cavities to apply the local projection described in Section 4.3. To this end,
an equal-area Lambert projection is applied on the vertices of each cavity. In this
manner, the Galerkin projection can be applied and conservativity is achieved. In
our numerical simulations, the mesh adaptation algorithm is run at each time step.
Though the small mesh displacements would not require a systematic mesh adap-
tation, in practice the procedure is more efficient when applied often on a small
number of mesh cavities than more sporadically with numerous rearrangements.

The sea ice momentum equations solved for the numerical simulations of this
chapter are the same as equations (3.1), except the acceleration term that has been
disregarded. Scale analysis has shown that the order of magnitude of this term is
very small compared to the other forces in presence (Rothrock, 1970; Thorndike,
1986). This is particularly true for time averages above half an hour, whereas our
time step typically amounts several hours. This simplification allows us to focus
on the resolution of the non-linear system obtained from the discretization of the
momentum equations. To this end, a subiteration stage ensures the convergence
of the solution and a better resolution of the ice rheology. In consequence, sea ice
behaves more plastically and responds faster to changing forcings. In particular, we
find a decrease in ice mobility along the Canadian Arctic Archipelago. To increase
the ice mobility, the empirical constant p* (Eq. (3.7)) is set to 10000 N m~2 instead
0f 20000 N m~2. Finally, a mask is applied on the velocity nodes lying in open water,
saving cpu time during the system resolution.
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Ice thermodynamics and forcing data sets are identical to chapter 3. We only
changed the lateral melt contribution to the change in ice volume (Eq. (3.12)). In
the slab ocean used in this thesis, the ocean temperature T, is kept at the freez-
ing point as long as there is ice on the element. The lateral melt parameterization
(same as Eq. (3.11)) prescribes that the loss in ice area is equal to the ice area recov-
ered by ice thinner than the ice quantity melted, assuming that the ice thickness is
distributed between 0 and 2H:

A
Gp=—5l-@+ amt, (4.23)

where H is the ice thickness, A is the ice concentration and g° and g? are the sur-
face and basal rates of change in ice thickness, respectively. Thus the heat gained in
the leads is not explicitly used to melt ice (nor to heat the water) and the lateral melt
depends only on the vertical ice ablation. In consequence, the increase in open wa-
ter and the associated increase in heat absorbed in the leads do not enhance the ice
melting following a classical ice-albedo retroaction. In this chapter, we keep the as-
sumption that the decrease in ice concentration is, for the most part, due to the
vertical melting of thin ice. Equation (4.23) is thus the same as in chapter 3, and we
considered that the ice volume loss associated to the lateral melt was equal to the
change in area multiplied by the ice thickness (g, H, see Eq. (3.12)). Here, to inte-
grate the effects of the increase in heat absorbed in the leads, the lateral melting is
associated to a decrease in ice volume depending on the heat budget of the open
water area. The last term of equation (3.12) is thus changed and the equation now
reads:
(1-A)B;
.

where g} and hy denote the lateral growth and the threshold ice thickness created
in the leads, respectively, while B; and L correspond to the heat budget of the lead
area and the volumetric latent heat of fusion of ice, respectively.

qv=AG"+q") +q} ho+ (4.24)

The velocity field is discretized thanks to linear continuous shape functions and
the other fields by constant Py shape functions. While very attractive, the use of
linear discontinuous interpolants for the ice volume or concentration still poses
problem for sea ice applications since the slope of the ice volume on a given finite
element does not affect the ice momentum equations. Indeed, in the finite element
formulation (3.19), the term related to the ice strength (Eq. (3.7)) is integrated by
parts: — < V¢; - >. Thus the ice volume (see the ice strength term) is integrated
and the slope of the ice volume has no influence on the momentum equation.

Since we impose that the domain boundaries do not move, no flux boundary
conditions are naturally satisfied. The typical meshes of the Arctic Ocean and sur-
rounding seas used in our studies yield two open boundaries along the parallel 50
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degrees North in the Atlantic and Pacific Oceans. To satisfy open boundary con-
ditions, one should compute a flux in the ALE fashion: the mesh velocity u,, of
interior nodes is equal to the velocity u computed by the model as we are in a La-
grangian framework, while the mesh velocity of boundary nodes is equal to zero. In
the ALE formalism, a flux appears in equation (4.20):

D))
Dt

+JV-(u-uy)C) =0, (4.25)

that cancels out for interior edges. We opted for a simple solution since we deal
with Pg fields: for any element in contact with the open boundary, we do not up-
date the field as a function of the element change in area (see Eq. (4.20)). In this
manner, the integral of the field is increased/decreased by a quantity equal to the
difference in area multiplied by its value and we only neglect the contribution due
to the divergence of the velocity field. Since the open boundaries are far from the
domain of interest and correspond to areas where the presence of sea ice is rare, it
will not be harmful for the numerical simulation.

4.4.2 Model validation

The model is spun up for 12 years and then integrated over the period 1979-
2009. Several numerical simulations have been performed on different meshes.
Unless specified, the mesh adaptation criterion used to control the distribution of
the edges length preserves the initial size field. To this end, the latter is exported on
a structured grid at the begin of the simulation. During the adaptation procedure,
the initial field is loaded and the mesh size is interpolated at the mesh vertices.

Fig. 4.18 compares the mean modeled ice concentrations over the period 1979-
2005 (the same as in Chapter 3) with the satellite observations (SMMR and SSM/1
data sets, http://nsidc.org, Comiso (1999, updated 2005)). To compute mean
field values on a moving mesh, the model outputs are generated on a fine struc-
tured grid on which all mean computations are done. The months of the clima-
tological annual minimum (September) and maximum (March) in sea ice extent
are illustrated. The March distribution of ice concentration is very similar to the
one computed with the Eulerian model and has the same discrepancy: the ice is
too extensive in the southernmost parts of the domain. In the Labrador Sea and
the Barents Sea, the model clearly misses the ocean heat advection. A higher mesh
resolution might contribute to better match the observations in the Greenland Sea.
However, in summer, the correction brought to the lateral melt contribution is suc-
cessful in better representing the ice extent. The model now presents open water
in the Laptev Sea, Chukshi Sea and Beaufort Sea. The ice is also less extensive in
the Kara Sea, Greenland Sea and Baffin Bay. Also shown is the state of the Arctic on
September 2007, the year of the record minimum in ice coverage. In accordance
with the observations, the model successfully reproduces an important ice loss in


http://nsidc.org

94 A Lagrangian sea ice model

the western part of the Arctic. Meanwhile, the Central Arctic has lost a few percents
of ice concentration in summer (panel (b)), suggesting that the new lateral melt
contribution tends to overestimate the lateral decay.

Figure 4.18: Simulated March (a) and September (b) mean ice concentrations (1979-2005).
The corresponding observed mean ice concentrations are shown in panels (c) and (d) for the
same period. (e) Mean ice concentrations in September 2007 as computed by the model. All
fields have been interpolated on the same structured grid.
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Fig. 4.19 compares the mean sea ice thicknesses in April over the period 1979-
2000 as simulated by the model with the ice thickness climatology from Rothrock
et al. (2008) converted from ice draft data collected by naval submarines (April
1975-2000). Compared to the climatology, the modeled ice thickness is about 1m
lower over the Central Arctic and the thickness gradient between North Siberia and
the Canadian Arctic Archipelago is also underestimated. This discrepancy of the
model is attributed to the larger lateral melt contribution and to a strong Beau-
fort Gyre in the model. In consequence, the influence of the Transpolar Drift is
weakened as ice that should be pushed against the Canadian Arctic Archipelago or
exported through Fram Strait recirculates back in the Beaufort Gyre.

Figure 4.19: Simulated April mean ice thicknesses (left, 1979-2000). Right: ice thickness
climatology from Rothrock et al. (2008) converted from ice draft data collected by naval sub-
marines (April 1975-2000, 0-6 m). All fields have been interpolated on the same structured
grid.

4.4.3 Mesh adaptivity and the ice edge tracking

We illustrate here the ability of the model to refine the mesh in areas of interest.
The marginal ice zone is defined as the area where the ice cover is significantly al-
tered by ocean processes, including the ocean swell. It is a narrow but crucial region
for physical processes (heat exchanges) and biogeochemistry (algae, plancton, gas
exchanges). Moreover, a particular attention has been brought recently to the exact
location of the ice edge in the context of the possible opening of the Northwest Pas-
sage during summer months. On the other hand, forecast simulations (i.e., short-
term prediction of the ice conditions) are bound to become an increasingly asked
discipline. Adaptive, finite element methods render local mesh refinement possi-
ble following the modeler’s objectives, hence yielding an attractive tool to track the
ice edge.
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Figure 4.20: Example of mesh refinement along the ice edge for Py shape functions. The
finer mesh resolution is about 100 km and the typical edge length far from the ice edge
amounts to 400 km.



4.5. Comparison of different sea ice age definitions 97

In order to adapt dynamically the mesh size field in function of the distance to
the ice edge, we first need to compute an ensemble of points corresponding to the
ice edge position. Then these points are stored in a particular data structure (a tree)
to search efficiently the nearest points (Approximate Nearest Neighbor Searching,
ANN library). Based on the distance information, the mesh size field is prescribed
in the same fashion as for boundaries: we define a fine mesh resolution near the
ice edge and a coarse resolution far from it, and we adjust a transition zone be-
tween these two extremes. For Py approximations, the ice edge is necessarily sit-
uated along an edge shared by an element with a higher concentration than the
threshold and an other one whose ice concentration is under the threshold. When
linear shape functions are used for the ice concentration, the exact location of the
ice edge can be derived on the element edges that are crossed by the ice edge (ex-
cept in the presence of jumps in the solution). For higher order interpolations (at
least quadratic), an efficient algorithm computes the ice edge location that relies on
a recursive division of the elements into sub-elements (Marchandise et al., 2007).
The field (here, the ice concentration) is approximated by a linear function on the
sub-element edges, allowing to compute the iso-zero easily. An example of ice edge
refinement is shown in Fig. 4.20. Note that the mesh refinement along the ice edge
can be straightforwardly applied to Eulerian simulations.

4.4.4 Buoy data assimilation

The sea ice mean speed is the subject of a positive trend and could play an im-
portant role in the ice-albedo feedback: more deformation yields more fracturing,
hence more ice opening that leads to a decrease in the albedo (Rampal et al., 2009).
On the other hand, IPCC climate models fail in capturing the observed ice motion
acceleration (Rampal et al., 2011). The trajectory and velocity of ice particles give
an immediate point of comparison with drifting buoys, using for example the IABP
(International Arctic Buoy Program) buoy data sets, and could serve as a basis for
drift analysis (Rampal et al., 2009) or data assimilation (e.g., Meier and Maslanik,
2001; Duliere and Fichefet, 2007). As an illustration, the trajectory of several ice
particles are shown in Fig. 4.21.

4.5 Comparison of different sea ice age definitions

4.5.1 Introduction

Typically, satellite sea ice age retrievals (Rigor and Wallace, 2004; Fowler et al.,
2004; Belchansky et al., 2005) are obtained by treating each sea ice covered grid cell
as a Lagrangian particle that is advected by means of gridded fields of ice motion.
New particles are created in open water with age zero and aged until they cross the
limits of the ice edge. If a grid cell contains particles of different ages, the age of
the oldest particle is retained (Maslanik et al., 2011). Uncertainties on this generic
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Figure 4.21: The trajectory of several ice particles is shown. The time integration corre-
sponds to the months of January and February 1981 with a time step of 6 hours.

method are primarily attributed to the errors in the underlying data sets (ice mo-
tion and ice concentration) and, in particular, to their low spatial and temporal
resolution. Results are also dependent on the ice concentration threshold used for
delimiting the ice edge: a pixel containing as little as 15% ice cover is retained with
equivalent status as one with 100% cover (Belchansky et al., 2005). Thus the higher
the threshold concentration, the more restrictive the algorithm regarding old ice
survival.

Another satellite product related to sea ice age estimations is the multiyear cover-
age. It has been first derived from passive microwave brightness temperature (e.g.,
Comiso, 1990; Belchansky et al., 2004). However, this method has been shown to be
unreliable because of spatial and temporal variations in the passive microwave sig-
nature (Grenfell, 1992; Kwok et al., 1996). Later, global backscatter data providing
an enhanced confidence in the ice types delineation have been used (Kwok et al.,
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1999; Kwok, 2004). Note that this data set also shows significant variability in the
signal at the beginning of freeze up due to moisture on the surface (Kwok, 2004).
While the multiyear ice distribution data have a higher spatial resolution, age esti-
mates derived from advection of sea ice parcels provide a complete classification
between ice age classes (first-year, second-year, ...). Nghiem et al. (2007) give a
detailed comparison between these two types of age estimates. Finally, passive
microwave satellite observations have been recently blended with buoy motions
to improve the temporal resolution of the ice motion data set, generating a daily
product (Tschudi et al., 2010).

In Chapter 2, we demonstrated the differences in age values obtained with differ-
ent sea ice age definitions. We also showed that the correlation between ice thick-
ness and ice age is high when averaged over large spatial and time scales, but the
scatter is significant at smaller scales. In this section, to further investigate the in-
fluence of the sea ice age definition on the age values, we take advantage of the
Lagrangian model to compute in the same formalism different sea ice ages and
compare the results. The Lagrangian model enables us to compute sea ice age es-
timates in two distinct fashions: by having recourse to Lagrangian particles or by
finite element fields transported by the model.

4.5.2 Seaice age definitions used in this study

First, as the mesh moves with the ice, Lagrangian particles are naturally following
the ice drift. Compared to Chapter 2, we are thus able to take sea ice dynamics into
account and to transport the whole sea ice column since we assume that the ice
velocity does not depend upon the vertical coordinate. Therefore, sea ice particles
determining the vertical sea ice age profile will stay vertically-aligned throughout
the numerical simulation. We also consider that the vertical sea ice age is not af-
fected by ice deformation. There are two reasons: first, the vertical distribution
measures the thermodynamical controls on the ice age; second, it is complex to re-
construct a consistent age distribution from several mixed profiles. In other words,
this sea ice age is considered as anchored in a parcel of undeformed ice. This is
an important simplification since sea ice dynamics affect sea ice thickness, which
in turn influences sea ice thermodynamics. To evaluate the previous hypothesis,
we illustrate in Fig. 4.22 the difference between the ice thicknesses computed by
the Lagrangian model (with deformation) and by the Lagrangian particles (no de-
formation), evaluated at the location of the particles. The majority of the particles
show a very small (< 0.35 m in absolute value) difference in ice thickness. In these
locations, the ice deformation plays a limited role, as most of the first-year ice. The
ice thickness difference is large (> 1.05 m in absolute value) in a few points, mean-
ing that the ice deformation has pilled the ice (positive difference, typically along
coastlines or in the Canadian Archipelago) or that the ice undergoes strong diver-
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gence (negative difference). Note that the numerial diffusion associated with the
Lagrangian model can explain negative differences also.

-1.75 -1.05 -0.35 0.35 1.05 1.75
I T

Figure 4.22: Difference between the ice thicknesses computed by the Lagrangian model
(with deformation) and by the Lagrangian particles (no deformation). The scale ranges be-
tween -1.75 m and 1.75 m.

The second generic age type that we will consider measures the length of time
that an ice parcel has spent in the Arctic. Different approaches are possible to com-
pute this kind of age. The first one relies on horizontal Lagrangian particles in the
fashion of the ice age derived from satellite observations. If the ice particle lies
outside the ice edge, its age is set to zero. In practice, Lagrangian ice “columns” are
released in newly frozen ice to maintain a sufficient number of particles from which
both the vertical and the satellite sea ice ages are computed.

The second approach is similar to the satellite sea ice age and aimed to mimic
the satellite retrievals but has been adapted for finite element fields. Exploiting the
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Lagrangian model, we consider each finite element as an independent Lagrangian
particle. The advantage of the method is to follow even more closely the satellite
algorithm with the presence of a grid. The disadvantage compared to Lagrangian
particles is that a rule must be defined to compute the age on the adapted mesh
cavities. The sea ice age is dependent on the way different ages are mixed and the
Lagrangian model is particularly helpful to investigate this impact. We will con-
sider two different sea ice ages: the maximum area sea ice age assigns the age of
the largest intersection with the source elements, while the mean area sea ice age
computes an area weighted age. We could also decide to assign the maximum age
from the source elements. Due to the numerical diffusion associated with the mesh
adaptation, the Arctic would rapidly be characterized by a uniform (very high) age.
This alternative has thus been rejected. This type of age is not conservative and not
affected by dynamics. The more refined the grid, the closer we get to Lagrangian
particles.

Finally, we followed the approach used by Vancoppenolle et al. (2009) in LIM3
that we will refer to as the modeled sea ice age. This ice age a;,,4 (%, t) corresponds
to an usual horizontal tracer and is affected by ageing, thermodynamics and dy-
namics. Contrary to the first ice age, new ice formed at the ice base or surface is
assumed to have the same age as the rest of the column. The age is thus indepen-
dent of the vertical coordinate and newly frozen ice in open water areas is given
an age zero. The age content is defined as the product of the age and the ice con-
centration A(x, t). Note that in another study by Hunke and Bitz (2009), the age is
weighed by the ice volume. The idea here is to follow as closely as possible satellite
retrievals of sea ice age that do not consider subsurface processes. The equation of
evolution of the age content thus reads:

Dt

+ A(X, 1) Qoa(x, 1) (V-u(x, 1)) = AX, 1) + g4 (X, 1) Amoa(X, 1),

(4.26)
where the first term on the right hand side corresponds to the ageing process and
the second term to the age content loss associated with lateral melt. Lateral accre-
tion of ice in open water areas has a zero contribution. Combining equation (4.26)
to equation (3.9), we get te following equation:

Dapoa(x,1) - q;(x,1)
Dt A,

Amod (X, T). (4.27)

Compared to equation (2.11) derived for the vertically-variable sea ice age, we have
an additional term in the right hand side accounting for a decrease in modeled ice
age with lateral growth: the mean age of the ice parcel is decreased by the incorpo-
ration of age zero.
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4.5.3 Results and analyses

Fig. 4.23 compares the different sea ice age types at the end of January 2008. The
satellite sea ice age, based on Lagrangian particles, gives us the most reliable com-
parison with what is inferred from satellite data. First, ice parcels that are as old
as the simulation duration are found in the Canadian Arctic Archipelago (CAA) and
Nares Strait because of the lack of ice motion. This feature is also present in satellite
retrievals where ice motion cannot be resolved, these areas are thus generally ex-
cluded from the analyses (e.g., Maslanik et al., 2011). Due to the large summer 2007
ice loss, much of the Arctic sea ice is first-year ice. Since open water is rarely found
at the end of the summer along the CAA, very few ice particles are added during the
numerical simulation in this region. This explains the two large areas depleted of
particles. According to the algorithm used for satellite retrievals, the ice parcels are
aged as long as they lie inside the ice concentration threshold. Since the depleted
regions correspond to ice export from the CAA, we consider that they correspond to
old ice. One of them is entraped in the Beaufort Gyre along the Alaskan coast. The
other important old ice pattern is found in the Central and Eastern Arctic, where the
ice will eventually be exported through Fram Strait and melt out in the Greenland
Sea.

The vertical sea ice age is illustrated on panel (b) and gives the time needed to
growth thermodynamically the ice column. As can be seen, the age values rarely
exceed 3 years old. One can also see the similarity between first-year ice patterns
as computed by the satellite approach and the vertical ice age profile. In fact, until
seaice undergoes surface melt (where the oldest vertical ice particle lies), the values
of the vertical and satellite approaches are equal. After the first summer, age values
differ and the vertical age increases as the ice thickens because more annual layers
develop.

Panel (c) shows the maximum area sea ice age. The sea ice age distribution
matches surprisingly well the satellite approach. Clearly, some details of the satel-
lite sea ice age patterns are diffused, especially when the mesh is coarsened (e.g.,
in the Greenland Sea), but the essential of the sea ice age distribution is well repre-
sented. In this regard, the choice of the maximum area age as a rule to assign an ice
age to target elements seems to somehow counteract the diffusion associated with
mesh adaptation. In particular, the transition between different ice age categories
is sharp and agrees well with the ice particles. We now clearly see that the areas de-
pleted of ice particles correspond to old ice. Contrary to the maximum area sea ice
age, the mean area sea ice age (panel (d)) presents additional diffusion compared to
the maximum area age. Lateral growth in the leads decreases the modeled sea ice
age by incorporating new ice of age zero, while the other age approaches consider
the ice parcel with the same status as long as it does not fall below the ice concen-
tration threshold. However, the lateral growth contribution (term q;) in the Arctic
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Figure 4.23: Simulated ice age at the end of January 2008 (0-10+ years). The last ice age class
regroups ice age larger than 10 years. (a) Satellite ice age: Lagrangian particles are trans-
ported by the model. (b) Vertical ice age displaying the oldest particle on the ice column.
(c) Maximum area ice age: the age of the finite element corresponds to the age of the largest
intersection with the source elements. (d) Mean area ice age: the age is an area weighted age.
(e) Modeled ice age: the age is a conservative tracer influenced by ice dynamics.
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Basin is small because the ice concentration is high in most of the domain. The
modeled age fields are thus very similar to the previous ice ages.

Satellite Max area Modeled
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Figure 4.24: Changes in the simulated ice age in the Arctic Ocean (0-10+ years). In Septem-
ber, the first age class essentially corresponds to open water areas. The last ice age class
regroups ice age larger than 10 years. Satellite (simulated by the model), maximum area and
modeled ice ages are represented for September 1981, 1991, 1999 and 2007.
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Sea ice age distributions and their temporal evolution deliver us an integrated
view of the ice circulation, growth and melt. An overview of the changes in ice age
in the Arctic Ocean is provided in Fig. 4.24. Some key observations can be made
that are consistent with satellite observations: the Beaufort Gyre entraps the ice
during several years, producing a large area of very old ice in the Western Arctic;
the Transpolar Drift pushes large amounts of this old ice through Fram Strait where
sea ice eventually melts out; the first-year ice survival, that is the amount of ice
that passes the first melt season, is highly variable as outlined by Belchansky et al.
(2005).
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Figure 4.25: Left: the trajectory of an ice column initially situated north of Ellesmere Island
is depicted by dots every 6 months, starting the 1st of July 2005 (location 1), 1st January 2006
(location 2), 1st July 2006 (location 3), 1st January 2007 (location 4) before it disappears in
the Greenland Sea (1st July 2007, location 5). Right: time series of the vertical sea ice age (0-6
years) of the ice column.

Finally, we illustrate the effects of changing atmospheric and oceanic conditions
on the vertical age profile. To this end, we follow the trajectory of an ice column
initially situated north of Ellesmere Island (Fig. 4.25). On the 1st January 2005, the
ice is about 5 m thick and more than 5 years old. During the first year, the time
series of the ice age yields a classical thermodynamic growth and the ice thickness
exceeds 5 m. During the 2006 summer, about 1 m ice has melted at the ice surface.
The following winter, as the ice column passes Fram Strait, very few bottom ice is
produced because the temperature of the mixed layer is higher than in the Central
Arctic. By the first days of July 2007, the ice parcel reaches Greenland Sea where it
eventually melts out in a couple of days.
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4.6 Discussion and conclusions

In this chapter, we have developed and validated a Lagrangian, adaptive, finite
element sea ice model. Mesh adaptation is performed on small ensembles of ele-
ments called cavities. Combined to a discontinuous representation of the fields, the
field projection is limited to a small ensemble of cavities and consists in a local Ga-
lerkin projection, whereas complete remeshing requires systematic mesh-to-mesh
projections. The locality of the method makes its efficiency and its originality. To
ensure the conservativity of the projection, the discontinuous fields are integrated
exactly on each intersection between the source and the target cavities. Moreover,
the method is generic as it can handle fields of any degree. Based on a geometrical
construction and limited to the element cavities, the method proves to be partic-
ularly efficient for transporting a large number of tracers: each additional tracer
only requires small matrix-vector products. As modern sea ice models include a
large number of tracers to transport (e.g., snow and ice volumes, ice area and en-
thalpy for each ice thickness category), this is promising. In order to respect strictly
the bounds of the fields, a classical limiter is implemented for linear shape func-
tions. The theoretical orders of convergence of the projection have been obtained
and the impact of repeated projections has been investigated on analytical fields.
Finally, the Lagrangian algorithm has been validated on a frontogenesis problem
(Doswell, 1984). First order and second order of convergence of the numerical so-
lution are obtained for constant and linear approximations, respectively. To better
evaluate the Lagrangian algorithm, one should evaluate its numerical diffusion. A
couple of methods exist to measure the numerical diffusion of an advection scheme
(e.g., Morales Maqueda and Holloway, 2006; Burchard and Rennau, 2008) and could
serve as a basis for such investigations.

The Lagrangian model has been run on the Arctic with a configuration very close
to the one used in chapter 3. There are three main differences: following Comblen
et al. (2010b), the ice momentum equations are solved on spherical geometry and
a sub-cycling procedure has been dedicated to their resolution. In addition, the
contribution of lateral melt to the change in ice volume has been corrected to bet-
ter account for the ice-albedo feedback. Indeed, the increase in open water area
is thought to be largely responsible for the recent ice cover decline in the Arctic
as it is associated to an increased absorption of solar radiation (Perovich et al.,
2007, 2008). In consequence, the representation of the ice extent in summer has
been considerably improved in the model and the September 2007 simulated sea
ice cover successfully marks a severe decline, though not as strong as it has been
observed. However, the resulting ice thicknesses and the ice thickness gradient be-
tween northern Siberia and the Canadian Arctic Archipelago are underestimated.
This change in the lateral melt parameterization is questionable. Clearly, the ice-
albedo feedback was underestimated and the simulated ice extent in summer has
been considerably improved. But the decrease in ice volume points out the real
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caveat: the missing subgrid-scale ice thickness distribution that is known to better
represent the ice-albedo feedback. In winter, the same observation as in chapter 3
is done: the model misses the oceanic heat advection that should substantially re-
duce the ice extent. Model improvements also include the development of a more
sophisticated slab ocean model, or the use of observed sea surface temperatures to
calculate the oceanic heat flux into the ice.

We have taken advantage of the Lagrangian model to study the impact of differ-
ent sea ice age definitions on the age values. It must be stressed that the aim is not
to proceed to a quantitative comparison, but merely to a qualitative analysis. The
satellite sea ice age gives us the best estimate to what is inferred from satellite data.
The Lagrangian particles are not subject to mixing or diffusion, and basically follow
the satellite algorithm: particles are added where new ice is formed and aged until
they cross the ice edge. However, the sea ice ages based on finite element fields
allow us to perform some investigations on the impact of the rule applied to assign
an age value to the target elements. When the maximum value of the source ele-
ments is considered, the age distribution tends to a uniform value. This option has
thus been disregarded. Computing the mean area-weighted age smoothes out the
details of the age distribution. The maximum area sea ice age gives us satisfactory
results that are in close agreement with the ice age particles. The modeled sea ice
age is only weakly affected by the incorporation of age zero as lateral growth oc-
curs. As a result, the age values and distribution are very similar to the previous
approaches. In other words, any two-level sea ice model is able to compute sea ice
age estimates that are in good agreement with the satellite approach. However, it
only highlights the over-simplicity of the two-level model: with a subgrid-scale ice
thickness distribution, the ice age would be averaged over all thickness categories
and would differ significantly from ice age values derived from satellite data (Van-
coppenolle et al., 2009).

Sea ice age distributions and their temporal evolution deliver us an integrated
view of the ice circulation, growth and melt. Several characteristics consistent with
satellite observations can be deduced from our numerical simulations: the Beau-
fort Gyre entraps the ice during several years, producing a large area of very old
ice in the Western Arctic; the Transpolar Drift pushes large amounts of this old ice
through Fram Strait where sea ice eventually melts out; the first-year ice survival,
that is the amount of ice that passes the first melt season, is highly variable as out-
lined by Belchansky et al. (2005).

Clearly, a more in-depth analysis of the different ice age definitions and their
impact on the results should be performed. A detailed comparison against satellite
retrievals is conditioned to a thorough validation of ice dynamics. In this respect,
the addition of oceanic currents (e.g., interpolated from high resolution NEMO-
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LIM runs) should increase the match between the observed and the simulated ice
drifts, in particular where the ice drift is poorly represented currently: Bering Strait,
Nares Strait and Parry Channel (in the Canadian Arctic Archipelago).

The mesh adaptation procedure described in this chapter can serve for Lagran-
gian models, but also for Eulerian or Arbitrary Lagrangian-Eulerian approaches.
This is particularly helpful for numerical simulations based on a posteriori error
estimators (h-adaptation strategy). In these simulations, the mesh is adapted as
a function of a particular objective: e.g., minimizing the global error for a given
number of elements or minimizing the number of elements while keeping the local
error below a given threshold (e.g., Bernard et al., 2007). These error estimators
have been implemented in the model. Another ability of the model that has been
illustrated is the dynamical mesh refinement along the ice edge.

Several aspects of the model plead for improvements. We have shown that the Py
interpolant is subject to much more diffusion than higher degree shape functions
during the field projection. This statement must be moderated since the bench-
mark has been designed to involve artificially all the elements of the domain sev-
eral times in a row. However, Pf) G tracers clearly represent a worth alternative, of-
fering additionally a simple limiting procedure. To solve the sea ice formulation
problem (the slope of the ice volume on a given finite element does not affect the
ice momentum equations), one can have recourse to penalty terms to enforce the
continuity of the solution.

As shown with the sea ice ages comparison, the Lagrangian model constitutes a
nice “numerical laboratory”. Any quantity of interest is naturally transported by the
model. In particular, the Lagrangian approach delivers a means to follow the evo-
lution of the physical properties of material points in their movement, as opposed
to the classical Eulerian point of view. The vertical sea ice age profile has been il-
lustrated for a sea ice particle drifting initially north of Ellesmere Island towards
Greenland Sea, showing how local atmospheric and oceanic conditions affect sea
ice melt and growth. The same interest has motivated the development of satellite
products reconstructing the ice motion and tracking the evolution of ice charac-
teristics (Tschudi et al., 2010). In addition, the inclusion of material properties and
the access to the history of deformation are straightforward as we follow material
points. Undoubtfully, the Lagrangian model constitutes a natural framework to de-
velop new sea ice rheologies: adding or changing physical parameterizations can
be done straightforwardly with a direct insight in the model behaviour. It not only
gives a useful point of comparison with the Eulerian model, but it allows to test
and understand the Eulerian model. Finally, the comparison and analysis between
the trajectory and velocity of ice particles and drifting buoys could serve as the ba-
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sis to better understand the modeled ice drift and improve ice dynamics via data
assimilation.






CHAPTER

CONCLUSION AND PERSPECTIVES

“I know why I am here and not in a city full of people, companies and neon
lights. I don’t always like myself the way I am when I am with other people.
There is something unnatural about the way I have to control, evaluate and
observe my reactions. There are certain things that are expected of me - 1
have to be a son, a friend, a lover, an enemy, a brother, a citizen, a soldier...
This means nothing here. I am no God out here. I cannot make the wind
blow or the snow fall. Sometimes I cannot even get my sled dogs to obey me.
But I am second to God. I am a human being, alive due to my efforts.”

-0dd Ivar Ruud, 1978.

During this doctoral research, we have developed a finite element sea ice model
based on unstructured grids with Eulerian and Lagrangian descriptions. The model
includes a viscous-plastic rheology along with a complete parameterization of the
atmospheric fluxes and is driven by daily NCEP/NCAR reanalysis data. It explores
the full potential of unstructured grids and features mesh adaptivity. This thesis
falls within the framework of the SLIM! project that aims at developing a coupled
finite element sea ice-ocean model. This research work is thus at the junction be-
tween sea ice modeling and applied mechanics, and is therefore original and inno-
vative in many regards:

1 Second-generation Louvain-la-Neuve Ice-ocean Model, http://www.climate.be/SLIM.
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* There are only a few research groups worldwide developing Second-Genera-
tion ocean models. If we further focus on those also developing a sea ice
component, the list gets even shorter. We can cite the Alfred Wegener In-
stitute (AWI) with the Finite Element Ocean Model (FEOM, Timmermann
et al. (2009)) that is also used at the University of Alberta (Terwisscha van
Scheltinga et al., 2010), and the model developed by Yakovlev (2003, 2009).
Recently, the attractiveness of unstructured grids for sea ice modeling has led
to the appearance of a couple of new models: the ICOsahedral Non-hydrostatic
general circulation model (ICON) at the Max Planck Institute of Meteorology
Hamburg (MPIfM) and the implementation of an unstructured grid version
of the Community Ice CodE (CICE) model in the unstructured grid Finite
Volume Coastal Ocean Model (FVCOM), leading to the so-called UG-CICE
model (Gao et al., 2011).

* This thesis presents the first unstructured grid large-scale sea ice model that
resolves the narrow straits of the Canadian Arctic Archipelago. A couple of re-
cent studies aim at reproducing this challenging application (Terwisscha van
Scheltinga et al., 2010; Gao et al., 2011).

* Though several papers explore the use of Lagrangian or Arbitrary Lagrangian-
Eulerian approaches for sea ice modeling, the present study is the first at-
tempt at developing a purely Lagrangian model operational for climate stud-
ies.

* To the best of our knowledge, this work is also the first to have recourse to
mesh adaptivity for realistic sea ice numerical simulations. In this regard, the
ability of the model to track the ice edge has been illustrated.

* Finally, we are not aware of any study investigating systematically the impact
of the sea ice age definition on the age estimates.

The key achievements related to this doctoral research can be summarized as fol-
lows. In chapter 2, we focus on the thermodynamic evolution of sea ice and propose
a vertically-variable sea ice age definition that is interpreted as the time elapsed
since the creation of an ice particle at the ice bottom. An analytical solution of an
idealized sea ice age problem has been derived and has allowed for assessing two
numerical methods. In the first one, the domain is discretized adaptively in space
thanks to Lagrangian particles in order to capture the age profile and its disconti-
nuities. The second one focuses on the mean age of the ice using as few degrees of
freedom as possible and is based on an Arbitrary Lagrangian-Eulerian (ALE) spa-
tial discretization and the finite element method. We demonstrated the differences
in age values obtained with different sea ice age definitions. We also showed that
the correlation between ice thickness and ice age is high when averaged over large
spatial and time scales, but the scatter is significant at smaller scales.
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The last part of this research work has been dedicated to the coupling of the fi-
nite element sea ice model with the mesh adaptivity library MAdLib (http://www.
madlib.be). To this end, several interface routines have been developed to handle
mesh convertion, data transfer and additional exchange of information between
the two codes. The coupling is robust and even efficient as classical advection test
problems take the same order of cpu time to run with the Lagrangian and Eulerian
approaches. The mesh adaptation procedure is based on local operations acting
on a small number of elements named cavities. Particular emphasis is devoted to
the removal of sliver elements. As we consider discontinuous interpolation func-
tions, the field update procedure is limited to the element cavities. The locality of
the method makes its efficiency and its originality. As sea ice applications typically
require a long time integration, the conservativity of the projection is mandatory.
We therefore opted for a local Galerkin projection, and since the shape functions of
the source mesh are piecewise polynomials over the elements of the target mesh,
we integrate the mixed mass matrix on the intersection between source and target
elements. The projection has been validated on several benchmarks. It yields the
theoretical orders of convergence, is conservative up to machine precision and is
particularly efficient for transporting a large number of tracers.

The Lagrangian model has been successfully run on the Arctic Basin. Following
Comblen et al. (2010b), the sea ice momentum equations are solved on spherical
geometry. This configuration has been used to compare different sea ice age defini-
tions based on the satellite approach, on the vertical sea ice age profile developed
in chapter 2 and on modeled sea ice age. Though the study needs further analy-
ses, some key conclusions can be drawn. First, the model is able to reproduce the
satellite algorithm and provides an ideal framework to test the sensitivity of ice age
estimates to some parameters. We have concluded that considering the maximum
area sea ice age gives us the results that are in closest agreement with Lagrangian
particles. Second, the satellite approach gives us satisfactory results that are consis-
tent with satellite observations: the presence of very old ice entraped in the Beau-
fort Gyre that is eventually exported through Fram Strait and the high variability
of first-year ice survival. Several aspects of the study must be further investigated
however. In our results, some areas of the Arctic are characterized by very old ice. It
should be determined whether this corresponds to a sea ice dynamics discrepancy
in the model (e.g., a too strong Beaufort Gyre) or by the influence of old ice export
from the Canadian Arctic Archipelago. Some comparison between the model re-
sults and the observations must be undertaken and the interannual variability of
the age classes must be investigated. Finally, the vertical sea ice age profile inte-
grates the ice growth history and, as the ice column is transported with the ice drift,
it illustrates how local atmospheric and oceanic conditions affect the ice.

The Lagrangian model undoubtfully constitutes a valuable development tool.
The model naturally transports any quantity of interest and gives a direct access to
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material properties and features that makes easier the development of new rheolo-
gies. The comparison of different ice age definitions has been considerably simpli-
fied in the Lagrangian model. This simplified framework enables the investigation
and the understanding of the mechanical behaviour of sea ice as well as the Eu-
lerrian model. More than a complementary model, it reveals an efficient numerical
laboratory. Such models are likely to promote interest in operational oceanography
that is bound to become an increasingly asked discipline.

The model currently lacks an interactive coupling with an ocean model. Clearly,
the presence of the oceanic heat advection would considerably reduce the ice ex-
tent in winter. The addition of oceanic currents (e.g., interpolated from high reso-
lution NEMO-LIM runs) should correct the simulated ice circulation in areas where
these currents play an important role: Bering Strait, Nares Strait and Parry Channel
(in the Canadian Arctic Archipelago). The Lagrangian model is not yet parallelized.
The major difficulty that one would face is the partition of the mesh between the
different processors as the Lagrangian model modifies continuously the element
distribution in the domain. Another worthwhile improvement would be to solve
the sea ice equations in a regular two-dimensional formulation. In particular, all
mesh adaptation operations and the mesh displacement would be simplified in two
dimensions. The issue of solving the shallow water equations by means of stereo-
graphic coordinates is currently being investigated in our group and could serve as
a basis for the sea ice model. Finally, linear discontinuous shape functions should
be devised for the ice concentration and volume.

Unstructured meshes have the natural ability to locally increase the mesh res-
olution and capture the complex oceanic areas formed by coasts and islands. In
chapter 3, this ability has been applied to the resolution of the narrow straits of
the Canadian Arctic Archipelago (CAA). This feasability study shows how important
the CAA is on the mass balance of the Arctic sea ice and pleads for further investiga-
tions with a coupled sea ice-ocean model for a better understanding of the complex
processes and interactions taking place in this region. Of particular concern is the
impact of the ice export through Nares Strait and more generally from the CAA on
the convective overturning downstream in the Labrador Sea. The development of
a coupled sea ice-ocean model is part of the future project SLIM.

5.1 Future developments

The future developments of the finite element sea ice model have been settled in
the framework of the new Actions de Recherche Concertées (ARC) project "Taking
up the challenges of multi-scale marine modelling" that started in October 2010.
This research project focuses on multi-scale modeling with particular emphasis on
the Canadian Arctic Archipelago. Of particular concern are (1) the interannual vari-
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ability of the sea ice cover and freshwater transports in the CAA, and (2) the impact
of recent and future climate changes on the sea ice features in this area, including
the possible opening of the Northwest Passage.

During this thesis, I have changed twice of model code. It is now highly time to
proceed to a third change. Model codes are constantly in evolution, especially for
new area of research as the Second-Generation Louvain-la-Neuve ice-ocean model
is. It is thus natural to restart from scratch when the code has evolved. The last ver-
sion of the code was intended to be very generic and flexible to test different types
of interpolating functions, various time stepping procedures or several physical pa-
rameterizations. After this exploratory work, a new version has been launched two
years ago with the aim to focus on the Discontinuous Galerkin (DG) method. The
developments that we have undertaken during this thesis are compatible with a
Discontinuous Galerkin approach and need to be integrated in the new code.

Several major improvements need to be accomplished in the sea ice model. First,
the representation of the physics must be improved. Including subgrid-scale ice
thickness distribution (ITD, see Thorndike et al. (1975)) will allow to describe the
relative surface coverage of sea ice of different thicknesses. Changes in the ITD
are due to thermodynamic (growth and melt) and dynamic (opening and deforma-
tion) effects. Models including an interactive ITD improve the representation of
ice growth and of the summer ice-albedo feedback, which in turn significantly im-
proves the simulation of the large-scale sea ice characteristics (Holland et al., 2006),
speaking for the use of such distribution functions in sea ice models. Furthermore,
Vancoppenolle et al. (2009) have shown that, given the importance of the ice salinity
on the simulated sea ice mass balance, the model clearly gains in accuracy from a
better representation of salinity. The essential of the halo-thermodynamic compo-
nentincluded in the LIM3 model has hence to be incorporated in the finite-element
model. In this regard, I think that the approach of Kéarna et al. (2011 (subm.) who
coupled SLIM with the turbulence closure model package GOTM, should be inves-
tigated to incorporate the one-dimensional ice thermodynamics (LIM1D) to the
finite element model.

A new modeling framework for sea ice mechanics has been described by Gi-
rard et al. (2011). The study introduces an elasto-brittle constitutive law that has
been shown to satisfy the scaling properties characterizing sea ice deformation
(Marsan et al., 2004; Rampal et al., 2008; Weiss, 2008). The ice mechanical be-
haviour is based on continuum mechanics and characterized by progressive dam-
age and long-range elastic interactions. As a result, the model is able to represent
very heterogeneous deformation fields with linear kinematic features induced by
avalanche of damage. Since the damage and the deformation are material prop-
erties, the Lagrangian model constitutes a natural framework to develop this new



116 Conclusion and perspectives

approach as we follow material points. A preliminary illustration of the shear rate
and the ice velocity obtained from the coupling of the elasto-brittle rheology with
the Lagrangian model on the Arctic is shown in Fig. 5.1. The velocity vectors are su-
perposed on the shear rate. Linear kinematic features crossing the Arctic are clearly
reproduced and illustrate the localization of the deformation.

Figure 5.1: Arctic numerical simulation with the Lagrangian sea ice model and the elasto-
brittle rheology. The shear rate is shown with color scale varying from 0 (blue) to 0.05 day ™!
(red). The velocity vectors are superposed on the figure and range from 0 to 30 cm s~ 1. Figure
courtesy of Sylvain Bouillon.

I hope that this thesis has proven that the Lagrangian approach, combined to
mesh adaptivity, constitutes a valuable tool for model development and sea ice ap-
plications. As these features are not part of the new research project, my hope is
that DG will be soon or later coupled with MAdLib. In this case, the field projection
-a missing feature of the mesh adaptation library- developed in this work should
be preferentially implemented in MAdLib so that the latter library handles most of
the work, with only some interface routines left that have to be written in the DG
code. The implementation of a new Lagrangian sea ice model would then pose no
difficulty. The major drawback facing the maintenance and the use of mesh adap-
tivity and Lagrangian model is that it will probably never be developed in a coupled
ice-ocean configuration. But “it is amazing the number of investigations that one
can perform with uncoupled sea ice models” (C. Bitz, personal communication).
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APPENDIX

SUPPLEMENTARY MATERIAL FOR CHAPTER 2

A.1 Coefficients of the system resulting from the spatial ALE
discretization

The system resulting from the spatial ALE discretization is the following:

dai P .
— (=) Aij(Dajt)+b0;, i=0,1,...,p [7:))

where a; () are the unknown degrees of freedom and p is the maximum degree of
the shape functions. The coefficients of the matrix A can be summarized as follows:

VRI+DRj+ (D g, +q7)  i<j
Ajj=1 V@i+DRj+D-D"H gl —qf) i>j (A.2)
-+ 1)(q} +q) +ilq, +q5) i=j
for 0 < i,j < p. For this study, we need the matrices for Legendre polynomials of
degree up to three. For a constant polynomial, we have:

A=( -ay-qi ).
For constant and linear polynomials, the matrix reads:

A - V3(=q, +45)
V3(g) —a?) -20q} +qD)+(q, +q7) )
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With quadratic elements, we have:

N V3(=q, +45) V5(q;, +45)
A=| VBlay-af) -2(q}+q) +(q, +4q5) V15(-q; +q;) )
V5(=q; - q¥) V15(q;; - q7) -3(q} +q7) +2(q, +45)
while for polynomials of degree up to three:
-a; - a5 V3(=a; +45) V5(q; +45) Vi(-a, +45)
Ao | VBl -ah)  20ap+ad)+ (4, +a5) V15(-q, +45) V21(q, +45)
| vBaf-ah V15(q; —45) =3(q} +q9) +2(q +45) V35(=q; +45)
Vila; - ai) V21(~q; - q) V35(q} - a7) ~4(q} +4a3) +3(a; +a5)

A.2 Approximation of the analytical solution with piecewise
polynomials

In this appendix, we treat the question as to whether it is better to use several piece-
wise polynomials of low order or one polynomial of higher order. Therefore, we ap-
proximate the analytical solution in a leastsquare sense with piecewise polynomi-
als of degree p =0 to p = 3 and on an increasing number of elements (see Fig. A.1).
When no discontinuity is present in the solution (case N = 1, where N corresponds
to the number of annual growth layers), the expected spatial rate of convergence
p + 1l is reached for constant and linear approximations (Fig. A.2a), while the least-
square fit is exact to machine precision for higher degree since the solution is of
degree 2. For larger values of N (panels b and c), due to the discontinuities in the
solution, the order of the method is only O(h) where # is the vertical grid size (i.e.,
the inverse of the number of elements). In conclusion, increasing the number of el-
ements does not enhance significantly the approximation and a linear polynomial
on one element seems to be a good candidate.
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Figure A.1: Leastsquare approximation of the analytical solution (solid black line, cf. profiles
in Fig. 2.6) with piecewise polynomials (the degree is mentioned in the legend). Panels (a)
and (b): case N =2 with 1 and 4 elements, respectively. (c-d) Same for the case N =5.
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SUPPLEMENTARY MATERIAL FOR CHAPTER 3

B.1 Asimple testcase for the viscous-plastic rheology

In this appendix, we illustrate the viscous-plastic rheology from Hibler (1979) in
a one-dimensional testcase. Assume that a uniform sea ice layer of L = 2500 km
lying on a ocean at rest is forced against the right domain boundary. To this end,
we apply a constant and uniform wind stress on the ice and a linear oceanic drag is
applied. No thermodynamical interaction is included in this problem and the sea
ice concentration is kept fixed to a value of 1. The equations that we solve are the
following:

ok = _Othw (B.1)
ot 0x
ou 0 ou 0u p*h

phor = Ta=Cuut — |20+ (Mo === (B.2)

where £ is the ice thickness, u is the ice velocity, x the spatial coordinate and ¢
the time. 7 and ¢ are the shear and bulk viscosities, respectively. The following
parameters are used in this numerical simulation:

*

Ice strength parameter | p* | 20000 N m~2
Wind stress Tz | 0.1560 Nm™2
Water drag coefficient | C,, | 1.1kgs™!

Some results are illustrated in Fig. B.1. We get a progressive accumulation of the
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Figure B.1: Results of the one-dimensional testcase. Left: ice thicknesses (m); right: ice
velocities. The ice is progressively accumulated against the right boundary.

ice along the right boundary that is coupled to a decrease in the ice velocity. Indeed,
the slope of the ice accumulation induces a gradient in ice strength that counter-
balance the wind stress. Asymptotically, one can show that the solution is a linear
thickness profile.

Let us now focus on a material point situated at the middle of the basin (x = L/2)
at t = 0. y (see Eq. 3.6) can be interpreted as a measure of the strain rate deter-
mining whether the material undergoes plastic deformation or not. In Fig. B.2, we
show the evolution of the stress state and the corresponding y value of the material
point. At the begin of the simulation (day 6), the stress state does not undergo a
strong deformation and the value y is weak. While we approach the right boundary
(days 34 and 61), the deformation increases progressively (the stress state reaches
the ellipse) but is still under the y, value. The material point is thus still in a viscous
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behaviour. From day 75 onwards, y is greater than the threshold value y, and the
stress state enters plasticity (it belongs to the elliptical curve).
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Figure B.2: Right: evolution of the stress state (in the principal axes) of a material point
initially situated in x = L/2. In one dimension, the stress states evolve on the two blue lines.
Left: evolution of the measure of the strain rate y (black line). The red line corresponds to
the value yg above which the material undergoes plasticity. The display is reduced to the
interval [L/2 L]. The location of the material point in the domain is illustrated (blue dot, its
ordinate has no meaning).






REFERENCES

K. A. Aagaard and E. C. Carmack. The role of sea ice and other fresh water in the
arctic circulation. J. Geophys. Res., 94:14485-14498, 1989. 2

A. Adcroft and D. Marshall. How slippery are piecewise-constant coastlines in nu-
merical ocean models? Tellus, 50A:95-108, 1998. 5

E Alauzet and M. Mehrenberger. P1-conservative solution interpolation on un-
structured triangular meshes. Technical Report RR-6804, INRIA Rocquen-
court, Rocquencourt, Le Chesnay, France, 2009. URL http://hal.inria.fr/
inria-00354509/en. 82

0. Arzel, T. Fichefet, and H. Goosse. Sea ice evolution over the 20th and 21st cen-
turies as simulated by current aogcms. Ocean Model., 12:401-415, 2006. 3

D. Barber, J. Hanesiak, W. Chan, and J. Piwowar. Sea-ice and meteorological condi-
tions in northern baffin bay and the north water polynya between 1979 and 1996.
Atmos. Ocean, NOW Special Edition, 39:343-359, 2001. 45

E. B. Becker. The finite element method in aidjex. AIDJEX Bull., 33:144-157, 1976. 5

G. I. Belchansky, D. C. Douglas, L. V. Alpatsky, and N. G. Platonov. Spatial and tem-
poral multiyear sea ice distributions in the arctic: A neural network analysis of
ssm/i data, 1988-2001. J. Geophys. Res., 109:C10017, 2004.
doi: doi:10.1029/2004JC002388. 98

G. I. Belchansky, D. C. Douglas, and N. G. Platonov. Spatial and temporal variations
in the age structure of arctic sea ice. Geophys. Res. Lett., 32:1.18504, 2005.
doi: 10.1029/2005G1.023976. 15, 97, 98, 105, 107

M. Berliand and T. Berliand. Determining the net long-wave radiation of the earth
with consideration of the effect of cloudiness. Isv. Akad. Nauk SSSR Ser. Geophys.,
1 (in Russian), 1952. 31

M. E. Berliand and T. G. Strokina. Global Distribution of the Total Amount of Clouds.
Hydrometeorological Publishing House, Leningrad, Russia. 71 pp (in Russian),
1980. 32, 54

127


http://hal.inria.fr/inria-00354509/en
http://hal.inria.fr/inria-00354509/en
http://dx.doi.org/doi:10.1029/2004JC002388
http://dx.doi.org/10.1029/2005GL023976

128 References

P-E. Bernard, N. Chevaugeon, V. Legat, E. Deleersnijder, and J.-E Remacle. High-
order h-adaptive discontinuous Galerkin methods for ocean modelling. Ocean
Dynamics, 57:109-121, 2007.
doi: 10.1007/510236-006-0093-y. 108

C. Bitz and W. Lipscomb. An energy-conserving thermodynamic model of sea ice.
J. Geophys. Res., 104(C7):15669-15678, 1999. 3

S. Blaise, R. Comblen, V. Legat, J.-E Remacle, E. Deleersnijder, and J. Lambrechts.
A discontinuous finite element baroclinic marine model on unstructured pris-
matic meshes. Part I: space discretization. Ocean Dynamics, 60:1371-1393, 2010.
doi: 10.1007/s10236-010-0358-3. 6, 46

R. H. Bourke and R. P. Garrett. Sea ice thickness distribution in the arctic ocean.
Cold Regions Sci. Technol., 13:259-280, 1987. 32, 45, 58

H. Burchard and H. Rennau. Comparative quantification of physically and numer-
ically induced mixing in ocean models. Ocean Modelling, 20:293-311, 2008. 106

N. Cherepanov. Using the methods of crystal optics for determining the age of drift
ice (in russian). Probl. Arktik., 2:179-184, 1957. 39

B. Cockburn and C.-W. Shu. The Runge-Kutta discontinuous Galerkin method
for conservation laws V - multidimensional systems. Journal of Computational
Physics, 141:191-224, 1998.
doi: 10.1006/jcph.1998.5892. 83

R. Comblen, S. Legrand, E. Deleersnijder, and V. Legat. A finite element method for
solving the shallow water equations on the sphere. Ocean Modelling, 28:12-23,
2009.
doi: 10.1016/j.ocemod.2008.05.004. 6, 91

R. Comblen, S. Blaise, V. Legat, J.-E Remacle, E. Deleersnijder, and J. Lambrechts.
A discontinuous finite element baroclinic marine model on unstructured pris-
matic meshes. Part II: implicit/explicit time discretization. Ocean Dynamics, 60:
1395-1414, 2010a.
doi: 10.1007/s10236-010-0357-4. 6, 46

R. Comblen, J. Lambrechts, J.-E Remacle, and V. Legat. Practical evaluation of five
part-discontinuous finite element pairs for the non-conservative shallow water
equations. International Journal for Numerical Methods in Fluids, 73:701-724,
2010b.
doi: 10.1002/1d.2094. 106, 113

J. Comiso. Arctic multiyear ice classification and summer ice cover using passive
microwave satellite data. J. Geophys. Res., 95 (C8):13411-13422, 1990. 98


http://dx.doi.org/10.1007/s10236-006-0093-y
http://dx.doi.org/10.1007/s10236-010-0358-3
http://dx.doi.org/10.1006/jcph.1998.5892
http://dx.doi.org/10.1016/j.ocemod.2008.05.004
http://dx.doi.org/10.1007/s10236-010-0357-4
http://dx.doi.org/10.1002/fld.2094

References 129

J. Comiso. Bootstrap sea ice concentrations for nimbus-7 smmr and dmsp ssm/i,
june to september 2001., 1999, updated 2005. 56, 58, 93

J. Comiso, C. L. Parkinson, R. Gersten, and L. Stock. Accelerated decline in the arctic
sea ice cover. Geophys. Res. Lett., 35:L01703, 2008.
doi: 10.1029/2007GL031972. 3

G. Compere, E. Marchandise, and J.-E Remacle. Transient adaptivity applied to
two-phase incompressible flows. Journal of Computational Physics, 227(1923-
1942), 2008. 71

W. M. Connolley, J. M. Gregory, E. Hunke, and A. J. McLaren. On the consistent
scaling of terms in the sea-ice dynamics equation. J. Phys. Oceanogr., 34(7):1776—
1780, Juillet 2004. 47

M. Coon, G. Maykut, R. Pritchard, D. Rothrock, and A. Thorndike. Modeling the
pack ice as an elastic plastic material. Aidjex Bull., 24:1-105, 1974. 3

M. Coon, R. Kwok, G. Levy, M. Pruis, H. Schreyer, and D. Sulsky. Arctic ice dynamics
joint experiment (aidjex) assumptions revisited and found inadequate. J. Geo-
phys. Res., 112:C11S90, 2007.
doi: 10.1029/2005JC003393. 3, 67, 70

B. de Brye, A. de Brauwere, O. Gourgue, T. Kdrn4, J. Lambrechts, R. Comblen, and
E. Deleersnijder. A finite-element, multi-scale model of the Scheldt tributaries,
river, estuary and ROFI. Coastal Engineering, 57:850-863, 2010.
doi: 10.1016/j.coastaleng.2010.04.001. 6

E. Deleersnijder, J.-M. Campin, and E. J. M. Delhez. The concept of age in marine
modelling i. theory and preliminary model results. Journal of Marine Systems, 28:
229-267, 2001. 16, 39

E. Delhez, J.-M. Campin, A. Hirst, and E. Deleersnijder. Toward a general theory of
the age in ocean modelling. Ocean Modelling, 1:17-27, 1999. 16, 17, 39

J. Deming and H. Eicken. Planets and Life: The Emerging Science of Astrobiology,
chapter Life in ice., pages 292-312. Cambridge University Press, 2007. 2

R. Dickson, B. Rudels, S. Dye, M. Karcher, J. Meincke, and I. Yashayaev. Current
estimates of freshwater flux through arctic and subarctic seas. Prog. Oceanogr.,
73:210-230, 2007. 45, 66

J. Donea, A. Huerta, J.-P. Ponthot, and A. Rodriguez-Ferran. Encyclopedia of com-
putational mechanics - Volume 1, chapter 14, pages 413-437. Wiley, 2004. 19

C. A. Doswell. A kinematic analysis of frontogenesis associated with a nondivergent
vortex. J. Atmos. Sci., 941:1242-1248, 1984. 88, 89, 106


http://dx.doi.org/10.1029/2007GL031972
http://dx.doi.org/10.1029/2005JC003393
http://dx.doi.org/10.1016/j.coastaleng.2010.04.001

130 References

V. Duliere and T. Fichefet. On the assimilation of ice velocity and concentration
data into large-scale sea ice models. Ocean Sci., 3:321-335, 2007. 97

D. Dumont, Y. Gratton, and T. E. Arbetter. Modeling the dynamics of the north water
polynya ice bridge. J. Phys. Oceanogr., 39:1448-1461, 2009.
doi: 10.1175/2008JP03965.1. 67

E. E. Ebert and J. A. Curry. An intermediate one-dimensional thermodynamic sea
ice model for investigating ice—atmosphere interactions. J. Geophys. Res., 98:
10085-10109, 1993. 2

P. Farrell and J. Maddison. Conservative interpolation between volume meshes by
local galerkin projection. Comput. Methods Appl. Mech. Engrg., 2010.
doi: 10.1016/j.cma.2010.07.015. 81, 82, 84

P, Farrell, M. Piggott, C. Pain, G. Gorman, and C. Wilson. Conservative interpolation
between unstructured meshes via supermesh construction. Comput. Methods
Appl. Mech. Engrg., 198:33-36, 2009.
doi: 10.1016/j.cma.2009.03.004. 82

T. Fichefet and M. A. Morales Maqueda. Sensitivity of a global sea ice model to
the treatment of ice thermodynamics and dynamics. Journal of Geophysical Re-
search, 102:12609-12646, 1997. 6

T. Fichefet, H. Goosse, and M. A. M. Maqueda. Ocean Modeling and Parameteriza-
tion, volume C516 of NATO ASI Series, chapter On the large-scale modeling of sea
ice—ocean interactions, pages 399-422. Kluwer Academic Publisher, Dordrecht,
1998. 31, 49, 50

G. M. Flato. A particle-in-cell sea ice model. Atmoshere-Ocean, 31:339-358, 1993.
70

D. Flocco and D. Feltham. A continuum model of melt pond evolution on arctic sea
ice. J. Geophys. Res., 112:C08016, 2007.
doi: 10.1029/2006JC003836. 3

C. Fowler. Polar pathfinder daily 25 km ease-grid sea ice motion vectors. Technical
report, National Snow and Ice Data Center. Digital Media., Boulder, CO, USA,
2003. 55

C. Fowler, W. ]J. Emery, and J. Maslanik. Satellite-derived evolution of arctic sea ice
age: October 1978 to march 2003. IEEE Geosci. Remote Sens. Lett., 1:71-74, 2004.
15,97

G. Gao, C. Chen, J. Qi, and R. C. Beardsley. An unstructured-grid, finite-volume sea
ice model (ug-cice): Development, validation and application. J. Geophys. Res.,
in press, 2011.
doi: 10.1029/2010JC006688. 112


http://dx.doi.org/10.1175/2008JPO3965.1
http://dx.doi.org/10.1016/j.cma.2010.07.015
http://dx.doi.org/10.1016/j.cma.2009.03.004
http://dx.doi.org/10.1029/2006JC003836
http://dx.doi.org/10.1029/2010JC006688

References 131

P. George and H. Borouchaki. Delaunay Triangulation and Meshing: Application to
Finite Elements. Hermes, 1998. 82

L. Girard, S. Bouillon, J. Weiss, D. Amitrano, T. Fichefet, and V. Legat. A new mod-
elling framework for sea ice mechanics based on elasto-brittle rheology. Annals
of Glaciology, 52(57):123-132, 2011. 3, 67, 70, 115

H. Goosse. Modelling the large scale behaviour of the coupled ocean—sea-ice system.
PhD thesis, Université catholique de Louvain, Louvain-la-Neuve, Belgium, 231
pp., 1997. 31

H. Goosse and T. Fichefet. Importance of ice-ocean interactions for the global
ocean circulation: a model study. J. Geophys. Res., 104:23337-23355, 1999. 6

H. Goosse, T. Fichefet, and J.-M. Campin. The effects of the water flow through
the canadian archipelago in a global ice-ocean model. Geophys. Res. Lett., 24:
1507-1510, 1997. 45

G. Gorman, M. Piggott, C. Pain, R. de Oliveira, A. Umpleby, and A. Goddard. Op-
timisation based bathymetry approximation through constrained unstructured
mesh adaptivity. Ocean Modelling, 12:436-452, 2006.
doi: 10.1016/j.ocemod.2005.09.004. 5

T. C. Grenfell. Surface-based passive microwave studies of multiyear sea ice. J.
Geophys. Res., 97:3485-3501, 1992. 98

R. Gutfraind and S. B. Savage. Smoothed particle hydrodynamics for the simula-
tion of broken-ice fields: Mohr-coulomb-type rheology and frictional boundary
conditions. J. Comput. Phys., 134:203-215, 1997. 70

C. Haas, A. Pfaffling, S. Hendricks, L. Rabenstein, J.-L. Etienne, and I. Rigor. Re-
duced ice thickness in arctic transpolar drift favors rapid ice retreat. Geophys.
Res. Lett., 35:117501, 2008.
doi: 10.1029/2008GL034457. 3

C. Haas, S. Hendricks, H. Eicken, and A. Herber. Synoptic airborne thickness sur-
veys reveal state of arctic sea ice cover. Geophys. Res. Lett., 37:L09501, 2010.
doi: 10.1029/2010GL042652. 32

E. Hanert, D. L. Roux, V. Legat, and E. Deleersnijder. Advection schemes for un-
structured grid ocean modelling. Ocean Model., 7:39-58, 2004.
doi: 10.1016/S1463-5003(03)00029-5. 53

M. Harder. Roughness, age and drift trajectories of sea ice in large-scale simulations
and their use in model verifications. Ann. Glaciol., 25:237-240, 1997. 15

W. Hibler. A viscous sea ice law as stochastic average of plasticity. J. Geophys. Res.,
82(27):3932-3938, 1977. 3


http://dx.doi.org/10.1016/j.ocemod.2005.09.004
http://dx.doi.org/10.1029/2008GL034457
http://dx.doi.org/10.1029/2010GL042652
http://dx.doi.org/10.1016/S1463-5003(03)00029-5

132 References

W. D. Hibler. A dynamic thermodynamic sea ice model. J. Phys. Oceanogr., 9:815-
846, 1979. 47, 48, 53, 60, 123

W. D. Hibler. Dynamics of Snow and Ice Masses, chapter Sea ice growth, drift and
decay, pages 141-209. Academic Press, New York, 1980. 44

M. Holland, C. Bitz, E. Hunke, W. Lipscomb, and J. Schramm. Influence of the sea
ice thickness distribution on polar climate in ccsm3. J. Climate, 19:2398-2414,
2006. 115

M. M. Holland and C. M. Bitz. Polar amplification of climate change in coupled
models. Clim. Dynam., 21:221-232, 2003. 2, 3

G. Holloway and A. Proshutinsky. Role of tides in arctic ocean/ice climate. J. Geo-
phys. Res., 112:C04S06, 2007.
doi: 10.1029/2006JC003643. 46

M. Hopkins and W. I. Hibler. Numerical simulation of a compact convergent system
ofice floes. Annals of Glaciology, 15:26-30, 1991. 70

B.-L. Hua and E Thomasset. A noise-free finite element scheme for the two-layer
shallow water equations. Tellus, 36A:157-165, 1984.
doi: 10.1111/j.1600-0870.1984.tb00235.x. 53

Z.]. Huang and S. Savage. Particle-in-cell and finite difference approaches for the
study of marginal ice zone problems. Cold Regions Science and Technology, 28
(1):1-28, 1998. 70

E. Hunke and J. Dukowicz. An elastic-viscous-plastic model for sea ice dynamics. J.
Phys. Oceanogr., 27:1849-1867, 1997. 3

E. C. Hunke and C. M. Bitz. Age characteristics in a multidecadal arctic sea ice
simulation. J. Geophys. Res., 114:C08013, 2009.
doi: 10.1029/2008JC005186. 15, 34, 36, 40, 101

X. Jiao and M. T. Heath. Common-refinement based data transfer between non-
matching meshes in multiphysics simulations. Int. J. Numer. Meth. Engng, 0:1-
24,2004. 81, 82, 85

E. H. Johnson, M. S. Gaffigan and R. Gerdes. A comparison of arctic ocean sea ice
concentration among the coordinated aomip model experiments. J. Geophys.
Res., 112:C04S11, 2007.
doi: 10.1029/2006JC003690. 45

T. Kdrnd, V. Legat, E. Deleersnijder, and H. a. a. Burchard. Coupling of a discon-
tinuous galerkin finite element marine model with a finite difference turbulence
closure model. Ocean Model., 2011 (subm.). 115


http://dx.doi.org/10.1029/2006JC003643
http://dx.doi.org/10.1111/j.1600-0870.1984.tb00235.x
http://dx.doi.org/10.1029/2008JC005186
http://dx.doi.org/10.1029/2006JC003690

References 133

N. Kliem and D. A. Greenberg. Diagnostic simulations of the summer circulation in
the canadian arctic archipelago. Atmos. Ocean, 41 (4):273-289, 2003. 46

J. Kobalenko. The Horizontal Everest: Extreme Journeys on Ellesmere Island. Penguin
Book Canada, Toronto, 2002. 1

C. Krembs, H. Eicken, K. Junge, and J. Deming. High concentrations of exopoly-
meric substances in arctic winter sea ice: implications for the polar ocean carbon
cycle and cryoprotection of diatoms. Deep-Sea Research I, 49:2163-2181, 2002. 2

R. Kwok. Annual cycles of multiyear sea ice coverage of the arctic ocean: 1999-2003.
J. Geophys. Res., 109:C11004, 2004.
doi: 10.1029/2003]JC002238. 99

R. Kwok. Variability of nares strait ice flux. Geophys. Res. Lett., 32:1.24502, 2005.
doi: 10.1029/2005GL024768. 45, 66

R. Kwok. Exchange of sea ice between the arctic ocean and the canadian arctic
archipelago. Geophys. Res. Lett., 33:L16501, 2006. 44, 61, 62, 63

R. Kwok, J. C. Comiso, and G. Cunningham. Seasonal characteristics of the peren-
nial ice cover of the beaufort sea. J. Geophys. Res., 101:28417-28439, 1996. 98

R. Kwok, G. E Cunningham, and S. Yueh. Area balance of the arctic ocean perennial
ice zone: October 1996 to april 1997. J. Geophys. Res., 104:25747-25759, 1999. 98

R. Kwok, G. E Cunningham, and S. S. Pang. Fram strait sea ice outflow. J. Geophys.
Res., 109:C01009, 2004. 44, 56, 65

R. Kwok, G. Cunningham, M. Wensnahan, I. Rigor, and H. Zwally. Thinning and
volume loss of the arctic ocean sea ice cover: 2003-2008. J. Geophys. Res. Oceans,
114:C07005, 2009.
doi: 10.1029/2009JC005312. 3

P. Lancaster and M. Tismenetsky. The theory of matrices. Computer Science and
Applied Mathematics. Academic Press Inc., 1985. 71

W. Lefebvre and H. Goosse. Analysis of the projected regional sea-ice changes in
the southern ocean during the 21st century. Clim. Dynam., 30:59-76, 2008.
doi: 10.1007/s00382-007-0273-6. 3

S. Legrand, V. Legat, and E. Deleersnijder. Delaunay mesh generation for an
unstructured-grid ocean circulation model. Ocean Modelling, 2:17-28, 2000.
doi: 10.1016/S1463-5003(00)00005-6. 5

S. Legrand, E. Deleersnijder, E. Hanert, V. Legat, and E. Wolanski. High-resolution,
unstructured meshes for hydrodynamic models of the great barrier reef, aus-
tralia. Estuarine. Coast. Shelf Sci., 68:36-46, 2006.
doi: 10.1016/j.ecss.2005.08.017. 5


http://dx.doi.org/10.1029/2003JC002238
http://dx.doi.org/10.1029/2005GL024768
http://dx.doi.org/10.1029/2009JC005312
http://dx.doi.org/10.1007/s00382-007-0273-6
http://dx.doi.org/10.1016/S1463-5003(00)00005-6
http://dx.doi.org/10.1016/j.ecss.2005.08.017

134 References

S. Legrand, E. Deleersnijder, E. Delhez, and V. Legat. Unstructured, anisotropic
mesh generation for the Northwestern European continental shelf, the continen-
tal slope and the neighbouring ocean. Continental Shelf Research, 27:1344-1356,
2007.
doi: 10.1016/j.csr.2007.01.009. 5

J.-E Lemieux, B. Tremblay, J. Sedlacek, P. Tupper, S. Thomas, H. D., and J.-P. Auclair.
Improving the numberical convergence of viscous-plastic sea ice models with
the jacobian-free newton-krylov method. J. Comp. Phys., 229:2840-2852, 2010. 3

X. Li. Mesh Modification procedure for General 3-D Non-Manifold Domaines. PhD
thesis, Renselear Polytechnic Indtitute, 2003. 71, 76

O. Lietaer, T. Fichefet, and V. Legat. The effects of resolving the Canadian Arctic
Archipelago in a finite element sea ice model. Ocean Modelling, 24:140-152,
2008.
doi: 10.1016/j.ocemod.2008.06.002. 7, 31

K. Ligett. A modified particle-in-cell method for sea ice dynamics. Master’s thesis,
Dept. of Mathematics and Computer Science, Brown University, 2000. 70

R. W. Lindsay and H. Stern. A new lagrangian model of arctic sea ice. J. Phys.
Oceanog., 34:272-283, 2004. 70

W. Lipscomb and E. Hunke. Modeling sea ice transport using incremental remap-
ping. Mon. Wea. Rev., 132:1341-1354, 2004. 3

A. Liu and B. Joe. On the shape of tetrahedra from bisection. Mathematics of Com-
putation, 63:141-154, 1994. 73

M. Lizotte. Sea ice — an introduction to its physics, chemistry, biology and geology,
chapter Microbiology of sea ice, pages 184-210. Blackwell Science, Oxford, 2003.
2

A. Mahoney, H. Eicken, A. G. Gaylord, and L. Shapiro. Alaska landfast sea ice:
Links with bathymetry and atmospheric circulation. J. Geophys. Res., 112:C02001,
2007.
doi: 10.1029/2006JC003559. 46

S. Manabe and R. J. Stouffer. Sensitivity of a global climate model to an increase of
co2 concentration in the atmosphere. J. Geophys. Res., 85:5529-5554, 1980. 2

E. Marchandise, P. Geuzaine, N. Chevaugeon, and J. Remacle. A stabilized finite
element method using a discontinuous level set approach for the computation
of bubble dynamics. Journal of Computational Physics, 225:949-974, 2007. 97


http://dx.doi.org/10.1016/j.csr.2007.01.009
http://dx.doi.org/10.1016/j.ocemod.2008.06.002
http://dx.doi.org/10.1029/2006JC003559

References 135

D. Marsan, H. Stern, R. Lindsay, and J. Weiss. Scale dependence and localization of
the deformation of arctic sea ice. Phys. Rev. Lett., 93:178501, 2004.
doi: 10.1103/PhysRevLett.93.178501. 115

J. Maslanik, J. Stroeve, C. Fowler, and W. Emery. Distribution and trends in arctic
sea ice age through spring 2011. Geophys. Res. Lett., 38:L13502, 2011.
doi: 10.1029/2011GL047735. 97, 103

J. A. Maslanik, C. Fowler, J. Stroeve, S. Drobot, J. Zwally, D. Yi, and W. Emery. A
younger, thinner arctic ice cover: Increased potential for rapid, extensive sea-ice
loss. Geophys. Res. Lett., 34:1.24501, 2007.
doi: 10.1029/2007G1.032043. 3, 15, 34, 36, 38

W. Maslowski, D. Marble, W. Walczowski, U. Schauer, J. L. Clement, and A. J. Semt-
ner. On climatological mass, heat, and salt transports through the barents sea
and fram strait from a pan-arctic coupled ice-ocean model simulation. J. Geo-
phys. Res., 109:C03032, 2004.
doi: 10.1029/2001JC001039. 66

G. Maykut and N. Untersteiner. Some results form time-dependent thermody-
namic model of sea ice. J. Geophys. Res., 76:1550-1575, 1971. 3

W. N. Meier and J. Maslanik. Improved sea ice parcel trajectories in the arctic via
data assimilation. Marine Pollution Bulletin, 42 (6):505-511, 2001. 70, 97

H. Melling. Sea ice of the northern canadian arctic archipelago. J. Geophys. Res.,
107 (C11):3181, 2002.
doi: 10.1029/2001JC001102. 44, 45

M. Morales Maqueda and G. Holloway. Second-order moment advection scheme
applied to arctic ocean simulation. Ocean Modell., 14:197-221, 2006. 106

B. Miigge, A. Savvin, R. Calov, and R. Greve. Numerical age computation of the
antarctic ice sheet for dating deep ice cores, chapter Advances in Cold-Region
Thermal Engineering and Sciences, pages 307-318. Springer-Verlag, 1999. 40

B. Mukherji. Crack propagation in sea ice: a finite element approach. AIDJEX Bull.,
18:69-75,1973. 5

S. V. Nghiem, I. G. Rigor, D. K. Perovich, P. Clemente-Colon, J. W. Weatherly, and
G. Neumann. Rapid reduction of arctic perennial sea ice. Geophys. Res. Lett., 34:
L19504, 2007.
doi: 10.1029/2007GL031138. 15, 36, 99

D. Notz and M. Worster. A one-dimensional enthalpy model of sea ice. Annals of
Glaciology, 44:123-128, 2006. 3


http://dx.doi.org/10.1103/PhysRevLett.93.178501
http://dx.doi.org/10.1029/2011GL047735
http://dx.doi.org/10.1029/2007GL032043
http://dx.doi.org/10.1029/2001JC001039
http://dx.doi.org/10.1029/2001JC001102
http://dx.doi.org/10.1029/2007GL031138

136 References

A. Palmisano and D. Garrison. Antarctic microbiology, chapter Microorganisms in
Antarctic sea ice, pages 167-218. Wiley-Liss, New York, 1993. 2

D. Perovich, B. Light, H. Eicken, K. Jones, K. Runciman, and S. Nghiem. Increasing
solar heating of the arctic ocean and adjacent seas, 1979-2005: Attribution and
role in the ice-albedo feedback. Geophys. Res. Lett., 34:119505, 2007.
doi: 10.1029/2007GL031480. 3, 106

D. K. Perovich, T. C. Grenfell, B. Light, and P. V. Hobbs. Seasonal evolution of the
albedo of multiyear arctic sea ice. J. Geophys. Res., 107:8044, 2002.
doi: 10.1029/2000JC000438. 2

D. K. Perovich, J. A. Richter-Menge, K. E Jones, and B. Light. Sunlight, water, and
ice: Extreme arctic sea ice melt during the summer of 2007. Geophys. Res. Lett.,
35:L11501, 2008.
doi: 10.1029/2008GL034007. 3, 106

S. Pfirman, W. Haxby, H. Eicken, M. Jeffries, and D. Bauch. Drifting arctic sea ice
archives changes in ocean surface conditions. Geophys. Res. Lett., 31:1L19401,
2004.
doi: 10.1029/2004G1.020666. 41

N. A. Phillips. A coordinate system having some special advantages for numerical
forecasting. Journal of Meteorology, 14:184-185, 1957. 19

S. J. Prinsenberg and J. Hamilton. Monitoring the volume, freshwater and heat
fluxes passing through lancaster sound in the canadian arctic archipelago. At-
mos. Ocean, 43:1-22, 2005. 44, 63, 65

R. Pritchard, M. Coon, and M. McPhee. Simulation of sea ice dynamics during aid-
jex. Aidjex Bull., 34:73-93, 1976. 3

R. S. Pritchard, A. C. Mueller, D. J. Hanzlick, and Y. S. Yang. Forecasting bering sea
ice edge behavior. J. Geophys. Res., 95:775-788, 1990. 70

P. Rampal, J. Weiss, D. Marsan, R. Lindsay, and H. Stern. Scaling properties of sea
ice deformation from buoy dispersion analysis. J. Geophys. Res., 113(C3):C03002,
2008.
doi: 10.1029/2007JC004143. 115

P Rampal, J. Weiss, and D. Marsan. Positive trend in the mean speed and deforma-
tion rate of arctic sea ice, 1979-2007. J. Geophys. Res., 114:C05013, 2009.
doi: 10.1029/2008JC005066. 97

P. Rampal, J. Weiss, C. Dubois, and J.-M. Campin. Ipcc climate models do not cap-
ture arctic sea ice drift acceleration: Consequences in terms of projected sea ice
thinning and decline. J. Geophys. Res., (accepted for publication), 2011.
doi: 10.1029/2011JC007110. 97


http://dx.doi.org/10.1029/2007GL031480
http://dx.doi.org/10.1029/2000JC000438
http://dx.doi.org/10.1029/2008GL034007
http://dx.doi.org/10.1029/2004GL020666
http://dx.doi.org/10.1029/2007JC004143
http://dx.doi.org/10.1029/2008JC005066
http://dx.doi.org/10.1029/2011JC007110

References 137

T. A. S. Rasmussen, N. Kliem, and E. Kaas. Modelling the sea ice in the nares strait.
Ocean Modelling, 35:161-172, 2010. 46

J.-E Remacle, X. Li, N. Chevaugeon, and M. Shephard. Transient mesh adaptation
using conforming and non conforming mesh modifications. In Proceedings of
11th Int. Meshing Roundtable, Ithaca, NY, USA, 2002. 76

J.-E Remacle, X. Li, M. S. Shephard, and J. E. Flaherty. Anisotropic adaptive sim-
ulation of transient flows using discontinuous Galerkin methods. International
Journal for Numerical Methods in Engineering, 62(7):899-923, 2005. 71

I. G. Rigor and J. M. Wallace. Variations in the age of arctic sea-ice and summer
sea-ice extent. Geophys. Res. Lett., 31:1L09401, 2004.
doi: 10.1029/2004GL019492. 15, 44, 97

D. Rothrock, Y. Yu, and G. Maykut. Thinning of the arctic sea-ice cover. Geophys.
Res. Lett., 26(23):3469-3472, 1999. 3

D. A. Rothrock. The kinematics and mechanical behavior of pack ice: the state of
the subject. AIDJEX Bull., 2:1-10, 1970. 91

D. A. Rothrock, D. B. Percival, and M. Wensnahan. The decline in arctic sea-ice
thickness: Separating the spatial, annual, and interannual variability in a quarter
century of submarine data. J. Geophys. Res., 113:C05003, 2008.
doi: doi:10.1029/2007JC004252. 33, 95

O. Rybak and P. Huybrechts. A comparison of eulerian and lagrangian methods for
dating in numerical ice-sheet models. Annals of Glaciology, 37:150-158, 2003. 40

R. M. Samelson, T. Agnew, H. Melling, and A. Miinchow. Evidence for atmospheric
control of sea-ice motion through nares strait. Geophys. Res. Lett., 33:L025086,
2006.
doi: 10.1029/2005GL025016. 44

H. L. Schreyer, D. L. Sulsky, L. B. Munday, M. D. Coon, and R. Kwok. Elastic-
decohesive constitutive model for sea ice. J. Geophys. Res., 111:C11526, 2006.
doi: 10.1029/2005JC003334. 3, 67, 70

R. M. S. M. Schulkes, L. W. Morland, and R. Staroszczyk. A finite-element treatment
of sea ice dynamics for different ice rheologies. Int. J. Numer. Anal. Methods Ge-
omech., 22:153-174, Mar. 1998. 5

W. Schwarzacher. Pack-ice studies in the arctic ocean. J. Geophys. Res., 64:2357—
2367, 1959. 39

A.J. Semtner. A model for the thermodynamic growth of sea ice in numerical in-
vestigations of climate. J. Phys. Oceanogr., 6:379-389, 1976. 31, 46


http://dx.doi.org/10.1029/2004GL019492
http://dx.doi.org/doi:10.1029/2007JC004252.
http://dx.doi.org/10.1029/2005GL025016
http://dx.doi.org/10.1029/2005JC003334

138 References

M. C. Serreze, R. G. Barry, and A. S. McLaren. Seasonal variations in sea ice motion
and effects on sea ice concentration in the canada basin. J. Geophys. Res., 94:
10955-10970, 1989. 46

M. C. Serreze, A. P. Barrett, A. G. Slater, R. A. Woodgate, K. Aagaard, R. B. Lammers,
M. Steele, R. Moritz, M. Meredith, and C. M. Lee. The large-scale freshwater cycle
of the arctic. J. Geophys. Res., 111:C11010, 2006.
doi: 10.1029/2005JC003424. 44, 63, 65

M. C. Serreze, M. M. Holland, and J. Stroeve. Perspectives on the arctic’s shrinking
sea-ice cover. Science, 315:1533-1536, 2007.
doi: 10.1126/science.1139426. 2

M. S. Shephard, J. E. Flaherty, K. E. Jansen, X. Li, X. Luo, N. Chevaugeon, J.-E
Remacle, M. W. Beall, and R. M. O’Bara. Adaptive mesh generation for curved
domains. Applied Numerical Mathematics, 52:251-271, 2005. 71, 76

D. S. Sodhi and W. D. Hibler. Nonsteady ice drift in the strait of belle isle. In
R. Pritchard, editor, Sea Ice Processes and Models, pages 177-186., Seattle and
London, 1980. University of Washington Press. 5

T. V. Sou. The flow and variability of sea-ice in the canadian arctic archipelago:
modelling the past (1950-2004) and the future (2041-2060). Master’s thesis, Uni-
versity of Victoria, Victoria, Canada, 125 pp., 2007. 44, 46, 61, 62, 63, 66

J. Staley and J. Gosnik. Poles apart; biodiversity and biogeography of sea ice bacte-
ria. Annual Reviews of Microbiology, 53:189-215, 1999. 2

M. Steele, R. Morley, and W. Ermold. Phc: a global ocean hydrography with a high
quality arctic ocean. J. Climate, 14:2079-2087, 2001. 32

J. Stefan. Uber die theorie des eisbildung, insbesondere iiber eisbildung im po-
larmeere. Annalen der Physik, 42 (3rd Ser.):269-286, 1891. 12, 20, 39

A. Stigebrandt. The Freshwater Budget of the Arctic Ocean, chapter Oceanic fresh-
water fluxes in the climate system, pages 1-20. Kluwer Academic Publisher, New
York, 2000. 44, 45

J. Stroeve, M. C. Serreze, E Fetterer, T. Arbetter, W. Meier, J. Maslanik, and
K. Knowles. Tracking the arctic’s shrinking ice cover: another extreme september
minimum in 2004. Geophys. Res. Lett., 32:104501, 2005.
doi: 10.1029/2004GL021810. 3

J. Stroeve, M. Serreze, S. Drobot, S. Gearheard, M. Holland, J. Maslanik, W. Meier,
and T. Scambos. Arctic sea ice extent plummets in 2007. EOS Trans., AGU, 89 (2):
13-14, 2008. 3


http://dx.doi.org/10.1029/2005JC003424
http://dx.doi.org/10.1126/science.1139426
http://dx.doi.org/10.1029/2004GL021810

References 139

J. Stroeve, M. Serreze, M. Holland, J. Kay, J. Maslanik, and A. Barrett. The arctic’s
rapidly shrinking sea ice cover: a research synthesis. Climatic Change, in press,
2011. 3

J. A. Stronach, J. A. Helbig, S. S. Salvador, H. Melling, and R. A. Lake. Tidal ele-
vations and tidal currents in the northwest passage. Can. Tech. Rep. Hydrogr.
Ocean Sci. 97, Institute of Ocean Science, Sidney, BC, 1987. 46

D. Sulsky, H. Schreyer, K. Peterson, K. R., and C. M. Using the material-point me-
thod to model sea ice dynamics. J. Geophys. Res., 112, 2007. 3,5, 70

A. D. Terwisscha van Scheltinga, P. G. Myers, and J. D. Pietrzak. A finite element sea
ice model of the canadian arctic archipelago. Ocean Dynamics, 60:1539-1558,
2010. 46, 63,112

J. E S. Thomson, N. R and R. E McKenna. Short-term ice motion modeling with
application to the beaufort sea. J. Geophys. Res., 93:6819-6836, 1988. 5, 52

A. S. Thorndike. Kinematics of sea ice. In N. Untersteiner, editor, The Geophysics of
Sea Ice, volume 146 of NATO ASI Series, pages 489-549. Plenum Press, New York,
1986. 91

A. S. Thorndike and R. Colony. Sea ice motion in response to geostrophic winds. J.
Geophys. Res., 87:5845-5852, 1982. 46

A. S. Thorndike, D. A. Rothrock, G. A. Maykut, and R. Colony. The thickness distri-
bution of sea ice. J. Geophys. Res., 80:4501-4513, 1975. 41, 66, 115

R. Timmermann, G. H,, M. G., E T, E. C, and D. V. On the representation of high
latitude processes in the orca-lim global coupled sea ice-ocean model. Ocean
Model., 8:175-201, 2005. 6, 45

R. Timmermann, S. Danilov, J. Schréter, C. Boning, D. Sidorenko, and K. Rollen-
hagen. Ocean circulation and sea ice distribution in a finite element global sea
ice-ocean model. Ocean Modelling, 27(3-4):114 - 129, 2009. ISSN 1463-5003.
doi: 10.1016/j.ocemod.2008.10.009. 5, 63, 112

K. E. Trenberth, J. G. Olson, and W. G. Large. A global ocean wind stress climatology
based on ecmwf analyses. Technical Report NCAR/TN-338+STR, National Center
for Atmos. Res., Boulder, Colorado, 1989. 93 pp. 32, 54

M. Tschudi, C. Fowler, J. Maslanik, and J. Stroeve. Tracking the movement and
changing surface characteristics of arctic sea ice. IEEE Journal of Selected Top-

ics in Applied Earth Observations and Remote Sensing, 3 (4):536-540, 2010. 99,
108


http://dx.doi.org/10.1016/j.ocemod.2008.10.009

140 References

M. Vancoppenolle, C. M. Bitz, and T. Fichefet. Summer landfast sea ice desalination
at point barrow, alaska: modeling and observations. J. Geophys. Res., 112:C04022,
2007.
doi: 10.1029/2006JC003493. 3, 65

M. Vancoppenolle, T. Fichefet, H. Goosse, S. Bouillon, G. Madec, and
M. Morales Maqueda. Simulating the mass balance and salinity of arctic and
antarctic sea ice. 1. model description and validation. Ocean Modelling, 27:33—
53, 2009.
doi: 10.1016/j.0ocemod.2008.10.005. 6, 15, 40, 45, 56, 66, 101, 107, 115

P. Wadhams and N. Davis. Further evidence of ice thinning in the arctic ocean.
Geophys. Res. Lett., 27(24):3973-3975, 2000.
doi: 10.1029/2000GL011802. 3

J. M. Wallace and P. V. Hobbs. Atmospheric Science: An Introductory Survey. Aca-
demic Press, London. 467 pp., 1977. 2

J. E. Walsh and H. J. Zwally. Multiyear sea ice in the arctic: Model- and satellite-
derived. J. Geophys. Res., 95(C7):11613-11628, 1990. 15

J. Wang, R. Kwok, E J. Saucier, J. Hutchings, M. Ikeda, W. Hibler, J. Haapala, M. Coon,
H. Markus Meier, H. Eicken, N. Tanaka, R. Prentki, and W. Johnson. Working
toward improved small-scale sea ice-ocean modeling in the arctic seas. Eos, 84
(34):325-336, 2003. 66, 67

L. R. Wang and M. Ikeda. A lagrangian description of sea ice dynamics using the
finite element method. Ocean Modelling, 7:21-38, 2004. 5, 70

W. Weeks and S. Ackley. The Geophysics of Sea Ice, chapter The growth, structure
and properties of sea ice, pages 9-164. Plenum Press, New York, 1986. 2

W. E Weeks. On Sea Ice. University of Alaska Press, Fairbanks, Alaska. 664 pp, 2010.
2,39

J. Weiss. Intermittency of principal stress directions within arctic sea ice. Phys. Rev.
E, 77(5):056106, 2008.
doi: 10.1103/Phys-RevE.77.056106. 115

J. Weiss, E. M. Schulson, and H. L. Stern. Sea ice rheology from in situ, satellite and
laboratory observations: fracture and friction. Earth Planet. Sci. Lett., 255:1-8,
2007.3,67,70

L. White, E. Deleersnijder, and V. Legat. A three-dimensional unstructured mesh
finite element shallow-water model, with application to the flows around an is-
land and in a wind-driven elongated basin. Ocean Model., 22:26-47, 2008.
doi: 10.1016/j.ocemod.2008.01.001. 46


http://dx.doi.org/10.1029/2006JC003493
http://dx.doi.org/10.1016/j.ocemod.2008.10.005
http://dx.doi.org/10.1029/2000GL011802
http://dx.doi.org/10.1103/Phys-RevE.77.056106
http://dx.doi.org/10.1016/j.ocemod.2008.01.001

References 141

A. V. Wilchinsky and D. Feltham. Modelling the rheology of sea ice as a collection of
diamond-shaped oes. J. Non-Newtonian Fluid Mech., 138:22-32, 2006. 3, 70

D. Williamson. Difference approximation for fluid flow on a sphere. In Numerical
Methods used in Atmospheric Models, number 17 in Garp Publication, pages 51—
120 (Chapter 2). WMO-ICSU, 1979. 5

N. G. Yakovlev. Coupled model of ocean general circulation and sea ice evolution
in the arctic ocean. Izvestiya. Atmos. Ocean. Phys., 39 (3):355-368, 2003. 5, 112

N. G. Yakovlev. Reproduction of the large-scale state of water and sea ice in the
arctic ocean in 1948-2002: Part i. numerical model. Izvestiya, Atmospheric and
Oceanic Physics, 45:357-371, 2009. 112

X. Zhang and J. E. Walsh. Toward a seasonally ice-covered arctic ocean: scenarios
from the ipcc ar4 model simulations. J. Climate, 19:1730-1747, 2006. 3

J. Zillmann. A study of some aspects of the radiation and the heat budgets of the
southern hemisphere oceans. In Meteorol. Stud., volume 26, page 562. Bur. Me-
teorol. Dep. of the Interior, Canberra, Australia, 1972. 31



	Contents
	Introduction
	Sea ice in the climate system
	The need for unstructured grids
	Motivation for this thesis
	Structure of the thesis

	Thermodynamic processes: the sea ice vertical age profile
	A one-dimensional model of sea ice accretion and melting
	Introduction to the sea ice age
	The ice age: concepts and analytical solution
	Numerical methods
	Application to the large-scale distribution of sea ice age
	Discussion and conclusions

	The effects of resolving the CAA in a FE sea ice model
	Introduction
	Model description
	Numerical method
	Results and discussion
	Conclusions

	A Lagrangian sea ice model
	Introduction
	Mesh adaptation
	The field update procedure
	Numerical simulations of the Arctic sea ice cover
	Comparison of different sea ice age definitions
	Discussion and conclusions

	Conclusion and perspectives
	Future developments

	Appendices
	Supplementary material for Chapter 2
	Coefficients of the system resulting from the spatial ALE discretization
	Approximation of the analytical solution with piecewise polynomials

	Supplementary material for Chapter 3
	A simple testcase for the viscous-plastic rheology

	References


