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Abstract

The Canadian Arctic Archipelago (CAA) connects the Arctic Ocean ad
Ba n Bay through narrow channels and is one of the key gateway where
freshwater leaves the Arctic. It has therefore the potentiab a ect the deep
convection in the northern North Atlantic.

Representing the CAA in traditional global models still posg a challenge
due to the small scale nature of the narrow passages. In thitudy we
apply a global, multi-resolution sea ice ocean model (the Ria Element
Sea ice Ocean Model, FESOM) with re nement in the CAA up to 5 km
while keeping a coarse resolution setup otherwise. With thimodel setup, a
hindcast simulation for the period 1968-2007 was performed

The rst goal of this thesis is to assess the model behavior the CAA
region and in the Arctic Ocean. The model assessment reveatgubd agree-
ment with sea ice conditions in the Arctic Ocean and with uxeshrough the
main gates of the Arctic Ocean. During the period 1968-2007 timean vol-
ume transports through Lancaster Sound and Nares Strait amouto 0.86
Sv (1 Sv = 1 m®/s) and 0.91 Sv, respectively. The monthly mean vol-
ume transport through western Lancaster Sound is highly calated with
the observational estimate (r=0.81). A comparison of simated sectionally
averaged velocities in Nares Strait with observational estiates reveals good
agreement (r=0.57). The simulated mean CAA freshwater exporate is 123
mSyv, slightly higher than the observational estimate (10110 mSv). The
local re nement of 5 km allows to investigate the freshwater contribution
of individual narrow straits to the Parry Channel.

In the second part of the thesis, the mechanisms driving thaterannual
variability of freshwater transports through the CAA are andyzed. The



interannual variability is determined by sea surface heigh(SSH) gradients
between the Arctic Ocean and northern Ba n Bay. The variability of uxes
through Lancaster Sound and Nares Strait is mainly determinkeby that of
the SSH on the shelf along the Beaufort Sea coast and in the ti@astern
Ba n Bay, respectively. Sea level variations north of the CAAare explained
by changes in the wind regimes (cyclonic vs. anticyclonic)ssociated to
release or accumulation of freshwater from the Beaufort Ggy whereas sea
level in the northeastern Ba n Bay can be attributed to oceanatmosphere
heat uxes over the Labrador Sea. Both processes are linkedtiwthe North
Atlantic Oscillation type of atmospheric variability.

In the last part of the thesis, the e ect of mesh resolution irthe CAA
area is evaluated by performing experiments with and withdtnighly resolved
archipelago ( 5kmvs. 24 km resolution). Increased resolution in the CAA
leads to higher freshwater transports through the CAA; at the ame time
transports on the eastern side of Greenland are reduced. Thedirection’
of Arctic freshwater a ects convection in the Labrador Sea ah thus the
Atlantic meridional overturning circulation.

We conclude that multi-resolution models like FESOM are proming
tools for global climate modeling, as they are able to predesmall scale
processes in a global setup.



Zusammenfassung

Das Kanadisch-Arktische Archipel (CAA) verbindet den Arktisch@ Ozean
mit der Ba n-Bucht und ist eines der Hauptausgange durch wethes s ere
Arktische Wassermassen in den salzhaltigeren Nordatlantikie en. Das
S« wasser arktischen Ursprungs hat das Potenzial, die TieAwasserbildung
im Nordatlantik zu beein ussen.

Aufgrund der engen Wasserstra en ist es nicht meglich, dasakadische
Archipel in traditionellen globalen Ozeanmodellen adequau reprasentieren.
In dieser Arbeit wird das Finite Elemente Meereis Ozean ModdlFESOM)
verwendet, um die Ozean- und Meereisdynamik des Archipels gnulieren.
Der Vorteil von FESOM liegt in der Finite-Elemente Diskretiserung, welche
die Verwendung von unstrukturierten Gittern ermeglicht. Dadurch kann das
kanadische Archipel hoch aufgelest werden (in dieser Modiedrsion bis 5
km), wahrend andere Teile der Weltozeane gmber aufgedd werden kennen.

Das erste Ziel dieser Arbeit ist die Validierung des Modellsnaand von
Beobachungen im Kanadischen Archipel und im Arktischen OzeanDie
Modellergebnisse zeigen gut#bereinstimmung mit den Meereisbedingungen
im Arktischen Ozean und mit gemessenen Volumen- und S« wasrans-
porten durch die Ausfallstore des Arktischen Ozeans (Berinma e, Davis-
stra e, Framstra e und Barentssee). Wahrend der Zeitperide 1968-2007
betragt der simulierte mittlere Volumentransport durch den Lancastersund
0.86 Sv (1 Sv = 16 m®/s), wahrend der Transport durch die Naresstra e
0.91 Sv betragt. Der monatliche simulierte Volumentransprt durch den
westlichen Lancastersund ist mit Beobachtungsdaten sigkant korreliert
(r=0.81). Ein Vergleich von simulierten mittleren Geschwadigkeiten in der
Naresstra e mit beobachteten Geschwindigkeiten zeigt gut#bereinstimmung
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(r=0.57). Der mittlere simulierte Ss wasserexport des kaadischen Archipels
betragt 123 mSv, und ist etwas heher als der Beobachtungsw (101 10
mSv). Durch die lokale Gitterverfeinerung von 5 km lasst sich der Sua -
wasserein uss durch die einzelnen engen Passagen in denrfr&anal ana-
lysieren.

Im zweiten Teil dieser Arbeit werden die Kontrollmechanisnreder zwi-
schenphrlichen Variabilitat der Ss wassertransporte durch das CAA unter-
sucht. Die zwischenphrliche Variabiliat wird durch den Meeresspiegelgra-
dienten zwischen dem Arktischen Ozean und der nerdlichen BaBucht
bestimmt. Die Variabiliat der Transporte durch den Lancastersund wird
hauptsachlich durch den Meeresspiegel entlang der Beartfee bestimmt,
wahrend der Ss wassertransport durch die Naresstra e dwh den Meeres-
spiegel in der nordestlichen Ba n-Bucht bestimmt wird. Meeresspiegel-
anderungen nerdlich des kanadischen Archipels kennen db Anderungen
im Windregime (zyklonisch vs. antizyklonisch) erkiart weden, welche mit
einer Akkumulation oder Freigabe von S¢ wasser im Beaufortirbel ver-
bunden sind. Meeresspiegelanderungen in der nordeshen Ba n-Bucht
dagegen kennen mit Warme u en zwischen Ozean und Atmospdre in der
Labradorsee erklart werden. Beide Prozesse sind an die aispharische Vari-
abilitat der Nordatlantischen Oszillation gekoppelt.

Im letzten Teil dieser Arbeit wird der E ekt der Gitteraues ung im
Bereich des Kanadischen Archipels untersucht, indem Experente mit und
ohne hoch aufgelestes Archipel durchgefahrt wurden (5 km vs. 24 km
Auesung). Hohe Auesung im CAA fahrt zu heheren Ss wasser transporten
durch das CAA; gleichzeitig sinken die Transporte estlich vo Grenland.
Durch diese 'Umleitung' des Arktichen Sa wassers andert sh die Tiefen-
wasserbildung in der Labradorsee, und damit auch die Atlaisthe meri-
dionale Umwalzzirkulation.

Zusammenfassend lasst sich sagen, dass multi-skalen Mtxlevie FE-
SOM im Vergleich zu tradionellen Ozeanmodellen Vorteile &ien: So kennen
etwa in einer globalen Kon guration klein-skalige Prozegssmodelliert wer-
den, wahrend eine bessere Darstellung der klein-skaligémozesse zu einer
besseren Darstellung der gro -skaligen Zirkulation fuhr
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Mean sea surface height and circulation in the CAA



Chapter 1

Introduction

1.1 The Canadian Arctic Archipelago - Back-
ground

The Arctic Ocean, enclosed by American and Eurasian landmassad Green-
land, has only limited connections to the world oceans. Therati cation of
water masses in the Arctic Ocean is strongly in uenced by therpsence of
fresh surface waters originating from high river runo thraigh Siberian and
North American rivers, precipitation in form of snow and low eaporation
due to the isolating ice cover, and in ow of less saline Paa Water through
Bering Strait (Serreze et al. 2006; Dickson et al, 2007). These relatively
fresh waters exit mainly through two passages: Fram Straitral the Cana-
dian Arctic Archipelago (CAA).

While Fram Strait is a deep (sill depth 2,600 m) and broad passy, the
CAA is a shallow shelf system with narrow straits, charactered by a complex
bathymetry. Water and sea ice exiting the CAA have to pass thrugh one
of the four exits: Lancaster Sound, Smith Sound or Jones Soutwl Ba n
Bay, or Fury and Hecla Strait to Foxe Basin (see Figure 1.1). Pey Channel,
which opens out at its eastern end into Lancaster Sound, iséhargest strait
of the CAA and has a width of 52.3 km at its narrowest point. NareStrait,
the CAA's easternmost strait which ends in Smith Sound in the sah, has
a minimum width of 27.7 km.
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Figure 1.1: Model bathymetry of the Canadian Arctic Archipelag.
Table 1.1: Abbreviations used in Figure 1.1.
AG Amundsen Gulf LS Lancaster Sound
Bal Banks Island MCC McClintock Channel
Bl Ba n Island MCS McClure Strait
BMC Byam Martin Channel Mi Melville Island
BS Barrow Strait PeS  Penny Strait
DI Devon Island PRI  Prince Regent Inlet
El Ellesmere Island PS Peel Sound
GL Greenland PWI  Prince of Wales Island
FHS Fury and Hecla Strait PWS Prince of Wales Strait
HC Hell Gate/Cardigan Strait QEI  Queen Elizabeth Islands
JS Jones Sound RC Robeson Channel
KC Kennedy Channel SS Smith Sound
KWI  King William Island Vi Victoria Island
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Hell Gate and Cardigan Strait open out into Jones Sound and hawe
minimum total width of 12.4 km (seeMelling (2000) for more details). Fury
and Hecla Strait is 2 km wide. The CAA is a shelf basin with sillsanging
from 125 m in western Lancaster Sound and Hell Gate to 220 m in Ngar
Strait (Melling, 2000). The shallow sills retain salty Arctic Ocean waters
originating from the North Atlantic and permit fresh surfacewater to ow
southwards.

Despite the potential importance of the CAA region in the climate system,
in situ measurements of the ocean hydrography and velocity this region
are still rather sparse in time and space due to its remote latton and harsh
weather conditions. The circulation in the Canadian Arctic Achipelago is
generally considered to be directed from the Arctic Ocean tards the south
east Walker, 1977). Based on data from the cruise diMCS Labrador
in 1954 from Ban Bay through Parry Channel, Prince of Wales Strait
to the Beaufort Sea,Bailey (1957) was one of the rst to give a detailed
description of the density structure of the water masses aig the North
West Passage (NWP), a sea route between the Atlantic and Paci aceans
passing through the Canadian archipelago. He described thatctic waters
enter Parry Channel, the northern most part of the North West Rssage,
mainly through McClure Strait, Byam Martin Channel and Penry Strait.

The ow through Parry Channel bifurcates at around 102W, where parts
of the water ows southwards through McClintock Channel andhen enters
Parry Channel again through Peel SoundWang et al, 2012a). Mooring
measurements in Peel Sound in April 1981 revealed a northwardnsport of
0.17 Sv, which equals one-third of the eastward transport iBarrow Strait
(Prinsenberg and Bennet1989).

Long term oceanographic measurements were carried out parnly in
Barrow Strait (western Lancaster Sound) for the period of B8-2011 Prin-
senberg et al.2009;Peterson et al, 2012): Volume and freshwater transport
exhibits a strong seasonal variability, with peaks in summend small uxes
in fall and early winter. Apart from the strong eastward currat which dom-

The rst large vessel to circumnavigate North America through the North W est Pas-
sage from east to west in a single year was the Canadian government icebresi_abrador.
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inates the central and southern part of the Lancaster Soundass section,
observations indicated a weak westward counter current ohé northern side
appearing particularly in the summer months.Peterson et al.(2012) found
a signi cant correlation of transport through this strait with northeastward
wind anomalies in the Beaufort Sea, indicating that a cycloa wind pattern
over the Beaufort Sea would favor high transports through Lrecaster Sound.

Mooring measurements in Cardigan Strait and Hell Gate were germed
from 1998 on Melling et al., 2008), estimating volume uxes of 0.2 Sv and
0.1 Sv, respectively (for the 1998-2002 time period). Therg an indication
that the strongest Arctic out ow occurs from January through September,
with weaker and even reversing ows in autumn and early winte

Moorings deployed from 2003-2006 indicated that the ow tlough Nares
Strait is mainly directed from north to south, with a small cainter current
accounting for around 5% of the southward ow Kaanchow and Melling,
2008). For this time period, the mean volume transport was esated as
0.57 0.09 Sv (excluding the top 30 m).

The main oceanic feature in eastern Lancaster Sound and wesst Ba n
Bay is the Ban Island Current, which receives water mass camibutions
from Smith, Jones and Lancaster Sounds, as well as from the \M&seenland
Current, and continues southwards along the western side &an Bay.
Fissel et al.(1982), based on observations in the summers of 1978 and 1979
observed the Ban Island Current to penetrate westwards inb Lancaster
Sound for 35 to 75 km along its northern side, before crossitigthe southern
side and exiting to the east. In the mouth of Lancaster Soundhey observed
surface speeds up to 75 cm/s, and an average width of the ow 0 to 30
km.

The CAA is covered by sea ice most of the year, with some regianghe
south and east opening up in late summer. September is gerigréghe month
with the lowest sea ice concentration. Freezing starts again October, and
the sea ice is landfast for around half a yeaMelling, 2002). Thick multi-
year ice persists along the northern boundary of the CAA, beinm fact
the thickest sea ice that can be found in the Arctic Ocean. Theea ice
ux across the Arctic Ocean - CAA boundary was estimated byAgnew et al.



1.2. The climate relevance of the CAA 5

(2008) by evaluating AMSR-E imagery. Their study revealed aaxport of 77
km? of sea ice volume each year through Amundsen Gulf and McClurtrat
into the Arctic Ocean (averaged over the period 2002-2007)hile Lancaster
Sound exported around 102 kiof ice volume each year into Ba n Bay.
This study also showed that sea ice around the Queen Elizahelslands is
mostly landfast. The ice drift through the narrow channels othe CAA is
partly controlled by the presence of ice arches, which fornsgecially in the
northern part of Nares Strait (Kwok, 2005). Polynyas, xed regions of open
water that are isolated within thicker pack ice, are widely tributed over
the area of the archipelagoHannah et al, 2009). Several mechanisms lead
to their formation: Tides, as they mix the warmer bottom wate with the
colder surface waters slowing or eliminating the formatioof ice, winds and
currents as they drive away consolidated ice, and ice bridgéespecially in
Nares Strait) as they block ice upstream of the polynya area.

Climate models predict a reduction of the Arctic sea ice in th1st cen-
tury, possibly enabling a transit of the NWP for common open-war ships
and moderately ice-strengthened ships during the warmestamths (Smith
and Stephenson2013). However, as concluded Byilson et al. (2004), these
projections have to be regarded with care. Increased sumnar tempera-
tures would lead to a reduction of rst year ice in the region bthe Queen
Elizabeth Islands, allowing more multi year ice to reach th&lWP through
Penny Strait and Byam Martin Channel, along with a southwardshift of the
Beaufort Sea pack ice. The increase in drifting multi year &cin the NWP
and the southward shift of pack ice present signi cant hazas for naviga-
tion. Additionally, the sea ice conditions in the CAA are highy variable, and
occasionally there will be still summers of heavy ice congins.

1.2 The climate relevance of the CAA

Freshwater exported from the Arctic Ocean may have a signi ¢d impact on
the Atlantic Meridional Overturning Circulation (AMOC). De ep water for-
mation (DWF) in the Labrador and Greenland Seas is initiated bya strong
surface heat loss to the atmosphere, and in the Greenland Seas addi-
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tionally activated by brine rejection from sea ice formatin. This happens
particularly in the winter months. Vertical mixing leads to rising of warmer
waters and sinking of colder and more saline surface watekauplbrodt et al,,
2007). However, strong pulses of freshwater, as exportednirahe Arctic
Ocean, stabilize the density strati cation in the convectbn areas and reduce
DWEF. Deep water formed in the interior of the basins is exportethy a cy-
clonic boundary current and advected southwards, and thusontributes to
the global overturning circulation (Straneo, 2006). It is plausible, therefore,
that an adequate representation of Arctic freshwater expoit climate models
is crucial when it comes to predicting climate variability ad change.
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Figure 1.2: Ocean circulation downstream of the CAA (LS: Lansder Sound,
JS: Jones Sound, SS: Smith Sound, BIC: Ba n Island Current, WGCWest
Greenland Current, EGC: East Greenland Current).

Several studies were carried out to analyze the impact of &lewvater ex-
ported west and east of Greenland, and came to di erent condions. Goosse
et al. (1997) performed experiments with a very coarse resolutisea ice-
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ocean model (3 3 horizontal resolution), and revealed that opening the
CAA passages in the model resulted in decrease of surfacersgliand den-
sity in the Labrador Sea, along with a reduction of the North Atantic Deep
Water (NADW) out ow by 5%. Wadley and Bigg(2002) con rmed this
nding: When opening the CAA passages in their model (which hasg hori-
zontal mesh resolution ranging from 100 to 800 km), the Atldit overturning
streamfunction decreased from 25 to 20 Sv. In contragpmuro and Hasumi
(2005) andJahn et al.(2009) came to opposite conclusions. By resolving the
CAA through ow instead of closing the CAA, both model studies sbwed an
increase of the AMOC. The authors explained this by the rediotion of fresh-
water pathways east and west of Greenland: If the CAA is closethe Arctic
freshwater exists mainly through Fram Strait, which is thertransported via
the East and West Greenland Current into the central LabradoSea where
it diminishes the convection activity. In agreement with ths, Myers (2005)
reported that enhanced freshwater export through Davis St has almost
no impact on the Labrador Sea Water (LSW) formation since onlyery little
of the freshwater enters the interior of the Labrador Sea (ed-igure 1.2). All
above studies are based on models with a rather coarse resotu

1.3 Modeling the CAA ocean dynamics

As discussed in section 1.1, hydrographic observations apasse in the CAA.

Hence, numerical simulations can be used to reproduce the ageirculation

and to help understand the ocean dynamics in the CAA region. Hawer,

very high horizontal grid resolution is required to adequa&ly resolve the nar-
row CAA straits. Because of high requirement for computatiwal resources,
numerical simulations using traditional models with high Bough resolution
were limited to relatively short integration time, or con ned to regional model
domains. Table 1.2 presents an overview of model simulatoof the CAA

through ow, revealing large di erences especially in thedrizontal resolution.

Note that all models presented in Table 1.2 are based on struced meshes.
Jahn et al. (2012) showed that the state-of-the-art ocean models, evéme

regional ones, represent a large spread in the simulated CAfahsport.
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Table 1.2: Models simulating the CAA through ow.

model model horizontal vertical analysis
domain resolution levels period
lUVic ESCM global 8 09 32 1950-2007
20RCA025 global 10-27.75 km 46 1965-2002
30CCAM global 8.3 km 66 1989-2006
“NEMOV1.9/LIM2 AO/NA 22-50 km 46 1958-2001
SNAME NP/NA/AO 1/12 ( 9 km) 45 1979-2004
SNEMOV3.1/LIM2 CAA 6.5 - 9.5 km 46 climatological
forcing

LJahn et al. (2009), ?Lique et al. (2009), 3Aksenov et al.(2010), *Houssais and Herbaut
(2011), >McGeehan and Maslowski(2012), ®Wang et al. (2012a), NA - North Atlantic,
AO - Arctic Ocean, NP - North Paci ¢

The geometrical complexity of the CAA suggests that explormthe role of
the CAA may bene t from using models formulated on unstructued meshes.
Their resolution can be conveniently re ned locally with oher parts of the
ocean left relatively coarse Kliem and Greenberg(2003) applied a regional
diagnostic nite element ocean model to calculate the veldg eld in the
CAA based on observational data for salinity and temperatureSea ice mod-
els using the nite element method (coupled to a slab oceanpte been used
to simulate the sea ice conditions in the CAA region, and demstrated the
advantage of unstructured meshes in resolving small scalgndmics (Lietaer
et al., 2008;Terwisscha van Scheltinga et al2010).

In this work numerical simulations are used to study the CAA ogan and
sea ice dynamics. The simulations are performed with the Ftei Element
Sea-ice Ocean Model (FESOManilov et al.,, 2004;Wang et al, 2008;Tim-
mermann et al, 2009), an ocean general circulation model using unstrucéea
triangular surface meshes. Examination of its behavior omig time scales
showed that FESOM performs well in simulating the past oceanaviabil-
ity and in representing particular climate change scenarso(Sidorenko et al,
2011;Wang et al, 2012b). However, these simulations used relatively coarse
resolution in the CAA. Instead of re nement, the depth and widh of the
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CAA straits were adjusted as in most coarse-resolution modebn structured
meshes. In this work the model explicitly resolves the maj&AA straits.

1.4 Objectives

This thesis focuses on the following questions:

The nite element model applied in this work allows for a loclre ne-
ment in areas of interest, while other parts of the world ocea can be
kept relatively coarse. Taking advantage of this model feate, a new
model con guration of FESOM with the CAA highly resolved within

a global setup has been developed. How does this approach iaver
the simulation of the CAA sea ice and ocean dynamics, and doés i
also improve the simulation of the Arctic Ocean dynamics? larder to
investigate this, we compare the model to available obsetians, and
also to previous modeling studies.

There is evidence that freshwater transport through the CAA &s an
impact on the deep water formation sites in the northern NorthAt-
lantic. Keeping this in mind, understanding the interannuévariability
of CAA freshwater transport is of high importance for our knovedge
of the global climate. Therefore, what is the interannual v@ability of
these transports? Which mechanisms drive the interannual Kability?
What is the role of atmospheric forcing in this context?

A new high resolution modeling approach has been developeadd it is
thus important to investigate the impact of mesh resolution When re-
solving the CAA accurately, does this have an impact on the fsbwater
transports through the CAA? Does it have an impact on the convec
tion activity in the northern North Atlantic and thus on the la rge scale
ocean circulation? Hence, is it relevant for climate model® tresolve
the CAA adequately?
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1.5 Contents of this thesis

The structure of this thesis is as follows. Chapter 2 desceb the numerical
structure of FESOM by presenting the governing equations fdhe ocean and
sea ice component, their coupling, their numerical discieation based on the
nite element method, and the model setup and con guration ged in this
thesis. Chapter 3 assesses the model performance in the Arclicean and
in the CAA and focuses on Arctic Ocean sea ice conditions, itseBhwater
budget and the CAA sea ice and ocean dynamics. The interannualriabil-
ity of freshwater transport through the CAA and its driving mechanism is
presented in Chapter 4. The sensitivity to mesh resolution and impacts on
the Atlantic Ocean circulation are discussed in Chapter3s The last chapter
summarizes and discusses the main ndings of this thesis.

2The major part of Chapters 3 and 4 is adopted for the following publicationt Wekerle,
C., Q. Wang, S. Danilov, T. Jung and J. Schmter, Freshwater transport through the
Canadian Arctic Archipelago in a multi-resolution global model: Model asgssment and
the driving mechanism of interannual variability, submitted manuscript to "Journal of
Geophysical Research”, April 2013.

3The major part of Chapter 5 is adopted for the following publication: Wekerle, C.,
Q. Wang, S. Danilov, T. Jung, J. Schmter, and P.G. Myers, The climate relevance of
the Canadian Arctic Archipelago: A multi-resolution study, submitted manuscript to the
journal "Geophysical Research Letters", May 2013.



Chapter 2

Methods

In this work a global version of the Finite-Element-Sea ice-€@an-Model (FE-
SOM) is applied. FESOM was developed in the Climate Dynamic®&ation
of the Alfred Wegener Institute. It consists of a nite elemehocean model
Danilov et al. (2004); Wang et al. (2008), coupled to a sea ice modeTim-
mermann et al, 2009). The advantage of this model is the following: The
nite element discretization of the governing equations &ws us to employ
unstructured meshes, and therefore to locally re ne the mksin areas of
interest and keep it coarse in other parts of the global ocesn This multi-
resolution approach is very suitable for studying the CAA though ow be-
cause the local ne resolution enables to resolve the compleathymetry and
narrow straits, and the global con guration avoids the operboundary and
allows for studying the impact of the CAA through ow on the gldal ocean
circulation.

2.1 The ocean model

The ocean component solves the standard set of hydrostatidrmitive equa-
tions with the Boussinesq approximation. The system of gou@ng equations
is split into two subproblems, the dynamical part and the themodynamical
part, which are solved separately.

The dynamical part includes the momentum equations in three dimen-

11
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sions, the vertically integrated continuity equation and he hydrostatic pres-
sure equation which are solved for horizontal velocity, searface height and
pressure:

@Qu+v raut+tf(k u)+agr +ir p=r Apru+ @A,@Qu; (2.1)
z,. °
@ +r udz=0; (2.2)

z= H

@p= 9; (2.3)

wherev  (u;w) (u;v;V) is the velocity vector,f = f( ) is the Coriolis
parameter dependent on the latitude , k is the vertical unit vector, g is
the gravitational acceleration,  and are the mean sea water d%nsity and
the deviation from it, respectively, is the sea surface heighip = Zog dz
is the hydrostatic pressure anomaly obtained by integratonthe hydrostatic
equation in the vertical fromz = 0, A, and A, are the lateral and verti-
cal momentum di usion coe cients, respectively. The upperlimit in the
integration in equation 2.2 is set to zero, which implies arear free-surface
approximation. r and r 3 stand for the 2-dimensional and 3-dimensional
gradient and divergence operators, respectively. In equan 2.2, the trans-
port of freshwater into and out of the ocean through the surfae is omitted
(transport into the ocean occurs through precipitation, nrer runo and sea
ice melting, while transport out of the ocean occurs througavaporation and
sea ice freezing).

In the global con guration, the above equations are solvedh itheSdomain

, Which is limited by three di erent types of boundaries @ = f:l i
1 . fz = 0g stands for the ocean surface,, : fz= H(; )g stands for
the ocean bottom and ; stands for the lateral vertical rigid walls. For the
dynamical part of the model, the boundary conditions at thewwface and the

bottom are:

Ai@u= ; p=0on g (2.4)
AQu+ AirH ru

Cqujuj on  5; (2.5)
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where is the wind stress andCy is the bottom drag coe cient.

On the vertical rigid walls, no normal ow is allowed. In this con gura-
tion of FESOM, no-slip boundary conditions are applied, meamng that the
tangential velocity along the vertical wall is zero:

u n=0andu=0o0on 3 (2.6)

with n being the unit normal vector to the rigid wall. The vertical \elocity
w is diagnosed from the continuity equation:

@w=r u; (2.7)

which has the following kinematic boundary conditions at th surface and at
the bottom:

w=@ on g (2.8)
w=r1 H uon ;3 (2.9)

In the thermodynamical part of the ocean model we solve the tracer equa-
tions for potential temperature T and salinity S:

@C+v ri;C=r KyurC+ @K,QC; (2.10)

with C standing for T or S andK ;, and K, standing for the lateral and vertical
di usivity for the particular tracer, respectively. The following boundary
conditions have to be ful lled for the tracer equations:

Ki@C= qg;on ; (2.11)
(Kar C; Ky@C) n3=0o0n [ 3 (2.12)

where g stands for the surface ux forT and S.
The density is diagnosed via the equation of state according ttackett and
Mcdougall (1995):

= (T;S;p: (2.13)
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In the initial state, horizontal velocity is set to zero. Theinitial conditions
for salinity and potential temperature are taken from a climtological data
set, which will be discussed later in Section 2.6.

2.1.1 Parameterization of subgrid-scale processes

Mixing from mesoscale eddies in the ocean interior mainly aas along di-
rections tangent to the local density surface. In this modedon guration we
employ z-levels, which do not correspond to the isopycnalréaces. There-
fore, the diusion tensor is rotated to align the di usive uxes along the
neutral directions according toRedi (1982). As the neutral density slope is
generally small in the ocean interior, the small slope apptimation is applied
in the Redi di usion tensor. Gent and McWilliams (1990) also suggested a
scheme to parameterize mesoscale eddies by introducing awestive bolus
ux. Following these schemes, the right hand side of Equatin2.10 can be
rewritten as

I (Kredi + Kem)r sC; (2.14)

with Keqi and Kgy being symmetric and antisymmetric tensors, respec-
tively. The left term stands for the Redi di usive ux, while the right term
stands for the Gent/McWilliams skew ux (seeGries , 1998). The isopy-
cnal di usivity and the skew di usivity are set to the same vdue of 0.006
ms !, where is the square root of the surface triangle area. However,
the tensorK i + Kgum IS not bounded as the isoneutral slope increases (e.g.
in the mixed layer), which might lead to numerical instabiliies. To avoid
these instabilities a tapering scheme is applied with a crial neutral slope
of 0.004.

Vertical mixing is strong in the surface layers of the oceamd relatively
weak below the thermocline; its parameterization in the maa is provided
by the Pacanowski and Philander schemd>@canowski and Philander1981)
which ensures that vertical mixing increases for a weakemati cation. The
vertical momentum di usion coe cient, A,, and the vertical tracer di usion
coe cient, K,, are expressed as:
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(
Y + A if Ry > 0O;
A, = 1+ Ry vo _ : . (2.15)
( VO + AVO |f Ri O,
—Yo _ + A if Ry > 0O;
K,= @ R) vO o . (2.16)
A, + Ky ifRy O

where vy, and n are adjustable parameters set to 16 m?s %, 5 and 2,
respectively. A,o and Ko stand for the background vertical di usion for
momentum and tracers, respectively, and are set to 1#®m?s * and 10 °
m?s 1. The above formulas depend on the Richardson numb&;, which
expresses the ratio of potential to kinetic energy:

— NZ .
Ri= @+ (@v?

(2.17)

with N being the buoyancy frequency. The mixing scheme dfmmermann
et al. (2002) is introduced (a di usivity of 0.01 n?s ! is applied over a depth
de ned by the Monin-Obukhov length when it is positive) in oder to avoid
unrealistically shallow mixed layers in summer.

To reduce dissipation of momentum, the harmonic horizontaliscosity of
2.1 is replaced by a biharmonic one witB 2, whereB =0.027 ms *.

2.2 The sea ice model

Sea ice is an important part of the climate system. First, it aects the heat
and mass transfer between the ocean and the atmosphere dué@gonsulating

properties. Second, it in uences the radiation balance due its high albedo,
resulting in a high re ection of the incoming solar radiatim. Third, the brine

release during sea ice formation a ects the convection acitly in deep water
formation areas. Therefore, the coupling of an ocean modeithva sea ice
model is of high importance if we want to accurately simulat¢he ocean
dynamics.

Sea ice in the model is assumed to be a slab of ice on which snaw c



16 Chapter 2. Methods

accumulate; on every element of the mesh it is described byetlquantities ice
thickness, snow thickness, ice concentration and ice vatgc Ice thickness
and ice concentration can change due to freezing and meltifinermody-
namic processes) and due to deformation, while the ice drift a ected by
wind and ocean drag, by the Coriolis force, by the sea surfabeight gradi-
ent and by internal forces within the ice (dynamic processkgsln this section
the governing equations of the sea ice component of FESOM wllé pre-
sented, i.e. the continuity equations and the momentum eqtian, along
with a description of the ice thermodynamics (which follow minly the work
by Parkinson and Washington(1979) and Semtner (1976)) and the ice dy-
namics (which follow the approaches byHiunke and Dukowicz(2001)). A
detailed description of the sea ice model can be foundTimmermann et al.
(2009).

Sea ice consists of individual ice oats which drift freelyn regions of low
ice concentration or is packed closely in regions of high icencentration.
In order to model sea ice, we consider it as a 2-dimensionalngouum.
Prognostic variables are:

e ective ice thicknessh, de ned as the ice volume per area averaged
over the ice covered and ice-free part of the element

e ective snow thicknesshg de ned in the same way ash

ice concentrationA, a dimensionless quantity ranging from zero to one
specifying the fraction of the ice-covered area of an elemien

ice (and snow) drift velocity Ujce

The evolution in time of the quantitiesh, hy and A is described by the
continuity equations

@h+r (uch)= Sy; (2.18)
@E +r (uice hs) = Ssn; (2-19)
@A+r (UeeA)=Sa; 0O A L (2.20)
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where the rst and second terms are the derivative in time oftte prognostic
variable and advection terms, respectively. The terms on éright hand side
stand for sources and sinks including freezing and meltinthérmodynamic
processes), snow fall and snow to ice transformation.

The ice velocity Uice = (Uice; Vice) IS computed from the 2-dimensional
momentum equation:

Mm@+ fk )Uice = A(a+ o)+ F mgr : (2.21)

It includes the e ect of the Coriolis force, the e ect of stress due to wind
( ai) and due to ocean velocity (i), the internal forces ) and the gravity
force on a tilted ocean surfacem = h+ ¢,hs denotes the ice mass per
area, where ; = 910 kg/m?3 stands for the density of ice. The sea surface
height and the ocean velocityu, which is needed for the computation of
oi, are taken from the ocean model as part of the coupling scheme

The process to solve the above equations is the following: $tirwe solve
the momentum equation for ice velocity. Second, the contirty equation is
solved by applying a splitting technique: In the advectiontgp preliminary
values for sea ice and snow thickness and ice concentratioa aomputed by
setting the sources and sinks in equations 2.18-2.20 to zefden these vari-
ables are updated by accounting for the sources and sinks. the following,
the dynamic and thermodynamic part of the sea ice model willdbfurther
described.

2.2.1 Dynamics

The forces appearing in equation 2.21 acting on the sea icdlvie further
described in this section.

Rheology The internal forcesF within the sea ice are expressed as the di-
vergence of the stress tensor. F = r . According to Hunke and Dukowicz
(1997) we consider the seaice as a nonlinear elastic viscomuspressible uid.
The EVP model consists of the following time-dependent equahs, which
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have to be solved for { ;== 11+ 2, 2= 11 2 and 1o:

1@14_ 1,

P
=1y 1y =Dy 2.22
catt 2 '3 D; (2.22)
1@, 2
=4 £ = : .
Eat 2 T (2.23)
1@12 21 1
—=12, 21 - “p- 2.24
E @t 2 2% (2.24)

Dp, Dt and Dg are the divergence, the horizontal tension and the shearing
strain rates, respectively. They depend on the component§the strain rate
tensor, , and are de ned as

Dr=_nu+ 2 (2.25)
Dp = 11 22 (2.26)
Ds = 2_12: (227)

The shear viscosity , the bulk viscosity and are calculated from the
formulas

— P .

= (2.28)
— P .

= (2.29)
=[ D} + (D} + DR); (2.30)

wheree is an empirical parameter set to 2. The ice strengtRP depends on
the ice concentrationA and the ice thicknesh:

P=Phexp( C(A A)); (2.31)

with P and C being empirical parameters set to 27500 N and 20, respec-
tively. This formulation ensures that the strength of the ie is high when the
ice is thick and when it has a high compactness. An implicit tim stepping
scheme (backward Euler) is used to solve equations 2.224.2
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Shear stresses The wind stress term in equation 2.21 depends on the
relative motion between the wind velocity at 10 m height,u,o, which is
prescribed by atmospheric forcing (see Section 2.6), ancetice velocity:

ai = Cdai aUiojU10); (2.32)

whereCy.,; stands for the ice-atmosphere drag coe cient and, = 1:3 kg/m?
stands for the air density. The ice velocity is small compageto the wind
velocity, and is thus ignored in the above equation.
The exchange of momentum between the ocean surface and tha ise is
expressed by
io = Cdjo 0(Uice Us)jUice  Us]; (2.33)

where Cq.j Stands for the ice-ocean drag coe cient. The ocean surface-v
locity ug is taken from the ocean component as part of the coupling sche.

2.2.2 Thermodynamics

The ice thermodynamics, i.e. the melting and freezing of séze, are based
on energy balances for the ice-ocean and ice-atmosphereiiféce following
the work by Parkinson and Washington(1979). The heat conductivity of
sea ice follows the scheme described 8gmtner (1976).

Surface energy budget  The heat uxes at the boundary between atmo-
sphere and ocean, and in the ice-covered grid cell betweematphere and
sea ice, are:

Qaiao = ng + st + Qﬁw + QLW + Qs+ Qp; (2.34)

whereQsw and Q. stand for the short wave and long wave radiative uxes,
respectively. The symbolgt and" stand for downwelling and upwelling radia-
tive uxes, respectively. Qs and Q, denote the turbulent uxes of sensible and
latent heat, respectively. In the model, the downwelling sirtwave and long-
wave radiative uxes are prescribed by the atmospheric fargy, described in
Section 2.6. The upwelling shortwave radiation is computeflom the down-
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welling shortwave radiation, scaled with the albedo , the re ecting power
of a surface:

Qsw = Qsw! (2.35)
The albedo depends on the surface type and on the surface tesrgture.
Table 2.1 presents the albedo coe cients used in this modebn guration.

Table 2.1: Values for the albedo used in

FESOM.
albedo surface
frozen snow 0.81
melting snow 0.77
frozen ice without snow layer 0.7
melting ice 0.68
open water 0.07

The upwelling longwave radiation is computed based on the §an-Boltz-
mann-Law, which describes the power radiated from a black ty in terms
of its temperature:

Quw = T4 (2.36)

with the emissivity set to 0.97 and being the same for ocean or sea ice
surface, and the Stefan-Boltzmann-coe cient being =5.67 10 8 Wm 2K 4.
T, is the ocean or ice/snow surface temperature.

The turbulent uxes of sensible and latent heat are calcula&d from the
bulk aerodynamic formulas according td?arkinson and Washington(1979):

Qs = aCCeaoUigj(Ta Ts); (2.37)
Q= aL Ch;aojuloj(oa &k); (2.38)

where ¢, stands for the specic heat capacity of water.L stands for the
latent heat of vaporization, and in case sea ice exists, itestds for the latent
heat of sublimation. L is set to 2.5011°J kg ! for evaporation, and to
2.83510° J kg ! for sublimation. The coe cients Ce.5o and Cy.5, are heat



2.2. The sea ice model 21

transfer coe cients for sensible and latent heat, respeactely. T, and ¢, are

air temperature and speci ¢ humidity at 10 m height, and are pescribed by

the atmospheric forcing. The air at the surface is assumed be saturated,

and the saturated speci ¢ humidity at the surfaceg, is computed according

to Large and Yeager(2004) and depends on the the surface temperatufe:
G G

= Zexp — ; 2.39
&= —exp (2.39)

with ;=6.89 640380 kg/n¥ and ¢,=-5107.4 K.

Growth rates for the ice-free area Every element contains a part which
is covered by open water, speci ed by the ice concentratioA. The net
heat ux from the atmosphere into the ocean is given by equain 2.34. In
equations 2.36 and 2.37, the surface temperatufe is set to the temperature
of the ocean surface layer. In equation 2.35, the albedo i$ &ethe value for
open water. If Q4 IS negative and the ocean surface temperature is above
the freezing temperatureT; !, the heat ux is used to cool down the ocean
surface layer; while a positive value foQ,, would result in a warming of the
ocean surface layer. If the ocean surface temperature fdllslow the freezing
temperature T;, a portion of the water freezes; the growth rate of sea ice
measured in meter ice per second is then:

an
iLi

(@n),, = ; (2.40)
Growth rates for the snow- and ice-covered area When computing
the thermodynamic growth of sea ice in areas which are alreaite covered,
contributions of ice growth at the ice-atmosphere interfae and at the ice-
ocean interface have to be summed up.

Considering the ice-atmosphere interface, we have to add tiee surface
heat budget (equation 2.34) the conductive heat uxQ.. The conductive
heat ux is assumed to be vertically constant and to dependrearly on the

1The freezing temperature T depends according toﬁill (1982) on the the salinity of
the ocean surface layerTy = 0:.05755s +1:7105 10 3 S3 2:155 10 “S2.
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temperature di erence between the bottom and the surface dlfie ice/snow.
It accounts for both, the snow layer and the ice layer:

Q.= inh TS; with h, = h; + hsn—i (2.41)

i sn

with ;| =2.1656 W m 'K ! and s, = 0.31 W m 'K ! being the heat
conductivity for ice and snow, respectively. T, is the temperature at the
bottom of the ice and is set to the freezing temperatur&; . The variables
h; = h=A and hg, = hs=A denote the actual thickness of the ice and snow,
respectively. The only unknown in the above equation is theetperature at
the surface of the ice (or snow)Ts, which has to be determined from the the
surface energy budget:

Qéw + Qsw + Qfw + Quy + Qs+ Qi+ Q. =0: (2.42)

Ts appears in terms 4, 5, 6, and 7. The Newton-Rhapson-Scheme ppleed
to solve this equation iteratively for Ts. If Ty exceeds the freezing point of
freshwater, OC, Ts is set to 0C. After Ts is solved, it is substituted into
equation 2.34 to calculate the net heat ux, which will be us# to melt ice
and snow or form ice. The change of snow and ice thickness ifcatated as:

@hs = QT__; (2.43)
(@), = QE' @hs; (2.44)

where s, = 290 kg/m? is the density of snow. It is assumed that rst the
total snow layer melts, followed by the ice layer.
On the bottom side of the ice, we assume that melting as well &gezing

can occur. The rate of melting or freezing is calculated frothe heat ux at
the ocean-ice interface&,;:

Qoi_
iLi

(@n), = (2.45)

The heat ux between ocean and ice is part of the coupling same and is
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described in Section 2.3.

The ice growth rate depends strongly on the ice thickness. feality, sea
ice ranges from thin to thick ice oes in the area covered by erelement in the
model. It is thus not reasonable to compute the ice growth ratdepending
on the e ective ice thickness, which presents a mean valueasvthe element.
In order to incorporate the dependence of ice growth on iceithkness, seven
ice thickness classes ranging from 0 to & are introduced according to the
approach by Hibler (1984), instead of taking the e ective thickness. For
every ice class, the ice growth is computed according to egjoas 2.43, 2.44
and 2.45 and weighted with3.

Mean growth rates The above calculated growth rates at the ice surface,
the ice bottom and in the open ocean are weighted according tioe sea ice
concentration. The combined thermodynamic growth rate ishien:

@h=A ((@h),+(@n))+(1 A) (@n),,: (2.46)

Updating ice concentration After computing the thermodynamic growth

rates, the ice concentratiorA is updated according toHibler (1979). In case

of freezing,Sa, the term on the right hand side of equation 2.20, is propor-
tional to the area of open water (1 A):

1 A

Sp= ——
A Mo

f(@h),, +(@N),9; (2.47)

with hg being an empirical parameter, the lead closing parameter heh is
set to 0.5 m. In case of ice melting$, is determined by the formula

Sn= 5 1@, + (@), +(@N),0; (2.48)

The updated ice concentrationA then equalsS,  t.
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2.3 Coupling of the ocean and sea ice com-
ponents

The ocean and sea ice models are coupled via heat exchangh, ga due
to melting and freezing of ice and snow, and momentum exchamng

The heat ux between ocean and sea ice is given by the formula
Qoi = w Co;w Chiou (Ts  T); (2.49)

whereTs stands for the ocean surface temperature,., stands for the specic
heat capacity of seawater at constant pressur€, stands for the transfer
coe cient of the exchange of sensible heat between the oceand the bottom
side of the ice. The friction velocityu is computed as

P — ,
U = CgioJUs Uicel; (2.50)

where Cq4, denotes the oceanic drag coe cient andus denotes the ocean
velocity of the surface layer.

The salinity of the upper ocean layer is signi cantly a ectel by freezing
and melting of sea ice. Ice growth is associated with disclgarof salt into the
ocean layer beneath the ice, which increases the density ithe In contrast,
ice melting leads to an input of freshwater into the ocean siace layer. In the
model, melting and freezing result in a virtual salt ux, whch is described
by

FE' = (S Se)—-(@a + S—H(@n: (2.51)

The rst term describes the salt ux due to thermodynamic chages in the
ice thickness, while the second term considers the snow #ness. The ice
salinity, Sice, is set to a constant value of 6 psu in the model, with the salty
of snow assumed to be zero.

The di erence of precipitation and evaporation P E) also provides
a source of freshwater. If the air temperature is above theekzing point
(Ta 0 C), the precipitation runs completely into the ocean. Foil, < 0 C,
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the precipitation on the ice-covered area of the grid cell i@ccumulated as
snow. Therefore, the salinity ux due toP  E is given by

P E if T oC
Fsal = S, ha (2.52)
@ A (P E) if T,<0C

The freshwater input due to river runo is also considered as virtual

salt ux and denoted by F33t . .

The total virtual salt ux into the surface layer of the oceanmodel is

Foalt = PR3 + PR + Fior (2.53)

ice

The exchange of momentum between ice and ocean is computethgis
the formula
io = Cdjo o(Uice Us)jUice  Us]; (2.54)

where Cy,, Stands for the ice-ocean drag coe cient. The stress betwed¢he

open ocean surface and the atmosphere is

a0 = aCdao Ulojuloj; (2-55)

with the atmosphere-ocean drag coe cientC4.4,. The total ocean surface
stress is the weighted average of the two terms:

o= A o+t A L (2.56)

Drag and transfer coe cients In this model con guration, the ocean-
atmosphere drag coe cient Cy4.5, and the transfer coe cients for the ex-
change of sensible and latent hed., and Cy.;x, respectively, are functions
of wind speed and the atmospheric stability according to the formulas by



26 Chapter 2. Methods

Large and Yeager(2004):

2.7 10 3 Ui
o= ————  +0: . ]
Ca:a0 ; ™ 0 14213090 (2.57)
Ce;aO: ( Cd;ao; (2.58)
p

18 Cy, >0
Chiao = _p d_,ao . (2.59)

32.7 Cd’ao 0

The exchange coe cients for the atmosphere - ice interactipare set to con-
stant values:

Chai = Cea =1:75 10 3; (2.60)
Cqai =1:32 10 = (2.61)

2.4 Finite element discretization

The equations described above are solved by applying the tai element
method (FEM). We will now focus on the ocean component; the appation

of the FEM to the sea ice equations works analogously. The ratelement
discretization is explained in more detail irDanilov et al. (2004); Wang et al.
(2008); Timmermann et al. (2009).

First, a variational formulation of the governing equation $ introduced.
We obtain this formulation by multiplying equation 2.1 with a test function
t and integrating it over the domain . By applying integratio n by parts
to the right hand side term, only terms with derivatives up to rst order are
left. An appropriate function spaceV for the variational formulation is the
Sobolev spacéd () of square integrable functions with square integrable
weak derivatives of rst order. If we apply boundary conditons 2.4-2.6 and
assumet = 0on 3, the problem de ned by equation 2.1 can be reformulated
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as: Findu 2 H2(), such that for each &2 H() applies:

Z
[@+vVv rau+f(k u+g + ir p] od =
Z z ° Z
[Apnru rav+ Ay@Qu @u]d + td 1 Cgujujard ,: (2.62)
1 2
Similarly, the variational formulation of equation 2.2 is: Find 2 HY( ,),
such that for each 2 H1( ;) applies:
Z Z
@ d ; ur~d=0: (2.63)
1

Variablesu and ful lling equations 2.62 and 2.63 are calledveaksolutions
of the problem given by equations 2.1 and 2.2 and boundary abtions 2.4,
2.5 and 2.6. The formulations 2.62 and 2.63 have to be disdred in or-
der to solve the problem numerically. The functional space¢ = H?()

and W = HY( ,) are replaced by nite-dimensional subspace¥, V and
W, W, respectively. The surface and 3D volume are discretizeding
triangles and tetrahedra, respectively (see Figure 2.1). M®details on mesh
generation will be given in Section 2.5. The prognostic vaflesu and

Figure 2.1: Left: The surface triangulation and prisms belowaeh triangle.
Right: Decomposition of a prism into three tetrahedrals. [Fjures from S.
Harig]
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are approximated as polynomials using basis functions ofehsubspaced/,
and W,,, respectively. We employ piecewise linear basis functiomstwo di-
mensionsf M;gj-;..v for , while piecewise linear basis functions in three
dimensionsf N; g;-1 .y are used for ocean velocity (the so-calle®;-P; dis-
cretization), whereM and N denote the number of 2D and 3D nodes of the
triangulation Ty, respectively. Velocity and sea surface height can thus be
approximated as

%

Un = (u; vi)N;; (2.64)
h = i Mj ; (265)

where u;, v; and ; denote the model values for velocity and sea surface
height in nodej. Basis functionsM; and N; equal one in nodg and go
linearly to zero at neighboring nodes. The discrete exprésss for velocity
and sea surface heighty, and |, are now inserted into equations 2.62 and
2.63. This approach is calledsalerkin-method. As test functions we choose
the basis functions of the discrete subspac®¥s and Wy,. This approach leads
to large systems of linear equations, which are solved itéikeely for the nodal
valuesu;, v; and ;. After obtaining discrete solutions for horizontal velocy
and sea surface height, we solve for the vertical velocity. The equation
involves rst order derivatives. A numerical solution of ths equation leads
to diculties, and in order to avoid these problems, we intraduce a new
variable, the vertical velocity potential , such that w= @ . The variational
formulation of equation 2.7 is then: Find 2 H?(), such that for each
~ 2 HY() applies:
Z Z
@ @°d-= ur-d (2.66)
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The potential is approximated in the nite element sense as

X
h = iNj; (2.67)
j=1
with nodal values ;. After computing , the vertical velocity w is obtained
as an element-wise constant function.

The remaining equations for tracers (eq. 2.10) are solved & similar
manner, i.e. setting up the variational formulation, discetizing this formu-
lation with the Galerkin method, and solving the resulting &rge systems of
linear equations. WithT and S obtained, the nodal values of the density are
computed via the equation of state (eq. 2.13). Then the hydstatic pressure
is computed from equation 2.3 considered in the nite di erace sense.

Time stepping scheme of the ocean component In the model, time
stepping of the momentum equation works in the following wayAs explicit
Coriolis and vertical viscosity terms can limit the possild time steps in some
situations, we treat the Coriolis term semi-implicitly (by estimating this term
as a weighted sum over steps+1 and n) and the vertical viscosity term im-
plicitly. The elevation term is also treated implicitly; this has the advantage
that it suppresses gravity waves.

Solving the dynamic part of the ocean model with the standar@alerkin
method leads to major numerical problems, which are assaed with the
advection-dominated ow with high Reynolds numbers on the e side and
the possibility of pressure modes because of using the sanoeizontal test
functions for velocity and elevation on the other side. To @rcome these
problems, the characteristic Galerkin and pressure projection methodsre
introduced.

Before starting the iteration, potential temperature and alinity are ini-
tialized by setting them to climatological values; furthemore velocity is ini-
tialized by setting it to zero. Before each iteration step, he atmospheric
forcing data is read in. The dynamics and thermodynamics argtaggered
in time by one half time step. First, density and hydrostatic pessure are
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computed from salinity and potential temperature. The soltion of the hor-
izontal momentum and continuity equation is performed in thee steps with
the pressure-projection methodwhich is a predictor-corrector-method:

() in the predictor step, an auxiliary horizontal velocity u is calculated,
(i) then the sea surface height is determined,
(i) in the correction step the correct velocity is determmed.

Next, the vertical velocity is computed by determining the veical velocity
potential. As a last step, tracer equations are solved for peritial tempera-
ture and salinity. Tracer advection is solved with the ux-orrected-transport
(FTC) method. The time stepping scheme of the ocean componeist de-
scribed in more detail inWang et al. (2008).

Time stepping scheme of the coupled ocean-ice model After the
initialization of ocean and ice variables, the atmospheriorcing data is read
in. Every iteration step of FESOM consists of the following €ps:

() In the ocean to icecoupling routine, the variables potential tempera-
ture, salinity and horizontal velocity of the ocean surfactyer, Ts, Ss,
and us, and the sea surface height are handed over to the sea ice
component.

(i) One time step of the sea ice model is performed, resulgrin variables
ice concentrationA, thicknessh and snow thicknesdhs.

(i) In the ice to oceancoupling routine, the uxes of heat, freshwater and
momentum are handed over to the ocean component.

(iv) One time step of the ocean model is performed, resulting variables
horizontal ocean velocityu, vertical ocean velocityw, potential tem-
perature T, salinity S, density , pressurep and sea surface height
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2.5 Mesh generation

In order to numerically solve the governing equations withhte nite element
method, a triangulation of the model domain is needed. Hergthe triangu-
lation consists of triangular elements on the ocean surfaaad of tetrahedral
elements in the 3D domain. First, a triangular unstructured B surface mesh
is generated. In this work the surface mesh is generated withe software
package Triangle Shewchuk 1996). The mesh quality, i.e. the extent in
which the triangle resembles an equilateral triangle, is fther improved by
several relaxation methods. Also, there has to be a transiticzone between
areas of high and coarse resolution. Then the 3-dimensiomaésh is gener-
ated by cutting the volume into horizontal layers, the z-lagrs. The resulting
prisms are then divided into three tetrahedral elements. 3Dodes are always
aligned vertically below the 2D surface nodes.

In this work, the model domain covers the global oceans. Foné¢ surface
mesh, we use a nominal horizontal resolution of 1.5hroughout most of the
world's ocean; resolution is doubled along the coastlinesdfurther improved
to 24 km north of 50 N. The two major CAA straits are arti cially widened
to allow for the presence of at least three grid points; thispproach is similar
to the one used in traditional climate models. A second suda mesh was
produced, with a further re nement up to 5km in the CAA (depicted in
Figure 2.2). The two surface meshes are denoted by LOW and HIGH&
their resolution is given in Table 2.2. Fury and Hecla Strait annecting
the CAA and Foxe Basin (with a width of 2 km) is closed in our mode
In the vertical both meshes have 55 z-levels with thicknes$ ®0 m in the
top 100; vertical resolution is gradually increasing dowravds (see Table Al
in the appendix). The model bathymetry is taken from the IBCA data
(Jakobsson et a).2008) for the Arctic region and from the 1 min resolution
GEBCO data for other regions. A linear combination of the twalatasets is
taken between 64N and 69 N. To avoid the north pole singularity, rotated
coordinates with the north pole displaced to Greenland aresed.
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Figure 2.2: Resolution in km of the global mesh in the CAA area ¢p) and
in the northern hemisphere (bottom).
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Table 2.2: Resolution of the unstructured meshes.

HIGH LOW
CAA 5 km 24 km
north of 50 N 24 km 24 km
globally 15 1.5 cos(lat) 15 1.5 cos(lat)

2.6 Model setup and atmospheric forcing

This con guration of FESOM is forced by atmospheric data take from
the Common Ocean-Ice Reference Experiment version 2 datd §8ORE-
[l, Large and Yeager 2008). The forcing elds used in FESOM are listed
in Table 2.3. The CORE-II data is provided on the T62 grid (wih a zonal
resolution of approximately 1.875 degree). Figure 2.3 shotv® mean tem-
perature and wind eld in the CAA region in winter and summer fom the
CORE-II dataset. In winter, temperatures are extremely lowup to -36 C,
while in summer temperature rises above the freezing point the southern
part of the CAA.

Table 2.3: Atmospheric forcing elds taken from CORE-II
(Large and Yeageyr 2008) used in this FESOM con guration.

variable unit resolution in time
10m zonal wind m/s 6-hourly

10m meridional wind m/s 6-hourly

10m air temperature K 6-hourly

10m speci ¢ humidity kag/kg 6-hourly
precipitation mm/s  monthly

downward shortwave radiation W/n? daily
downward longwave radiation ~ W/n? daily
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Figure 2.3: Mean air temperature and wind eld at 10 m height irthe CAA
region from the CORE-II data set for January (top) and July (botom) 1958-
2007. The temperature is shown by color patches, and the wirgld is shown

by arrows.
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River runo was taken from the dataset described irDai et al. (2009),
which contains the monthly stream ow at the farthest downsteam stations
of the world's 925 largest ocean-reaching rivers.

Two hindcast simulations were carried out with the only di @ence being
the horizontal resolution in the CAA region. The simulationsvere initialized
with the mean temperature and salinity elds from the Polar Hydrography
Center global ocean climatology version 3 (PHC 3.(%5teele et al. 2001).
The initial sea ice concentration and thickness were takemoimn the long
term mean of a previous simulation. A sea surface salinity sering to the
monthly PHC 3.0 climatology with a piston velocity of 10 m per 6 days
was applied. The model was integrated for the time period 182007 and
the last 40 years are used in the analysis. Monthly mean and feome time
periods daily elds of the prognostic variables were savedrfanalysis.

2.7 Computation of transports

Volume transport is calculated by integrating normal veloty u n over a
vertical cross section of ared:
Z
Tvol = u ndA: (2.68)
A
Freshwater transport through a cross section of area A is callated relative
to Ses = 34:8 psu, which is the mean salinity of the Arctic OceanAargaard
and Carmack 1989):

= ——Uu ndA: (2.69)

Tii
gfw
A Sref

Sea ice volume transport is calculated as:

z
Tie= h— Ugce ndl; (2.70)

| w

with the ice density ; = 920 kg m 3 and water density ,, = 1000 kg m 3.
Freshwater transport in form of sea ice is computed by multlping Tice with
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(Sref Sice)=Sef , Where Sice = 6 mSv.

The liquid freshwater contenthy¢,, at a particular grid point is de ned as
the depth integrated salinity anomaly relative toS,¢; = 34:8 psu, integrated
from the surface to a depth of 500 m:

Z
hfw = . Set Sy, (2.71)
z=0m Sref

To obtain a time series of the liquid freshwater content in aegion we
spatially integrate hy, :

z
FWCiq = hwd : (2.72)

In this work the Arctic region is de ned by Davis Strait, Fram Strait, Bering
Strait and Barents Sea Opening.
The sea ice freshwater content of the Arctic Ocean is calcuéat as:

FWCice = M\/ice; (2.73)
Sref
where Ve IS the sea ice volume. Again we consider here the area of the
Arctic Ocean bounded by the straits mentioned above.

The streamfunction of meridional overturning circulationat a given lat-
itude and time t is computed by zonally and vertically integrating the
meridional velocity v:

ZoZ
Tovert(12t) = v(;;z %t)d dz® (2.74)

z west
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Model assessment in the Arctic
Ocean and CAA

We now assess the model performance, by focusing on sea icalitions in
the Arctic Ocean (Section 3.1), on the freshwater (FW) budget dhe Arctic
Ocean (Section 3.2) and on the ocean dynamics of the CAA (Sexti3.3). In
this chapter, we only analyze model results from the simulian with highly
resolved CAA (simulation HIGH, see Table 2.2).

3.1 Arctic Ocean sea ice

Figure 3.1 shows the simulated sea ice extent (de ned as thetab area of
grid cells with at least 15% sea ice concentration) in the nitvern hemisphere
together with satellite passive microwave data from NSIDCHetterer et al.,
2009). The sea ice extent exhibits a strong seasonal cyclahwpeaks in
March and minimum in September. For the period 1979-2007, éhmean
March (September) ice extent amounts to 15.761¢° km? (7.58 10° km?)
and 15.58 10° km? (6.74 10° km?) for model and observation, respectively,
revealing that the summer ice extent is slightly overestintad by the model.
There is a strong decrease in the sea ice extent over the timerjpd. For the
period 1990-2007, the modeled and observed March (Septembee extent
decreases by 0.42 km? (0.89 1¢° km?) and 0.56 1° km? (0.94 1 km?)

37
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per decade, respectively. The 2007 summer minimum is welpresented in
the model. The root mean square error of modeled ice extentds0.27 10°
km?, while the correlation coe cient between the modeled and oderved sea
ice extent anomalies is r=0.87 (N=9, signi cance 99%; the signi cance level
for the correlation is computed from the e ective degrees dfeedom based
on the formula by Chelton (1983)).

5 L 1 1 1 \ 1 1
1980 1985 1990 1995 2000 2005

1980 1985 1990 1995 2000 2005

Figure 3.1: Mean monthly sea ice extent (top) and its anomalyppttom) from
the model (blue) and satellite observation (red). The anoniais calculated
by subtracting the mean seasonal cycle from the time series.

During the ten ICESat campaigns between 2003 and 2008 measuents
of sea surface elevation were conducted in the Arctic Ocean.add of the
campaigns lasted 34 days and was conducted during di erent time periods
in spring and autumn. Based on these measurementsywok and Cunning-
ham (2008) computed the ice freeboard and then estimated the itéckness,
the mean of which is depicted in Figure 3.2 together with the nu®| results.
As shown by both the observation and model results, the sea isethe thick-
est along the northern CAA and Greenland coast and declineswiard the
Siberian shelf. The model underestimates the ice thicknessrth of the CAA
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in both seasons. In spring, it slightly overestimates the écthickness on the
Siberian shelf. In autumn, it underestimates the ice thickess in the Eurasian
Basin. The root mean square error between modeled ice thiggs and obser-
vations amounts to E=0.54 m for spring and E=0.72 m for autumn Consid-
ering large uncertainties in the observations (0.7 m, according tokwok and
Cunningham (2008)), the model reasonably reproduced the observed spht
and seasonal variation in sea ice thickness.

Figure 3.2: Mean sea ice thickness for spring (top) and autum(bottom)

from ICESat measurements Kwok and Cunningham 2008) (left) and from
FESOM simulations (right). The spring and autumn means wereaiculated
by taking into account all available datasets for 2003-2007The same time
periods are used for deriving the model results.
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3.2 Freshwater budget of the Arctic Ocean

3.2.1 Transports across the main gates of the Arctic
Ocean

Table 3.1 provides means of volume, liquid freshwater andasiee transports
through the main gates of the Arctic Ocean derived from FESOM fothe

time period 1968-2007. The table also shows observationatimates for
these straits. Freshwater transports were calculated with reference salinity
of Sef = 34:8 psu, which is the mean salinity of the Arctic OceanAargaard

and Carmack 1989).

Davis Strait, located between Ba n Island and Greenland, ischaracter-
ized by two currents with opposite directions: The northwast owing West
Greenland Current (WGC) at the eastern side of the strait iselatively warm
and salty, while the southward owing Ba n Island Current (B IC) at the
western side is relatively cold and fresh. The BIC combinesi¢ CAA out-
ow of Arctic origin with the warmer WGC waters. The mean Davis Strait
liquid freshwater transport in the model is 110.6 mSv, wellammparable to
observation. The mean volume transport in the model is 1.8vSlower than
observed mean values, but still in the uncertainty range.

Fram Strait is the only deep connection between the Arctic Oesm and
the North Atlantic ( Schauer et al. 2008). The East Greenland Current
(EGC) carries fresh and cold Arctic waters and sea ice southwmia while
the West Spitzbergen Current (WSC) carries warm Atlantic wagrs into the
Arctic Ocean. Simulated net volume (1.34 Sv) and liquid frestater (56.1
mSyv) transports through Fram Strait agree well with the obseations; the
modeled southward and northward transports are, however,uoh lower than
observations. Schauer et al.(2008) observed a 12 Sv northward ow and a
14 Sv southward ow, whereas FESOM simulates 3.3 Sv northwasdnd 4.6
Sv southwards at the observation section at 78l. The underestimation of
the magnitude of transports through Fram Strait was shown imther models
as well (Lique et al, 2009;Jahn et al, 2009) and the reason might partly be
that the retro ection point of the Atlantic current is too fa r to the south in
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simulations. Fram Strait is the main Arctic sea ice export rote. Although
the model very well represents the sea ice extent and thiclsg the volume
export is overestimated compared to available observatisn

Table 3.1: Simulated volume and freshwater budget of the Arict Ocean for
the time period 1968-2007 and observational estimates. Lig freshwater
transports are given in mSv with a reference salinity &,¢; =34.8 psu, volume
transports in Sv and ice transports in mSv. For observationset transports
are given, unless otherwise noted. Standard deviations acalculated from

annual mean net uxes. Fluxes into the Arctic Ocean have a negag sign,
and vice versa.

Budget term FESOM Obs.
Inow Outow Net Std

Vol. transports

Fram Strait -3.28 4.62 1.34 0.43 12 2.7
Davis Strait -0.64 2.45 1.81 0.31 226 1,%2.3 0.7
Bering Strait -0.65 0.01 -0.64 0.08 4.0.8 0.2
Barents Section -3.0 0.53 -2.46 0.38 5-1.8

Lig. FW transports

Fram Strait 8.7 47.3 56.1 9.2 684 17
Davis Strait -13.5 124.1 110.6 17.2 292 34,%116 41
Bering Strait -52.5 0.9 -51.6 6.6 .76 10
Barents Section 6.6 2.6 9.2 338 63 3
Ice Exports

Fram Strait 111.0 19.8 673 11
Davis Strait 240 4.8 217
Bering Strait -06 24

Barents Section 8.2 49

1Schauer et al.2008 (1997-2007)2Cuny et al. 2005 (09/1987-08/1990),2Curry et al. 2011
(08/2004-09/2005), “Woodgate et al.2010 (1991-2007)°Skagseth et al2008 (1997-2006),
6Serreze et al.2006. Numbers in brackets denote the time period of observations.
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The Barents Sea receives salty water through the Barents S€gpening,
contributing to a small net freshwater out ow as indicated n both model
simulations and observations.

Bering Strait is the only connection of the Arctic Ocean with he Pa-
cic Ocean, and is 85 km wide and 50 m deep Woodgate et al. 2010).
Paci ¢ waters entering through Bering Strait present an imprtant source of
freshwater to the Arctic Ocean. The Bering Strait freshwatein ow accounts
for 30 % of the total Arctic Ocean freshwater sourcesSgerreze et al. 2006).
The model slightly underestimates the Bering Strait volumeand freshwater
in ow because of the coarse (24 km) resolution used in thisgien.

3.2.2 Arctic Ocean freshwater content

Compared to adjacent oceans the Arctic Ocean stores a large amt of
freshwater, including both liquid water and sea ice. The ligd part of the
freshwater is concentrated in the surface layers leading ostrong density
strati cation de ned mostly by salinity.

Figure 3.3 depicts the interannual variability of liquid freshwater content
(LFWC) and sea ice volume simulated by FESOM. The LFWC was calcu-
lated relative to 34.8 psu and was integrated from the surfado a depth of
500 m. The LFWC simulated by FESOM has local maxima in the year9¥3,
1981, 1990 and 2000, which is comparable to those simulatgdd®berle and
Gerdes(2007) (1970, 1982 ,1990 and 2000) and higue et al. (2009) (1966,
1981, 1988, 2001). The recent increase in LFWC, also shownRgbe et al.
(2011), is represented in the model.

The variability in LFWC is strongly linked to freshwater expats of the
Arctic Ocean (shown in Figure 3.4). The changing rate of the LFW@nd the
total export rate through the main gates of the Arctic Ocean a relatively
well correlated (r=-0.57, N =12, signi cance 94%). A decrease in the Arctic
Ocean freshwater content is associated with increased ergsoof freshwater.
The correlation of the changing rate of LFWC with FW exports thiough
Davis Strait is the highest (r=-0.66, N =12, signi cance 98%, not shown in
the gure), but not signi cant for Fram Strait FW export (r=0. 18). This
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points out the importance of liquid freshwater exports thragh the CAA in
determining the changes in the Arctic freshwater content.

The simulated sea ice volume (Figure 3.3) has local maxima ihd late
1970's and late 1980's, and is decreasing from then on. Thssdimilar to
the model results described by.ique et al. (2009) and Rothrock and Zhang
(2005). A change in sea ice volume must result from changeses ice export
and sea ice production (freezing minus melting). The studyybRothrock and
Zhang (2005) showed that sea ice production is most strongly cootred by
temperature over the entire Arctic basin, whereas the sea iegport through
Fram Strait (which dominates the overall Arctic Ocean sea icexport) is
controlled by local winds. In our simulation, there is no sigi cant correlation
between changing sea ice volume and the Arctic Ocean sea icpak (r=-
0.18, time series not shown). Melting and freezing of sea ioghe interior of
the Arctic appears to be the most important in determining theice volume
variability (r=0.52, N =34, signi cance 99%, time series not shown).

1000 km?®

® 1970 1975 1980 1985 1990 1995 2000 2005

Figure 3.3: Time series of simulated annual mean liquid freshter content
anomaly of the Arctic Ocean from the surface to 500m depth (3d), sea ice
volume anomaly (dashed) and their sum (solid line with dots) The Arctic
Ocean is de ned as the region bounded by Davis Strait, Fram tit, Bering
Strait and Barents Section.
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Figure 3.4: Time series of the simulated changing rate of armlumean liquid
freshwater content in the Arctic Ocean (solid) and the anomalof the total
freshwater ux through all the Arctic Ocean gates (dashed).

3.3 The simulated CAA ocean dynamics

In this section we concentrate on the circulation pattern inthe CAA re-
gion (Section 3.3.1), volume and freshwater transports thugh the CAA's
main straits including a comparison with available obserimnal data (Sec-
tions 3.3.2-3.3.4) and the constituents of the freshwateransport variability
(Section 3.3.5). Section 3.3.6 summarizes the main ndings# the CAA
through ow analysis.

3.3.1 Mean sea surface height and circulation in the
CAA region

The simulated sea level is higher in the Arctic Ocean than in Ba Bay

(Figure 3.5b), due to lower salinity and thus lower density athe surface layer
in the Arctic Ocean. This results in a net out ow from the Arctic Ocean to
Ban Bay. Along with the sea surface height (SSH) gradient betveen the
Arctic Ocean and Ban Bay, there is a gradient of SSH across themain
straits of the CAA: In Parry Channel SSH is higher on the southerside of
the strait, in Nares Strait SSH is higher on the western side dhe strait.

Over the CAA, the SSH is the highest in the west and decreases ftueteast.
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Figure 3.5: (a) Mean simulated horizontal velocity at 50 m dap and (b)
(see Section 4.1).
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Figure 3.5a depicts the simulated mean horizontal velocityeld at 50 m
depth. In the Canadian Basin of the Arctic Ocean there is an aigyclonic
circulation transporting Upper Halocline Waters (UHW) along theCana-
dian Arctic shelf westwards. This anticyclonic circulationis con ned to the
top 200 m, and partly enters the CAA through Nares Strait, the chnnels
between the Queen Elizabeth Islands and McClure Strait. Bl this anti-
cyclonic current, a cyclonic undercurrent with its core at eound 500 m (in
our simulation) transports Lower Halocline Waters (LHW) eastards (not
shown; seeAksenov et al, 2010, for the de nition of water masses). The
simulated mean velocity at 50 m depth is highest in the easteiParry Chan-
nel and in the northern Nares Strait where the straits are naow. Regarding
Parry Channel, the maximum velocity of 22 cm/s is reached ntr of Prince
of Wales Island. In Nares Strait a maximum velocity of 31 cm/ssireached in
its northern end, in Robeson Channel. At the same locationsnchow and
Melling (2008) observed velocities exceeding 40 cm/s at around 10@epth
in August 2003, with the simulated velocity in this particula month being
57 cm/s at 100 m depth. Arctic waters exiting the CAA through Larcaster,
Jones and Smith Sounds enter the North Atlantic through Ba n Bay. They
remain con ned to the western side of Ba n Bay where they feedhe Ban
Island Current.

3.3.2 Parry Channel

Parry Channel is the main passage connecting the Beauforte&Sm the west
with Ba n Bay in the east. It comprises (from west to east) McClure Strait,
Viscount Melville Sound, Barrow Strait and Lancaster Sound. McClure
Strait is one of the major entrances to Parry Channel, apartrém Byram
Martin and Penny Straits at its northern side and McClintockChannel, Peel
Sound and Prince Regent Inlet at its southern side (Figure 1.1 There is
a net ow from west to east, with the largest amount of water etering
through McClure Strait (see discussion later in this sectig. There is also a
cyclonic circulation around Prince of Wales Island with a sghward ow in
McClintock Channel and northward ow reentering Parry Chamel through
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Peel Sound (see Figure 3.5a). This cyclonic current loop rdtsupartly from
sills located south of Prince of Wales Island and in Barrow &tit which re-
strain further westward ow (Wang et al, 2012a). The northward transport
through Peel Sound was estimated as 0.17 Sv for April 1981 Byinsenberg
and Bennet(1989). Our simulated value is 0.20 Sv for the same time pediio

Table 3.2: Mean transports through the CAA. FESOM output is giva for
the time period 1968-2007. FW transports are given in mSv with reference
salinity of S;ef =34.8 psu. Standard deviations are calculated from annual
mean net uxes. HG & CS stands for Hell Gate and Cardigan Strait.

Budget term FESOM Obs.

Net  Std
Vol. Transports (Sv)
Lancaster Sound 0.86 0.16 '0.46 0.09,'! 0.53,20.68
Nares Strait 091 0.16 30.57 0.09
HG & CS 0.04 0.01 40.2/0.1 for CS/HG
Lig. FW Transports (mSv)
Lancaster Sound 71.36 12.82 132 6,%45 15
Nares Strait 47.87 7.89
HG & CS 3.46 0.52
Ice Exports (MSv)
Lancaster Sound 416 1.07 12.1,92.7
Nares Strait 5.26 1.63
HG & CS 0.13 0.07

lpeterson et al.2012 (1998-2011) Peterson et al. 2012 (1998-2006)2Prinsenberg et al.
2009 (1998-2006)2 Manchow and Melling 2008 (Aug 2003 to Aug 2006, excluding the top
30 m), *Melling et al. 2008, ° Prinsenberg and Hamilton 2005 (1998-2001, excluding the
top 30 m), ® Agnew et al. 2008 (2002-2007). Numbers in brackets denote the time period
of observations.
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Since 1998 the Bedford Institute of Oceanography operates array of
moorings Peterson et al, 2012) in western Lancaster Sound. At the location
of the mooring array, western Lancaster Sound has a maximunepth of 285
m and a width of 68 km. This geometry is well resolved in the med (max.
depth: 270 m, width: 71 km). Figure 3.6 depicts a comparison afionthly
mean net volume and freshwater transport of the observatiah data with
model output.
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Figure 3.6: Volume (top) and freshwater (bottom) transportshrough west-
ern Lancaster Sound from observations (redReterson et al.2012) and FE-
SOM (blue).

The model result and the observation are highly correlated<£0.81, N =20,
signi cance 99% and r=0.82, N=19, signi cance 99%, for volume and fresh-
water, respectively) and have a root mean square error of 8.%v (volume
transport) and 37 mSv (freshwater transport). The fact thatwe nd the
highest correlation at zero time lag indicates that the modesimulates the
seasonal cycle quite well: Both the simulated volume and &tewater trans-
port shows a maximum in August, as observed. In contraskicGeehan and
Maslowski (2012) found the maximum volume transport through Lancaste
Sound to occur in March, and the maximum freshwater transpoto occur
in August (based on their modeling study). The strength of thevariability
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is captured very well by our model, as indicated by the standd deviation

( =0.35 Svand =25 mSyv for the observed volume and freshwater transport,
respectively, and =0.27 Sv and =23 mSv for the simulated time series).
The observational transport covers the whole depth of the gss section, al-
though Icycler pro lers captured the shallow depths only fo some years.
Therefore, CTD data at 40 m depth had to be extrapolated to thesurface
for approximating the freshwater transport when Icycler po lers were absent
(Peterson et al, 2012). Another source of uncertainty in the observations
is the sparseness of the mooring arraypéterson et al, 2012), consisting of
four moorings during the period 2001-2006 and only two moogs during the
periods 1998-2001 and 2006-2011. The observational tramgpdepends on
the weighting of the individual moorings. The mean LancasteSound vol-
ume transport of 0.68 Sv for the period 1998-2006 estimatey Brinsenberg
et al. (2009) was revised to a new estimate of 0.53 Sv by using a deet
weighting (Peterson et al, 2012). These uncertainties in observations make
the quantitative comparison with model results very di cult.

The time series of simulated annual mean volume, freshwat@nd sea ice
transport through western Lancaster Sound are shown in Figer3.7. The
simulated volume transport has local maxima in the years 18481989, 1997
and 2002, and local minima in 1981, 1995 and 1999, which arenparable to
those simulated byMcGeehan and Maslowsk{2012) (maxima: 1984, 1990,
1997, minima: 1981, 1988, 1999). The mean volume transpadntaugh Lan-
caster Sound amounts to 0.86 Sv. Other modeling studies obtad volume
transports of 0.76 Sv MicGeehan and Maslowsk{2012), for the years 1979-
2004) and 1.02 SvAksenov et al.(2010), for the years 1989-2006). The mean
liquid freshwater transport simulated by FESOM is 71 mSv, coparing to
48 mSv simulated byMcGeehan and Maslowsk{2012) and 64 mSv simu-
lated by Aksenov et al.(2010). Both the simulated volume and freshwater
transports are higher than the individual observations (Tale 3.2).
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Due to the local ne resolution, the present model simulatio allows the
guanti cation of the relative contributions to the transport through the Parry
Channel. Time series and means of net volume and freshwaterisports into
the channel are shown in Table 3.3 and Figure 3.8.

Table 3.3: Mean net transport exiting Lan-
caster Sound and transports through the
gates entering Parry Channel for the time pe-
riod 1968-2007. Transports into the channel
have a positive sign.

Net volume Net FW

ux (Sv) ux (mSv)
Lancaster 0.86 71
Byam Martin 0.27 22
Penny 0.09 7
McClure 0.45 40
Prince of Wales 0.01 2
McClintock -0.27 -24
Peel 0.29 26

Net volume transport through McClure Strait accounts for 53%of the
total through ow at western Lancaster Sound, whereas Byam Bftin Strait
and Penny Strait contribute 32% and 11%, respectively. Voine transports
through McClintock Channel and Peel Sound balance each othend the
transport through Prince of Wales Strait is negligible. All tansports enter-
ing Parry Channel exhibit a similar interannual variability compared to the
Lancaster Sound out ow (r=0.88, r=0.94, r=0.96, r=-0.97 ard r=0.98, N
ranging from 11 to 13, signi cance 99%, for Lancaster Soundansport with
transport at Byam Martin Channel, Penny Strait, McClure Strait, McClin-
tock Channel and Peel Sound, respectively). This indicatdbat transports
through the individual channels are driven by the same foneg mechanism.
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3.3.3 Nares Strait

Nares Strait is bordered by landmasses from both sides with &mland in the
east and Ellesmere Island in the west. Time series of annuaéan transports
through Kennedy Channel (located in the central Nares Straitwith a width
of 27.7 km) are depicted in Figure 3.10. In our simulation, Arat Ocean
waters are transported southwards, with almost no northwar ow in Nares
Strait. The simulated mean volume and freshwater transpostof 0.91 Sv and
47.87 mSv are slightly higher than simulated transports bcGeehan and
Maslowski (2012) (0.77 Sv and 10.38 mSv, respectively) amksenov et al.
(2010) (0.58 Sv and 20 mSv, respectively). The simulated imggnual vari-
ability matches with the one simulated byMcGeehan and Maslowskj2012),
both showing maxima in volume transport in the years 1984, 99 and 1997,
and minima in the years 1981, 1988 and 1999.

From August 2003 until August 2006 a mooring array was operated
Kennedy Channel as part of the Arctic Sub-Arctic Ocean Flux expénent
(Manchow and Melling, 2008). Four of the eight deployed moorings provided
data during the whole three years. A mean volume transport @57 0:09 Sv
was obtained (excluding the top 30 m). The simulated volumeaansport for
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nel excluding the top 30 m. The red line depicts observatiorif§#anchow and
Melling, 2008) and the blue line shows the model output as 11-day rung
means.

this time period amounts to 0.69 Sv, when excluding the top 3@ (0.81 Sv for
the whole cross section). Figure 3.9 compares sectionallyeeaged velocity
through the channel obtained from the mooring with simulaté velocities
and reveals relatively good agreement in magnitude and celation (r=0.57,
N =65, signi cance 99%). The standard deviation of the obseed velocity
is larger ( =3.49 cm/s) than the standard deviation of simulated velody
( =2.34 cm/s). The lower variability in the model simulation might be
linked to the coarse resolution of the atmospheric wind farg; which should
be explored in future studies.
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3.3.4 Cardigan Strait and Hell Gate

Waters exiting Jones Sound have to pass the narrow channels@drdigan

Strait and Hell Gate with widths of 8 and 4 km, respectively, hece volume
exports through this gate are small compared to Lancaster God and Nares
Strait (see Table 3.2). With 5 km resolution we cannot resolvihese narrow
channels, they are widened to have at least one grid point vegen the solid
side walls in order to allow water to pass through. However, themulated

volume transport through Cardigan Strait and Hell Gate is sti much lower

than the observation. Resolving and studying the ow throuf these channels
is beyond the scope of the current work.

3.3.5 Constituents of the freshwater transport vari-
ability

Freshwater transport depends on both the salinity and horantal velocity
elds. In order to determine the constituents of the variabity, we split up
velocity u and salinity S into its mean (denoted by bar) and its anomaly
(denoted by prime),u = u+ u®and S = S+ S° Freshwater transport
through a cross sectiorA can thus be expressed gs the sum of the following
four terms: the mean advection of mean salini S'efr dA, the advec-

tion of salinity anomalies by the mean currents,A SS dA, the anomalous

advection of mean_salinity, , R uOSref dA, and the anomalous advection of
salinity anomalies, , uosrs:: dA. The bottom panels of Figures 3.7 and 3.10
indicate that the freshwater transport anomaly through Laraster Sound and
Nares Strait is determined mainly by the volume transport anmaly. This
is in agreement with other modeling studiesJahn et al, 2009;Lique et al,
2010;Houssais and Herbayt2011). The correlation between the volume and
freshwater transport is r=0.99 (N =11, signi cance 99%) and r=0.95 (N=12,
signi cance 99%) for Lancaster Sound and Nares Strait, resgasely.
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3.3.6 Overall transports through the CAA

In our simulation, volume transports through Lancaster Saud make up 47%
of the total uxes through the CAA, with Nares Strait and Hell Gate/Cardigan
Strait contributing with 50% and 3%, respectively (see Tald 3.2). The re-
spective values for net liquid freshwater transports amotito 58%, 39%
and 3%. Volume transport through Nares Strait is the largestraong the
three straits, while Lancaster Sound shows the highest fregater transport.

Larger freshwater transport through Lancaster Sound can bexplained by
the pathway of Arctic Ocean waters. The western entrance to Py Chan-

nel is closer to the Beaufort Sea and thus to the Beaufort Gymghich is the
main freshwater storage of the Arctic Ocean. Nares Strait in otrast, with

its northern entrance located in the Lincoln Sea, is fartheaway from the
Beaufort Gyre. Also, due to the larger depth of Nares Strait copared to
Lancaster Sound, a higher fraction of saltier LHW enters thistrait. Our re-

sults are consistent with those described in the work @ksenov et al.(2010):
higher freshwater transports through Lancaster Sound thathrough Nares
Strait, because Lancaster Sound is dominated by less salty UHhd Nares
Strait is dominated by the saltier LHW.

Observed net volume transports through the CAA sum up to 1.33\S
(0.46 Sv for Lancaster Sound, 0.57 Sv for Nares Strait and 0.8 r Cardi-
gan Strait/ Hell Gate, Table 3.2), while Davis Strait volume transport was
estimated as 2.6 Sv and 2.3 Sv for two di erent observationgleriods (Table
3.1). This discrepancy in the observations can be attributeto di erent time
periods, di erent instrumentation and the sparseness of girument coverage
across the sections. The simulated net volume transport thugh the CAA
(and through Davis Strait) is 1.81 Sv, and thus lower than olesvational
estimates for Davis Strait through ow and higher than thosefor the CAA
through ow. The simulated mean freshwater export of the CAA anounts to
123 mSyv, and is slightly higher than the climatological vaki of 101 10 mSv
estimated by Serreze et al.(2006).

Simulated freshwater exports in form of sea ice are small cpared to
liquid freshwater exports. They make up 7% of the liquid frésvater exports
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of the CAA in our model. Based on observationsPeterson et al.(2012)
obtained a similar value for Lancaster Sound: the observedean solid fresh-
water transport through this section represents 6% of the glrved mean
liquid freshwater transport over the period 2003-2007.

Transports through Lancaster Sound and Nares Strait are higghcorre-
lated (r=0.86, N =13, signi cance 99%, for volume transports, and r=0.80,
N =14, signi cance 99%, for liquid freshwater transports),ndicating related
forcing mechanisms for both straits. This will be further dicussed in the
next section.

3.4 Summary

The CAA is a remote area, covered by sea ice most of the year, aodly
a limited number of hydrographic observations are availabl Therefore,
high resolution modeling studies are required in order to ber estimate
its oceanographic properties and understand the ow dynams. The present
study assesses a new global nite element sea ice-ocean mfleSOM) with
high mesh resolution ( 5 km) in the CAA region and intermediate resolution
in the Arctic Ocean and northern North Atlantic ( 24 km). FESOM is an
unstructured-mesh model, which enables us to re ne the mekitally in areas
of interest. This method is particularly useful in the CAA ara and allows us
to investigate the characteristics of the individual CAA chanels. Our study
di ers from previous coarse resolution Arctic freshwater otulation studies
(e.g. Jahn et al, 2009) in the treatment of the CAA bathymetry. While
modelers in traditional global ocean models manually widehe CAA straits
and sometimes keep only one strait, our resolution of 5 km nerealistically
represents the geometry of the CAA main straits. The global coguration
with local mesh re nement also obviates the need for open bodaries in
regional models.

The focus of this study lies on volume and freshwater transpe through
the CAA and its interannual variability. Mean net volume (liquid freshwa-
ter) transports through the CAA's main straits Lancaster Soud and Nares
Strait for the time period 1968-2007, as simulated here, annat to 0.86 Sv (71
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mSv) and 0.91 Sv (48 mSv), respectively. The simulated vabiity of volume
transport through Lancaster Sound matches well with obseations (r=0.81),
and also a comparison of sectionally averaged velocity in Na&rStrait shows
reasonable agreement of the model and observations (r=0)5The variabil-
ity of freshwater transport through the CAA is mainly determned by the
variability of volume transport as shown by observationsReterson et al,
2012) and previous model studieslahn et al, 2009;Houssais and Herbaut
2011). The total simulated CAA mean freshwater transport is 23 mSy,
slightly higher than the estimate (101 10 mSv) ofSerreze et al.(2006).

The high mesh resolution allows us to quantify the individuacontri-
butions to the Parry Channel in ow. 53% of the total through ow enters
the channel through McClure Strait, while 32% and 11% are ctysibuted by
Byam Martin Strait and Penny Channel, respectively. Transprts through
the straits feeding the Parry Channel through ow show a sintér interannual
variability, which is due to the same driving mechanism.



Chapter 4

Interannual variability of
freshwater transports through
the CAA and driving
mechanisms

In this section the mechanisms driving the freshwater trap®rt variability
through the archipelago will be discussed, with focus on thiaterannual
variability. We concentrate on the liquid component of frelswater, which
dominates the total simulated export (93% of the CAA freshwar export is
liquid freshwater, see Section 3.3.6).

4.1 The role of sea surface height

The SSH di erence between the Arctic Ocean and Ba n Bay (Figure3.5b)
not only leads to a net out ow from the Arctic Ocean, its variablity also
drives the variation of the CAA through ow. The correlation of annual mean
freshwater transports though Lancaster Sound and Nares Siravith the
along strait SSH gradients is signi cant (Figure 4.1). At Laraster Sound,
the upstream SSH variation plays the major role, and in partular SSH
variation on the western side of the strait. There is no sigmant correlation

59
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of transport with downstream SSH. On the contrary, in Nares Séit it is

rather the downstream SSH and in particular the eastern sidbat correlates
with transports most signi cantly. Houssais and Herbaui(2011) have also
found that the transport through the CAA is highly correlated with the

along strait SSH gradient for both straits. However, in theicase the volume
transport through Lancaster Sound is not so strongly corrated with the

upstream SSH as in our case. They only found high correlatianth the along

strait SSH gradient rather than SSH at one single side. Reghng Nares
Strait they observed a high correlation of transport with tle downstream
SSH, which is similar to our results.

Lancaster Sound Nares Strait

2 -1 1 2 2 -1 1 2

0 0
lag (years) lag (years)

Figure 4.1: Cross correlation of the anomalies of annual meBkV transport

through (a) western Lancaster Sound and (b) Nares Strait witannual mean
SSH upstream (dashed line), downstream (dashed-dottedéinand their dif-

ference (solid line). SSH was calculated as the average otle red boxes
shown in Figure 3.5b.

To quantify the amount of freshwater transported through tle CAA ex-
plained by a certain SSH di erence, we perform a linear reggsion analysis.
The time series of annual mean freshwater (and volume) trapasrt T Syansport
is regressed on the along strait SSH di erencES ssy by solving the equa-
tion

TSransport (I)=a TS ssu(i)+ b+ (i); 1=1;:5N (4.1)

in a least squares sense, withl being the size of the time series, pa-
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rametersa, b and residuum to be solved. Following the regression analysis
we found that an increase of 20 cm in the SSH di erence betwe&fcClure
Strait and Lancaster Sound would result in an increase in fsawater (vol-
ume) transport of 138 mSv (1.6 Sv). In Nares Strait an increasg 20 cm
would lead to an increase in freshwater (volume) transporttd05 mSv (2.2
Sv).

The spatial maps of correlations between SSH and freshwatesnsports
through Lancaster Sound and Nares Strait reveal more detailsigure 4.2).
For both straits a positive correlation is apparent along te Beaufort Sea
coast. SSH and transports are negatively correlated in eash Ba n Bay
and in the Labrador Sea. The correlation maps for both strastin Fig-
ure 4.2 are very similar, as expected from the fact that trap®rts through
both straits are highly correlated. It is then expected thatthe same large
scale atmospheric circulation pattern is responsible fohé transport vari-
ability through the two straits, which increases (decreasg the SSH along
the American coast in the Arctic Ocean and decreases (increas¢he SSH
in the Labrador Sea and Ba n Bay at the same time. This will be tirther
discussed in the following sections.
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Figure 4.2: Correlation of the simulated annual mean FW transpt through
Lancaster Sound (left) and Nares Strait (right) with annual nean sea surface
height. Black contours indicate areas of 95% signi cance.
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4.2 Large scale atmospheric forcing

As seen in the previous section there is an indication that tihe could exist
a large scale forcing mechanism which simultaneously leadsa change of
SSH in the Arctic and in the Labrador Sea/Ba n Bay. By investigating the
relationship of CAA transports with sea level pressure, we sbrve that trans-
ports through both straits are negatively correlated with sa level pressure
in the Arctic Ocean and around Greenland, and are positivelyocrelated in
the northern North Atlantic (Figure 4.3).

The correlation pattern are similar for both straits. This dpole structure
is related to the North Atlantic Oscillation (NAO), the dominant mode of
atmospheric variability in the North Atlantic and Arctic Ocean (Dickson
et al., 2000). A high NAO-index is characterized by a low pressure amaly
in the Arctic and around Greenland, and by a high pressure anaty in
the central North Atlantic. A low pressure anomaly in the Arctic drives
a cyclonic wind anomaly, whereas a strong pressure di erenbetween the
two anomaly cells leads to strong winds over the Labrador Sed’he FW
transports through Lancaster Sound and Nares Strait are higjhcorrelated
with each other, and both are correlated with the NAO index (Figre 4.4).
The correlation coe cients between the NAO index and the FW transports
are r=0.68 (N =11, signi cance 97%) and r=0.52 (N=12, signi cance 90%)
for Lancaster Sound and Nares Strait, respectively.

This is consistent with the study byCondron et al. (2009) who described
experiments with arti cial forcing consisting of extremey negative and pos-
itive NAO phases, and observed an acceleration of Arctic Oce@reshwater
exports, also through the CAA, during the positive NAO phase. Apgarently
the same large scale atmospheric pattern controls the trgmsrt through both
CAA straits. In section 4.1 we demonstrated that transport tlough Lan-
caster Sound can be explained by SSH changes in the Arctic Oteahereas
Nares strait transport is more linked to SSH changes in Ban Bg In the
following we will explain the changes in SSH upstream and dostream of
the CAA with the variability of the large scale atmospheric focing.
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Figure 4.3: Correlation of annual mean freshwater transpothrough western
Lancaster Sound (left) and Nares Strait (right) with annual nean sea level
pressure. Red contours indicate areas of 95% signi cance.
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Figure 4.4: The index of the North Atlantic Oscillation (greef) and anomalies
of net freshwater transports through Lancaster Sound (blukne) and Nares
Strait (dashed blue line). Time-series are 3 year-running eans. The NAO
index was provided by NOAA Climate Prediction Center at their veb site
http://'www.cpc.ncep.noaa.gov/products/precip/CWIlink/ ENSO/verf/new.-
nao.shtml.

4.3 Arctic Ocean forcing on Lancaster Sound
through ow

Figure 4.1 shows that Lancaster Sound transport is highly calated with sea
level changes upstream. In the last section we pointed outdahhigh trans-
ports through Lancaster Sound are connected with a low prese anomaly in
the Arctic Ocean, which is associated with a cyclonic wind anaaly. In the
following the impact of winds will be further investigated ly applying a mul-
tiple linear regression analysis. At every node of the suda mesh the time
series of the annual mean FW transport was regressed on the aahmean
surface wind for time period 1968-2007. We write the dependevariable,
the simulated FW transport Ty, , as a linear combination of the parameters
a, bandc:

Tw, = @l + by +c+ ;i=1;:N; (4.2)

with u; andv; being the independent variables, observed zonal and merid-
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ional wind components from the CORE-II data set, respectig  being an
error term, and N denoting the number of data points in time. The coef-
cients a, b and c are found for each grid point by minimizing the residual
term in a least square sense. Figure 4.5 depicts the corretaticoe cient of
modeled and predicted data values, i.e. df, anda u+ b v, and arrows
indicate the normalized optimal wind direction @; b pazl—sz. The Lancaster
Sound freshwater transport has the highest correlation witwind west of
Banks Island in the Beaufort Sea (the maximum correlation is=0.73, at
-118.8E, 72.8 N). This corresponds to northeastward winds. Our result is
consistent with Peterson et al.(2012) who performed a similar analysis with
Lancaster Sound volume transports derived from observatis for the period
of 1998-2011 and had a similar nding. Figure 4.5 reveals thatpositive (neg-
ative) freshwater transport anomaly through Lancaster Sowd corresponds
to a cyclonic (anticyclonic) wind anomaly pattern in the Beafort Sea.

Figure 4.5: Correlation of the simulated annual mean freshwex transport
through western Lancaster Sound with the annual mean wind ld at 10
m height. Arrows denote the corresponding optimal wind diréion. Red
contours indicate areas of 95% signi cance.
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Proshutinsky et al.(2002) demonstrated that the Beaufort Gyre, the main
freshwater storage of the Arctic Ocean, accumulates freshwa during an
anticyclonic wind regime and releases freshwater during gatonic regime.
An anticyclonic wind regime in the Beaufort Sea leads to accuwrtation of
water masses in the gyre and thus raised SSH in the center ofetlgyre,
whereas a cyclonic regime leads to divergence of Beaufortr&gurface water
and raised SSH along the American coast. Therefore, it is thand regime
over the western Arctic Ocean that drives the variability of SH along the
American coast, thus the variability of FW transport through the Lancaster
Sound. And the wind regime is strongly linked to the large saaltmospheric
forcing (Figure 4.3).

4.4 Sea level in Ban Bay and Nares Strait
through ow

In Section 4.1 we showed that the transport through Nares Stitas correlated
with sea level in eastern Ba n Bay (Figure 4.1). The correlaton of Nares
Strait transport with sea level pressure (Figure 4.3) revesithat high trans-
ports are associated with a low pressure anomaly over Gresmdl and a high
pressure anomaly at around 30latitude. This entails intensifying storms
over the northern North Atlantic, cooling in the Labrador Seaa stronger cy-
clonic circulation south of Greenland (subpolar gyre) and decrease of SSH
in this area (Lohmann et al, 2008). This is also apparent when correlating
the simulated annual mean freshwater transport through NaseStrait with
the surface heat ux (Figure 4.6), which reveals a high nega correlation
in the Labrador Sea, more precisely in the area which is ice& in the winter.

The analysis of simulated SSH time series in several locatsoim the east-
ern Ba n Bay (green boxes in Figure 4.6) shows that there is noite lag in
SSH between the three locations, neither on daily, monthlyon annual time
scales (Figure 4.7). This indicates that it is not the adveatin of low density
waters within the West Greenland Current, but fast wave propgation that
leads to low sea level along the West Greenland coast.
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Figure 4.6: Correlation of annual mean freshwater transpothrough Nares
Strait with surface heat ux (downward positive). Green boxs are taken for
the computation of sea surface height indices. Red contourgdicate areas
of 95% signi cance.

This explanation of SSH variability in the eastern Ba n Bay is similar to
the one byHoussais and Herbauf2011). They also draw the conclusion that
during a NAO-positive phase the cooling in the Labrador Seadds to lower
SSH there, which then propagates northwards into eastern BaBay as
fast waves. Another hypothesis was proposed BcGeehan and Maslowski
(2012). They have only considered the seasonal signal andygested that
it is the volume ux of the West Greenland Current that drivesthe SSH in
eastern Ba n Bay. However, the instantaneous response of tH@SH at Smith
Sound to Labrador Sea SSH suggests that slow advection preses, while
undeniably present on the seasonal scale, cannot explairetBSH variability
at Smith Sound in our simulation.
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Figure 4.7: Time series of (a) annual, (b) monthly and (c) dajl (for 2006)
sea surface height averaged over the green boxes in Figure 48 is the
northernmost box and B3 the southernmost box.

4.5 Summary

A statistical analysis has been performed to explain the iatannual vari-
ability of liquid freshwater transports through LancasterSound and Nares
Strait. The main driver of transports is the along strait SSHdi erence, with
Lancaster Sound transport being mainly driven by the upsti@n SSH varia-
tion and Nares Strait mainly by the downstream SSH variationThe varying
sea level upstream of Lancaster Sound can be explained by ttieange in
the large scale wind regime in the Arctic Ocean, whereas theryang SSH in
northern Ba n Bay can be explained by ocean-atmosphere heaxchanges
over the Labrador Sea.

The variability of the CAA transports is related to the NAO, the dom-
inant large scale atmospheric pressure pattern in the Northtkantic. Re-
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sponses to the positive and negative phases of the NAO can beseived
both in the Beaufort Sea and in Ban Bay. In the positive NAO phase,

the atmospheric circulation over the western Arctic Ocean imainly in the

cyclonic phase (see e.droshutinsky et al, 2002), leading to a loss in the
freshwater storage in the Beaufort Gyre and an increase in B&long the

American coast, and thus increased FW transport through Lanster Sound.
In the Labrador Sea the strong cooling during the NAO positivephase re-
sults in low SSH, which is propagated through fast waves noslards to

Smith Sound leading to higher transports through Nares Strai
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Impact of mesh resolution in
the CAA on the Atlantic Ocean
circulation

5.1 Motivation

The Arctic Ocean is strongly strati ed due to large surface fshwater input
from river runo , excess of precipitation over evaporatiorand Bering Strait
in ow ( Serreze et al.2006). Arctic freshwater is exported through the narrow
straits of the Canadian Arctic Archipelago (CAA) and through therelatively
deep and wide Fram Strait into the North Atlantic. Freshwaterexported from
the Arctic Ocean may have a signi cant impact on the Atlantic Meridional
Overturning Circulation (AMOC, see Goosse et al.1997;Wadley and Bigg
2002;Cheng and Rhines2004;Komuro and Hasumi 2005). It is plausible,
therefore, that an adequate representation of Arctic freshater export in
climate models is crucial when it comes to predicting climatvariability and
change.

Despite the importance of the freshwater export through thérctic gate-
ways its monitoring and numerical simulation has been a chahge, especially
for the CAA. In situ measurements of the ocean hydrography angelocity in
the narrow straits of the CAA are still rather sparse in time ad space due

71
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to their remote location and harsh weather conditionsRrinsenberg et al,
2009;Manchow and Melling, 2008). Parry Channel and Nares Strait in the
CAA, for example, have a minimum width of about 52 km and 28 km, re
spectively. In traditional climate models these straits a too narrow to be
explicitly resolved, and in practice they are manually wideed in order to
to allow for some freshwater export. Most of our understandg of oceanic
key processes in the CAA is based on high-resolutiosegional models (e.qg.
Wang et al, 2012a;McGeehan and Maslowski2012) given past and present
computational limitations. Global high-resolution modeling studies are up-
coming, e.g. byAksenov et al.(2010), but cover shorter time periods so far.
Besides, the study byJahn et al. (2012) shows a large spread of the state-
of-the-art models in simulating the Arctic Ocean freshwateexports, with
better model-to-model agreement in the CAA than in Fram Strdi

A new generation of global models is emerging which employ Hnu
resolution mesh methods, such as nite elements, and theoeé¢ allow lo-
cal re nement without the necessity for nesting. The availaility of such
models opens up new horizons for both dynamical downscaliagd upscal-
ing. The main motivation for developing multi-scale clima& models is based
on the following two hypotheses: The representation of loicdynamics can
be improved in a global set-up (downscaling); and a better peesentation
of small-scale processes leads to a better simulation of tlagge scale cir-
culation (upscaling). To test these hypotheses, it is necgy to identify
dynamically important regions where meso-scale processesl hence local
mesh re nement are believed to be important. The geometritaroperties of
the CAA (small-scale aspects) and its proximity to the deep cwection sites
(with potential climate relevance) make it a very promisingestbed.

In this work FESOM is used with and without mesh re nement in tre
CAA in order to establish the role of resolution for represeirig the freshwater
transport through the CAA and to understand possible impactsn the large-
scale ocean circulation. This is one of the rst studies to & the above-
mentioned hypothesis for one special case |[the CAA.

Two experiments (denoted by HIGH and LOW) were performed, witlthe
only di erence in the con guration being the mesh resolutia in the CAA
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area. In experiments HIGH and LOW, the mesh resolution in the CAAs 5
km and 24 km, respectively. North of 50N the resolution in both experiments
is 24 km, and in the global oceans it is 1.5see Section 2.5, Figure 2.2 and
Table 2.2). Figure 5.1 depicts the global mesh used in expeant HIGH.

Figure 5.1: Northern hemisphere view of the global mesh used éxperiment
HIGH. The color patch shows the mesh resolution. The CAA regionas a
resolution of 5km. Green lines indicate Lancaster Sound (ANares Strait
(B), a section near 53N (C) and the Greenland-Iceland-Norway section (D).

5.2 Freshwater transport through the CAA

Time series of liquid freshwater transports (relative to aainity of 34.8 psu,
the mean salinity of the Arctic Ocean) through the two main staits of the
CAA are shown in Figure 5.2a,b. The freshwater export rates areigher
for both straits in HIGH than they are in LOW. In Lancaster Soundthe
mean liquid freshwater transport amounts to 33mSv and 71 mSn LOW
and HIGH, respectively, while in Nares Strait it is 26 mSv and 48 8v. Im-
portantly, the total liquid freshwater transport through the CAA in HIGH
(119 mSv) is much closer to the climatological liquid freskater transport
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(101 mSv) estimated bySerreze et al(2006). Freshwater transports in form
of sea ice through the CAA account only for 7% of the total frestater
transports (9mSv and 2mSyv in cases HIGH and LOW, respectively)

Lancaster Sound Nares Strait
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Figure 5.2: (a) Annual mean net liquid freshwater transport though Lan-
caster Sound. Horizontal lines denote the mean value for 198807. (b)
Same as (a) but for Nares Strait. (c) Monthly mean net liquid fshwa-
ter transport through Lancaster Sound for experiments HIGH, OW and
observation (red, Peterson et al, 2012). (d) 11-day running mean of sec-
tional velocity in Nares Strait excluding the top 30m. The ruming mean
is shown to better illustrate the low frequency variabilitywhich is the focus
of the current work. The red line depicts the observationMisnchow and
Melling, 2008). In all four plots, results from experiments HIGH and OW
are depicted by blue and cyan lines, respectively. Freshveattransports are
calculated relative to 34.8 psu and southward transports ke a positive sign.

Mooring arrays have been deployed in the western Lancastesufid since
1998 to monitor the volume and freshwater transportHrinsenberg et al,
2009; Peterson et al, 2012). The observed and simulated monthly mean
freshwater transports in Lancaster Sound are shown in Figufg2c. Evi-
dently, there is a good correlation between the observed tarseries with the
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one obtained by HIGH (r=0.82); considerably lower correlatins are found for
LOW (r=0.62). Furthermore, HIGH also shows improvements ontie level
of freshwater export variability as indicated by the standed deviation of the
monthly mean data (observations: = 25mSv, HIGH: =23 mSv, LOW:

= 10mSv). On the other hand, its mean value for this period (681Sv) is
too high compared to the estimates obtained from the obsemians (34 mSv).
A pronounced overestimation of the Lancaster Sound transgaompared to
the same observational dataset was also reported in a regabhigh resolution
model (Lu et al., 2010). It is possible that this overestimation is due to mer
general model de ciencies which are not directly related tmodel resolution.
It is also conceivable that model validation is hampered byatge observa-
tional uncertainties given that the results presented hereere derived from
only two (some periods four) moorings which generally did hebserve the
uppermost 30 m, which contains most of the freshwater. Thisight leave
the observational estimate sensitive to the methods usedrfmterpolation
in the horizontal and extrapolation in the vertical (Peterson et al, 2012),
respectively.

From August 2003 to August 2006 a mooring array was operated in
Kennedy Channel in Nares Strait #ianchow and Melling 2008). Consid-
ering the fact that the upper 30 m depth was missing in the obsetion,
Manchow and Melling (2008) only provided the total volume transport be-
low 30m depth for Nares Strait (067 0:09 Sv). Corresponding volume
transports simulated by FESOM for the same time period amourtb 0:69 Sv
and 025 Sv in runs HIGH and LOW, respectively. Figure 5.2d compareséeh
sectionally averaged velocity in Kennedy Channel from the @oring array
and simulations. The experiments HIGH and LOW have similar ceelations
with the observation (r = 0:57 and 0.49, respectively); the mean value of
HIGH, however, is much closer to the observed value.

There is a large discrepancy in the observations of CAA and DiavStrait
transports. The observed Davis Strait volume transport is.3 - 2.6 Sv Curry
et al., 2011;Cuny et al, 2005), while the observed CAA volume transport is
only 1.33 Sv (0.46 Sv for Lancaster Sound estimated Pgterson et al.(2012),
0.57 Sv for Nares Strait estimated byvanchow and Melling (2008) and 0.3
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Sv for Hell Gate and Cardigan Strait estimated byMelling et al. (2008)).
This discrepancy is also found in the freshwater transportsThe simulated
Davis Strait freshwater transport of HIGH (111 mSv) is much dser to the
observational estimate (ranging between 92 and 116 mSv ating to Curry
et al. (2011) andCuny et al. (2005)) than the value of LOW (65 mSv).

Despite noticeable di erences, the freshwater transporis the two simu-
lations are highly correlated (r = @85 for Lancaster Sound and r = /9 for
Nares Strait). The interannual variability of freshwater transport through
the CAA is correlated with the variability of the along strait sea surface
height di erence, which is in turn driven by local forcing asociated with the
large scale atmospheric circulationHoussais and Herbayt2011). This may
explain why the correlation for LOW is relatively high, desfie its relatively
poor representation of the CAA.

As discussed above, the liquid freshwater export through tHeAA is en-
hanced by 64 mSv when horizontal resolution is increasedritabout 24 to 5
km. This increase is accompanied by a decrease of freshwabgoort through
Fram Strait by 20 mSv; this indicates that the near-surface Attic freshwater
content becomes lower in the case HIGH (most pronounced in théncoln
Sea and north of Greenland, see Figure 5.3). An observationatienate of
the Fram Strait freshwater export for 1998-2008 is 66 mSv (edive to a refer-
ence salinity of 34.9 psu, contributions to the transport @ the continental
shelf are estimated by simulationsgde Steur et al, 2009). Considering the
same reference salinity, the value of HIGH for 1998-2007 (6@w) matches
better with observations than the value of LOW (81 mSv). Fromdealized
model simulations employing the Island Rule for the ow arond Greenland
it follows that the circulation east and west of Greenland Hances each other
and that the individual contributions depend on friction ard winds (Joyce
and Proshutinsky 2007). In the next section we will show that the changed
distribution and amount of freshwater export on the two side of Greenland
leads to changes in the large-scale circulation of the NorthtlAntic.
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Figure 5.3: Mean liquid freshwater content integrated from @ m depth to
the surface relative to 34.8 psu for 1968-2007 for experim&®W (left) and
its di erence from experiment HIGH (HIGH minus LOW, right).

5.3 Large scale circulation

Figures 5.4a and b show the mean AMOC streamfunction in experant
LOW and the di erence between HIGH and LOW, respectively. Thetsength
of the intermediate overturning cell increases over the wheoAtlantic when
the CAA region is better resolved. The largest increase in thdorth Atlantic
amounts to about 2 Sv. The sizable change in the large-scatean circulation
highlights the importance of adequately resolving the detia of the freshwater
export from the Arctic in climate simulations.

The North Atlantic Deep Water (NADW), which feeds the intermediae
cell of the AMOC, is exported from the Labrador Sea by the Deep &gtern
Boundary Current (DWBC). The DWBC has primarily a thermohaline origin
through the processes of deep convection and water-masstiation in the
GIN (Greenland-Iceland-Norwegian) Seas and in the Labrad@ea Bening
et al., 2006;Schweckendiek and Willebrand®005). Previous studies indicate
that both regions have signi cant impact on the overturningcirculation (Latif
et al., 2006; Schweckendiek and Willebrand2005; Danabasoglu et a).2012;
Eden and Jung 2001).
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Latitude

Figure 5.4: (a) Mean AMOC streamfunction for the time period 268-2007
for experiment LOW and (b) its di erence from experiment HIGH (HIGH
minus LOW). (c) Mean winter (January-March) mixed layer depthfor 1968-
2007 for experiment LOW and (d) its dierence from experimenHIGH
(HIGH minus LOW). (e) Mean salinity from the surface to 50 m dept for
1968-2007 for experiment LOW and (f) its di erence from expanent HIGH
(HIGH minus LOW).
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During wintertime mixed layer depth (MLD) represents a measre of the
convection intensity. Figures 5.4c and d show the winter meakILD in
run LOW along with the di erence between HIGH and LOW. Deep MLD
are observed in the Labrador Sea, south of the Greenland4ed-Scotland
Ridge, with intermediate depths in the GIN Seas; this is in agement with
observations (le Boyer Monegut et al, 2004). When the CAA region is
better resolved, the MLD increases signi cantly in the noern Labrador
Sea (from 2480 m in run LOW to 1,670 m in HIGH for the 40 years mean
maximum); on the other hand, it reaches to lower depths soutbf Greenland.
Moderate increases in MLD are found in the northern GIN seas.

The changes in the MLD can be explained by changes in the Arcfiesh-
water pathways (see Figure 1.2 for the circulation pattern ifBa n Bay and
the Labrador Sea). The freshwater exported through Fram Sdit ows south-
ward along the east Greenland coast as part of the East Greantl Current
(EGC). When the CAA region is better resolved, allowing for mar export,
the freshwater transport in the EGC is reduced. This slighyl weakens the
strati cation along the ice edge in the Greenland Sea, thusiensifying the
convection slightly as shown by the increased MLD. As shown Figure 5.5a,
over ow export from the GIN Seas is only marginally a ected.

The EGC feeds the West Greenland Current (WGC) after passinthe
southern tip of Greenland. A reduction in the freshwater trasport in the
EGC decreased the WGC and hence the freshwater input to the heador
Sea (changes in the salinity of the top 50 m are shown in Figuré)3 This
explains the enhanced convection in the northern Labradored in HIGH
(Figure 5.4d). Although the freshwater export through the CAA ncreases in
case HIGH, it propagates southward along the shelf and doest menetrate
the northern Labrador Sea as that from the WGC doed\yers, 2005;Myers
et al., 2009). Part of the anomalous freshwater from the CAA in case HKb
recirculates in the North Atlantic subpolar gyre (SPG) and icreases the
strati cation south of Greenland, leading to weaker conveamn there.
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Figure 5.5: (a) Overow (dened by , 27.8) export rate from the GIN
Seas (section D in Figure 5.1). (b) Dense portion { 27:7) of the DWBC
transport near 53N (section C in Figure 5.1). (c) Maximum winter (January-
March) mixed layer depth in the box 60-50 W and 55 -62 N. All time series
are 3-year ltered. Horizontal lines denote the mean value fd968-2007.

As the convection and water-mass ventilation in this regiorsiless signif-
icant than in the Labrador Sea's interior, the resulting DWBCtransport at
the southwestern Labrador Sea (near 5R) is higher in HIGH (Figure 5.5b).
This explains the enhanced strength of the AMOC (Figure 5.4b).

Figure 5.5¢c shows the time series of the maximum winter mean NAL
in the Labrador Sea. As expected, this proxy for open ocean eegction
correlates well with the DWBC transport (r = 0:56 (0.55) for time lags of O
(1) year in case of HIGH, with convection leading for positivealys). Both
simulations capture the reduced convection in the early 103 associated
with the Great Salinity Anomaly (Lazier, 1980) and the strong convection
events in the mid-1970s, mid-1980s, and early 1990safier et al., 2002;
Bening et al., 2006). The fact that LOW reproduces the decadal variabilt
of DWBC and AMOC is consistent with the notion that it is primarily linked
to the atmospheric circulation associated with the North Atantic Oscillation
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(e.g.,Curry et al., 1998;Lazier et al,, 2002;Eden and Jung 2001).

5.4 Summary and conclusion

In this work the multi-resolution model FESOM is used to studythe freshwa-
ter export through the CAA and its impact on the large scale o@n circula-
tion. By using a multi-resolution approach it becomes posse to realistically
represent the narrow straits of the CAA in a global model. A coparison
with observations reveals that the numerical representain of the freshwater
transport through the CAA bene ts from the use of a locally rened mesh.
Increased mesh resolution in the CAA region not only allowsrfonore fresh-
water to exit the Arctic through the CAA, it also improves the regresentation
of interannual freshwater export variability.

Better resolving the CAA region leads to a redirection of Arct Ocean
freshwater transports, with more export through the CAA and éss export
through Fram Strait. This redirection has signi cant e ects on the strati -
cation of the near surface waters in the Labrador Sea and thapen ocean
convective activity. One possible explanation for this ndihg is that fresh-
water from the EGC and WGC more vigorously penetrates into té interior
of the Labrador Sea than that from the Ba n Island and Labrada Currents
(Myers, 2005;Komuro and Hasumij 2005). The total Arctic freshwater ex-
port to the North Atlantic is higher when the CAA region is more alequately
resolved. Part of the increased freshwater enters the subb@ogyre and in-
creases the strati cation south of Greenland. Overall, hoswver, ventilation
and DWBC is intensi ed, leading to a stronger AMOC.

The high-resolution regional modeling study bjvicGeehan and Maslowski
(2011) shows that mesoscale eddies may play an importanteoh transport-
ing freshwater from the western Labrador Sea into its inteor. In this paper
we only increased the model resolution locally in the CAA, leawg horizon-
tal resolution in the Labrador Sea region relatively coars@4 km). Future
work aims to increase model resolution simultaneously in iothe CAA and
the deep convection regions to more comprehensively asgbssrole of Arc-
tic freshwater export in the climate system. The work oMcGeehan and
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Maslowski (2011) also shows that the major shelf to interior liquid freh-
water ux on annual time scales occurs from Hamilton Bank sotatvard, as
found from the coarse resolution model study biMyers (2005). Therefore,
the results in our work are expected to be sensible in generalhich needs
to be veri ed in future work.

Using the CAA as a case study we demonstrate that multi-resolian
models allow to simultaneously improve the representatioof small-scale dy-
namical processes in a global setup (downscaling) and exfly account for
the in uence of meso-scale processes in dynamically actkey-regions on the
large-scale circulation (upscaling). Our results thereffe indicate that multi-
resolution models might prove extremely useful when it cora¢o signi cantly
advancing the eld of climate modeling.



Chapter 6
Conclusions and Outlook

The Canadian Archipelago connects the Arctic Ocean with Ba n By and
is one of the main gateways for Arctic Ocean freshwater to emtéhe North
Atlantic. It is a remote area with harsh weather conditions,and thus only
a limited number of hydrographic observations are availabl The area is
characterized by narrow straits, which are not accuratelyapresented in tra-
ditional ocean general circulation models. In this work, wapply a global
con guration of FESOM with the Canadian archipelago explidly highly re-
solved ( 5 km). The local high resolution allows for studying smallesale
processes, while the global set-up enables us to investgdhe impact of
these small-scale processes on the large-scale circutatidHindcast simu-
lations were performed for the period 1958-2007, forced blget CORE-II
atmospheric reanalysis data. Two model set-ups (high andarse resolution
in the CAA) allow us to investigate the impact of locally re ned meshes. The
main ndings of this work are:

Assessment of the model in the CAA region revealed a high coatbn
of modeled and observed transport through Lancaster Soundd av-
eraged velocity in Nares Strait (r=0.81 and r=0.57, respectely). The
modeled seasonal cycle of the Lancaster Sound transport tas well
with the observed seasonal cycle, indicating that the modegalistically
represents the CAA ocean dynamics. In fact, as hydrographibserva-
tions mostly do not cover the oceanic surface layer (e.glanchow and
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Melling, 2008), our results provide useful information for this mg&ng
region in observations. As the model resolves also the narretwaits of
the CAA, the relative contributions to the transport through the Parry
Channel was quanti ed.

The validation of the model in the Arctic Ocean demonstratedhat the
model is capable to realistically simulate ocean and sea icenditions
in this region. Sea ice concentration in the northern hemigpre can be
realistically simulated, although FESOM slightly overestnates sea ice
concentration in the summer months.

The interannual variability of freshwater transport through the CAA
is driven mainly by the sea surface height gradient betweehe Arctic
Ocean and Ban Bay, with Lancaster Sound transport being drven
by the upstream sea level variation and Nares Strait transpoitty the
sea level variation in northeastern Ba n Bay. The variability of uxes
through Lancaster Sound and Nares Strait is mainly determigeby
that of the SSH on the shelf along the Beaufort Sea coast and ihe
northeastern Ba n Bay, respectively. Sea level variationsnorth of
the CAA are explained with changes in the wind regimes (cyclanvs.
anticyclonic) associated to release or accumulation of &levater from
the Beaufort Gyre, whereas sea level in the northeastern Ba Bay
can be attributed to ocean-atmosphere heat uxes over the baador
Sea. Both processes are linked to the North Atlantic Oscillatn type
of variability.

Mesh re nement in the CAA region leads to a 'redirection’ of feshwa-
ter pathways, with more freshwater export through the CAA andess
through Fram Strait. These changed freshwater pathways aa the
strati cation of the near surface layers in the Labrador Seaand thus
the convection activity in this region, leading to a strongeAMOC.

Future perspectives As a next step it should be considered to not only

highly resolve the CAA, but also other important regions of thevorld oceans.
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Especially when studying the impact of Arctic Ocean freshwat exports on
the deep water formation in the North Atlantic, areas with stong convection
activity like the Labrador Sea and Greenland Seas as well ageoow areas
like the Denmark Strait should be better resolved simultarauisly.

The ice conditions in Nares Strait are characterized by ice idiges, which
form frequently in its northern part. The FESOM ice componenis not able
to simulate these ice bridges accurately. Further develomg the sea ice model
remains a task in the future work.

Tides play an important role in the Canadian archipelago, ecially in
mixing colder surface waters with warmer bottom waters. Tisihas an impact
on the formation of polynyas which form frequently in the argipelago region
(Hannah et al, 2009). Hence, it should be considered to incorporate tides
into the model.

The resolution of the atmospheric forcing is rather coarsd=specially in
Nares Strait, which is bounded by landmasses from both sidesographic
e ects can have an important impact on the surface wind eld.Preliminary
results of FESOM-simulations with high resolution forcing dta from En-
vironment Canada (CMC GDPS Reforecast, 33 km resolutiorgmith et al.
(2013)) indicate that di erences in the simulated ocean dyamics of the CAA
compared to simulations with CORE-II forcing are rather smih Regarding
sea ice conditions though, the high resolution forcing leado higher sea ice
transport through Nares Strait and improves the simulated ie concentra-
tion in the CAA region. An additional experiment with this high resolution
forcing interpolated in time and space onto the CORE-II gridalso shows
improvements in the simulation of sea ice. This indicates #t improvement
is not just due to the resolution of the Environment Canada ahospheric
forcing, but also due to its quality. The aspect of atmospher forcing should
be further investigated.
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Appendix A

Vertical resolution

The vertical resolution is high in the surface layers and desases towards
the bottom (see Table Al).

Table A.1: Model z-layers with depths in m.
no. 1 2 3 4 5 6 7 8 9 10
depth O 10 20 30 40 50 60 70 80 90
11 12 13 14 15 16 17 18 19 20
100 120 140 160 180 200 230 270 320 370
21 22 23 24 25 26 27 28 29 30
420 470 520 570 620 670 730 800 890 1000
31 32 33 34 35 36 37 38 39 40
1120 1260 1400 1540 1680 1820 1960 2120 2300 2500
41 42 43 44 45 46 47 48 49 50
2750 3000 3250 3500 3750 4000 4250 4500 4750 5000
51 52 53 54 55
5250 5500 5750 6000
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Appendix B

A list of symbols

Table B.1: Symbols.

symbol meaning

A ice concentration

Ay lateral momentum di usion coe cient

A, vertical momentum di usion coe cient

Avo background vertical momentum di usion coe cient
C tracer

Cq bottom drag coe cient

Ca:a0 atmosphere-ocean drag coe cient

Caiio ice-ocean drag coe cient

Cea0 atmosphere-ocean transfer coe cient for the
exchange of sensible heat

Ceiio ice-ocean transfer coe cient for the exchange
of sensible heat

Chia0 atmosphere-ocean transfer coe cients for the
exchange of latent heat

Chiio ice-ocean transfer coe cients for the

exchange of latent heat
o empirical parameter controlling the ice strength
Co speci ¢ heat capacity of water
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Appendix B. A list of symbols

Table B.1: Symbols.

symbol meaning

F internal force within the ice

[ salt virtual salt fux into the ocean

FSat  virtual salt fux into the ocean due to
precipitation minus evaporation

F salt virtual salt fux into the ocean due to ice melting

Foat.  virtual salt fux into the ocean due to river runo

f Coriolis parameter

g gravitational acceleration

H(x;y) ocean bottom depth

h e ective ice thickness

hs e ective snow thickness

Kh lateral di usivity

Ky vertical di usivity

Kvo background vertical di usivity

K am Gent/McWilliams di usion tensor

K redi Redi di usion tensor

L latent heat of vaporization or sublimation

k vertical unit vector

m ice mass per area

N buoyancy frequency

n 2D unit normal vector

N3 3D unit normal vector

P ice strength

P empirical parameter controlling the ice strength

p hydrostatic pressure

Quw long wave radiative ux

Qsw short wave radiative ux

Q¢ conductive heat ux

Qi turbulent ux of latent heat

Qs turbulent ux of sensible heat

q surface ux

speci ¢ humidity of air
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Table B.1: Symbols.

symbol meaning

R, Richardson number

S salinity

Sice salinity of sea ice

Ss salinity of the oceanic surface layer

Sref reference salinity

Sh sources and sinks in the ice thickness continuity equation
Ssn sources and sinks in the snow thickness continuity equation
Sa sources and sinks in the ice concentration continuity equah
T potential temperature

Ta air temperature

T¢ freezing point of sea water

Ts potential temperature of the oceanic or ice surface layer
t time

u horizontal ocean velocity

Us horizontal ocean velocity of the surface layer

U1g horizontal wind eld at 10 m height

Uice sea ice velocity

u auxiliary horizontal velocity

% 3D ocean velocity

w vertical velocity

albedo
emissivity
tensor of deformation rates
sea surface height
longitude

vertical velocity potential
mean density of sea water
deviation from the mean density of sea water
air density
density of sea ice
density of snow
density of freshwater




92 Appendix B. A list of symbols

Table B.1: Symbols.
symbol meaning
stress tensor
latitude
ocean surface stress
stress between atmosphere and ice
stress between atmosphere and ocean
stress between ice and ocean
model domain
1, o2, 3 boundaries of the domain
r 2D gradient and divergence operator
3D gradient and divergence operator
square root of the surface triangle area

ai

ao

rs
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Table B.2: Abbreviations.

abbreviation meaning

AMOC
AO
BIC
CAA
CTD
DwWBC
DWF
EGC
FEM
FESOM
FW
GIN Sea
LFWC
LHW
LSW
MLD
NA
NADW
NAO
NP
NWP
SSH
UHW
WGC
WSC

Atlantic Meridional Overturning Circulation
Arctic Ocean

Ba n Island Current

Canadian Arctic Archipelago
conductivity temperature depth
deep western boundary current
deep water formation

East Greenland Current

nite element method

Finite Element Sea ice Ocean Model
fresh water
Greenland-Iceland-Norwegian Sea
liquid freshwater content

lower halocline waters

Labrador Sea Water

mixed layer depth

North Atlantic

North Atlantic Deep Water

North Atlantic Oscillation

North Paci c

North West Passage

sea surface height

upper halocline waters

West Greenland Current

West Spitzbergen Current
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