
 
 

Delft University of Technology

The role of asymmetries in Nordic Seas dynamics

Ypma, S.L.

DOI
10.4233/uuid:cbb5165a-7e9f-4416-97e1-010599c75324
Publication date
2020
Document Version
Final published version
Citation (APA)
Ypma, S. L. (2020). The role of asymmetries in Nordic Seas dynamics. [Dissertation (TU Delft), Delft
University of Technology]. https://doi.org/10.4233/uuid:cbb5165a-7e9f-4416-97e1-010599c75324

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:cbb5165a-7e9f-4416-97e1-010599c75324
https://doi.org/10.4233/uuid:cbb5165a-7e9f-4416-97e1-010599c75324


THE ROLE OF ASYMMETRIES
IN NORDIC SEAS DYNAMICS





THE ROLE OF ASYMMETRIES
IN NORDIC SEAS DYNAMICS

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus Prof. dr. ir. T.H.J.J. van der Hagen,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen op
woensdag 30 september 2020 om 12:30 uur

door

Stefanie Leonore YPMA

Master of Science in Meteorology, Physical Oceanography and Climate
Universiteit Utrecht, Nederland
geboren te Wijchen, Nederland.



Dit proefschrift is goedgekeurd door de

promotor: Prof. dr. J.D. Pietrzak en copromotor: dr. C.A. Katsman

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter
Prof. dr. J.D. Pietrzak, Technische Universiteit Delft, promotor
Dr. C.A. Katsman, Technische Universiteit Delft, copromotor

Onafhankelijke leden:
Dr. L. Chafik University of Stockholm, Zweden
Prof. dr. A. Biastoch GEOMAR Helmoltz-Zentrum für Ozeanforschung Kiel, Duitsland
Prof. dr. P.E. Isachsen University of Oslo, Noorwegen
Prof. dr. ir. M. Verlaan Technische Universiteit Delft
Prof. dr. ir. S.G.J. Aarninkhof

Technische Universiteit Delft, reservelid

Overige leden:
Prof. dr. H.A. Dijkstra Universiteit Utrecht

Printed by: Gildeprint

Cover design: Franke Margrete | www.frankemargrete.nl

Copyright © 2020 by S.L. Ypma
ISBN 978-94-6384-156-6

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.

http://repository.tudelft.nl/


Notre tête est ronde,
pour permettre à la pensée de changer de direction

Francis Picabia





CONTENTS

Samenvatting ix

Summary xiii

1 Introduction 1
1.1 Global climate and the Nordic Seas . . . . . . . . . . . . . . . . . . . . . 3
1.2 General characteristics of the Nordic Seas. . . . . . . . . . . . . . . . . . 5

1.2.1 Topographic features. . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Hydrography and circulation . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Forcing mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Watermass transformation processes . . . . . . . . . . . . . . . . . . . . 8
1.3.1 Deep convection . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Interior-boundary current exchanges . . . . . . . . . . . . . . . . 10
1.3.3 Difference between the Nordic Seas and the Labrador Sea . . . . . . 11

1.4 Introduction to data and methods . . . . . . . . . . . . . . . . . . . . . 12
1.4.1 Observational records of the Nordic Seas . . . . . . . . . . . . . . 12
1.4.2 Numerical ocean simulations . . . . . . . . . . . . . . . . . . . . 13
1.4.3 Lagrangian methods . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Objectives and outline of this thesis. . . . . . . . . . . . . . . . . . . . . 18

2 A two-basin conceptual model for the Nordic Seas 21
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2.1 Idealized numerical model simulation of the Nordic Seas . . . . . . 25
2.2.2 A conceptual model with one basin and a single boundary current . 28

2.3 Conceptual model for a two-basin marginal sea . . . . . . . . . . . . . . 31
2.3.1 A two-basin approach without a frontal current . . . . . . . . . . . 31
2.3.2 A two-basin approach with a frontal current . . . . . . . . . . . . . 34

2.4 Sensitivity to atmospheric buoyancy forcing . . . . . . . . . . . . . . . . 39
2.5 Discussion and conclusions. . . . . . . . . . . . . . . . . . . . . . . . . 42
2.A Appendix: sensitivity to non-uniform atmospheric forcing . . . . . . . . . 46

3 Pathways of the NwAFC 51
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.2.1 Trajectories from observations . . . . . . . . . . . . . . . . . . . . 54
3.2.2 Trajectories from a realistic ocean model . . . . . . . . . . . . . . 55
3.2.3 Trajectories from an idealized numerical configuration . . . . . . . 56

vii



viii CONTENTS

3.3 Along- and across-frontal pathways. . . . . . . . . . . . . . . . . . . . . 58
3.4 Importance of frontal instability for watermass transformation . . . . . . . 62
3.5 Conclusions and discussion. . . . . . . . . . . . . . . . . . . . . . . . . 67
3.A Appendix: heat exchange across the mid-ocean ridge. . . . . . . . . . . . 70

4 Pathways of the NIIC 77
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.2.1 Global ocean model configurations . . . . . . . . . . . . . . . . . 81
4.2.2 Tracking the Atlantic Water north through Denmark Strait . . . . . . 82

4.3 Model performance in the Nordic Seas . . . . . . . . . . . . . . . . . . . 84
4.3.1 Hydrographic properties . . . . . . . . . . . . . . . . . . . . . . . 84
4.3.2 Nordic Seas Circulation . . . . . . . . . . . . . . . . . . . . . . . 86
4.3.3 Hydrographic properties at Kögur section . . . . . . . . . . . . . . 87

4.4 Pathways of the NIIC watermass in the Nordic Seas . . . . . . . . . . . . . 89
4.5 Watermass transformation along the pathways . . . . . . . . . . . . . . . 94

4.5.1 Contribution of the NIIC water to overflow waters . . . . . . . . . . 95
4.5.2 Location of watermass transformations . . . . . . . . . . . . . . . 98

4.6 Discussion and conclusions. . . . . . . . . . . . . . . . . . . . . . . . . 100

5 Discussion and outlook 103
5.1 Asymmetry in a two-basin marginal sea. . . . . . . . . . . . . . . . . . . 103
5.2 The Norwegian Atlantic Front Current . . . . . . . . . . . . . . . . . . . 105
5.3 The North Icelandic Irminger Current. . . . . . . . . . . . . . . . . . . . 106
5.4 Overarching conclusions and discussion . . . . . . . . . . . . . . . . . . 106

5.4.1 Revised circulation scheme of the Nordic Seas . . . . . . . . . . . . 106
5.4.2 The importance of the hydrographic asymmetry. . . . . . . . . . . 108
5.4.3 The importance of the front current instability. . . . . . . . . . . . 109

5.5 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

Bibliography 111

Acknowledgements 125

List of Publications 129

About the author 131



SAMENVATTING

Het milde klimaat in Europa is voor een groot deel te danken aan oceaanstromingen
die warm en zout water van de evenaar naar het noorden transporteren. Dit transport
vindt plaats in de bovenste laag van de oceaan. Eenmaal in het noorden aangekomen
vindt er een sterke koeling plaats door het grote contrast tussen de warme oceaan en de
koude lucht erboven. Het water dat is afgekoeld heeft een hogere dichtheid en zal dus
zinken. Diep in de waterkolom stroomt dit hoge dichtheidswater terug naar het zuiden.
Deze zogenoemde Atlantische thermohaline circulatie wordt deels aangedreven door de
wind en deels door de grote verschillen in temperatuur en zoutgehalte tussen de evenaar
en de polen. Klimaatverandering in het noordpoolgebied leidt tot warmere en zoetere
oceanen waardoor de aandrijving van de grootschalige oceaancirculatie verzwakt. Voor-
namelijk het proces dat het (warme) water met een lage dichtheid in het (koude) water
met een hoge dichtheid verandert, is erg gevoelig voor veranderingen in atmosferische
temperaturen en zoet water in de waterkolom. De regio waar deze thesis op focust is de
regio waar een groot deel van deze transformaties plaatsvindt; de Europese Noordzee.
Deze zee ligt tussen Groenland en Noorwegen en bestaat uit diverse sub-zeeën, zoals de
Groenlandse Zee, de Noorse Zee en de IJslandse Zee. Het doel van dit proefschrift is om
de dynamische processen die een rol spelen in de transformatie van warm naar koud in
de Europese Noordzee beter te begrijpen.

Geografisch heeft de Europese Noordzee een bijzondere positie, gezien via deze zee
de voornaamste uitwisseling tussen de Atlantische Oceaan en de Arctische Oceaan (de
Noordelijke IJszee) plaatsvindt. Ten oosten van IJsland komt warm en zout water van-
uit de Atlantische Oceaan de Europese Noordzee binnen. Vanuit het noorden stroomt
koud en zoet water door de Fram Straat tussen Groenland en Spitsbergen. Als gevolg
hiervan is er een grote asymmetrie in de zout- en temperatuurverdeling in de Europese
Noordzee; in het oosten is het water warm en zout (de Noorse Zee), in het westen koud
en zoet (de Groenlandse Zee). Menging tussen deze watermassa’s wordt beperkt door
een topografische richel, als het ware een onder water gelegen bergkam, die van zuid
naar noord dwars door de Europese Noordzee loopt. Net als voor de globale oceaan,
spelen deze verschillen in temperatuur en zoutgehalte een belangrijke rol voor de circu-
latie en mengprocessen in de Europese Noordzee. Het water dat de Europese Noordzee
uiteindelijk verlaat richting de Atlantische Oceaan heeft een erg hoge dichtheid en vormt
daardoor een belangrijke connectie met de thermohaline circulatie.

In het eerste deel van dit proefschrift wordt onderzocht hoe de hydrografie en circu-
latie beheerst worden door dynamische processen in de Europese Noordzee. Hiervoor
is een theoretisch raamwerk ontwikkeld, gebaseerd op de wet van energie- en massabe-
houd. Voorheen is een vergelijkbare aanpak gebruikt om eenvoudige verbanden te kun-
nen herleiden tussen de sterkte van de atmosferische koeling, de temperatuur van het
zeewater en de warmteflux van stromingen en wervels. Echter werd als referentie vaak
een oceaan zoals de Labradorzee gebruikt, gekarakteriseerd door een enkel bassin met
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x SAMENVATTING

een enkele stroming langs de kust. Om de hydrografische asymmetrie van de Europese
Noordzee correct weer te geven zijn op zijn minst twee bassins nodig. Daarnaast loopt
de stroming niet alleen langs de kusten van Noorwegen en Groenland, maar ook langs
het dichtheidsfront tussen oost en west. Het nieuwe theoretische raamwerk neemt deze
aspecten mee en laat zien dat de Noorse Zee en de Groenlandse Zee niet gelijkwaardig
reageren op veranderingen in de sterkte van de atmosferische koeling. Hierdoor is het
dichtheidsverschil tussen oost en west niet constant, wat gevolgen heeft voor de stroom-
snelheid langs het front. Gezien de response van de oceaan niet uniform is, zijn er twee
atmosferische regimes aan te duiden waar de veranderingen in oceaanstromingen en
hydrografie tegengesteld zijn voor dezelfde verandering in atmosferische koeling. De re-
sultaten duiden daarom het belang aan om te weten in welk regime de huidige Europese
Noordzee zit om te kunnen voorspellen hoe het systeem reageert op klimaatveranderin-
gen.

De afgeleide verbanden in het eerste deel van dit proefschrift laten ook de belangrijke
rol van het dichtheidsfront zien. Niet alleen blijkt de stroming langs het front een con-
nectie te vormen met de stroming langs de kust, het front kan ook een bron van warmte
zijn voor het binnenste van de bassins ten oosten en westen van het front via wervels.
Deze wervels, en de daarbij behorende warmteflux, worden gevormd door de onstabi-
liteit van het front. Deze uitwisseling tussen de grensstromingen en het binnenste van
de bassins heeft gevolgen voor de transformatie van warm naar koud. Het is daarom
belangrijk om te begrijpen welke paden het warme Atlantische water neemt door de Eu-
ropese Noordzee. Deze paden en de mogelijke uitwisselingen met gebieden buiten deze
paden kunnen nader onderzocht worden door gebruik te maken van een Lagrangiaanse
methode. Dit betekent dat de eigenschappen van het water worden geanalyseerd in een
bewegend referentiekader, de stroming volgend, in plaats van op vaste geografische po-
sities.

In het tweede deel van dit proefschrift wordt de route geanalyseerd van het water dat
ten oosten van IJsland de Europese Noordzee instroomt en vervolgens langs het front
naar het noorden stroomt. Hiervoor worden ARGO robotsondes en drijfboeien bestu-
deerd die in de buurt van het front komen. Beide instrumenten drijven met de stroming
mee en hun posities worden opgeslagen door gebruik te maken van een satelliet. Hier-
door kunnen drijfboeien informatie verschaffen over de circulatie aan het oppervlak, en
ARGO robotsondes over stromingen dieper in de waterkolom. Er hebben tot op heden
maar een paar honderd van deze instrumenten door de Europese Noordzee gedreven,
en slechts tientallen zijn in de buurt gekomen van het front zelf. Om de significantie
van de resultaten te bepalen, zijn ook numerieke deeltjes geanalyseerd die virtueel stro-
men door de snelheidsvelden van oceaanmodellen. Gebruik makend van beide datasets
is duidelijk geworden dat het pad langs het front wordt gevormd door een sterk onder-
broken stroming, niet de continue stroming die tot op heden altijd wordt weergeven
op schematische stromingskaarten. Er vindt veel uitwisseling plaats tussen de stroming
langs de kust van Noorwegen en de stroming langs het front. Dit impliceert een afhan-
kelijkheid tussen deze twee stromingen, welke invloed heeft op de propagatie van eigen-
schappen van de Atlantische Oceaan naar de Arctische Oceaan. Ook geven de geanaly-
seerde paden informatie over de onstabiliteit van het front en de uitwisseling tussen de
Noorse Zee en de Groenlandse Zee. De resultaten duiden aan dat het warme water dat
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langs het onstabiele front stroomt transformeert naar kouder en zoeter water dan het
warme water dat het pad langs de Noorse kust volgt.

In het laatste deel van dit proefschrift worden de verschillende paden onderzocht van
water dat ten westen van IJsland de Europese Noordzee instroomt. Tot nu toe werd aan-
genomen dat dit water sterk wordt afgekoeld ten noorden van IJsland, van richting ver-
andert, en zodoende de belangrijkste bron vormt voor de Noord IJslandse Onderstroom;
een stroming met een erg hoge dichtheid die de Europese Noordzee verlaat door de zee-
straat tussen Groenland en IJsland. In dit proefschrift wordt deze warme watermassa
die naar binnen stroomt gevolgd door opnieuw gebruik te maken van virtuele deeltjes
in twee realistische oceaan modellen. De resultaten laten zien dat maar een klein deel
van deze stroming verbonden is met de Noord IJslandse Onderstroom. Het overgrote
deel van de stroming volgt verschillende paden door de Europese Noordzee, waar de
vervolgroute afhangt van de transformatieprocessen ten noorden van IJsland. Een ana-
lyse van de realistische oceaanmodellen die worden gebruikt voor deze studie laat zien
dat de kwaliteit van de representatie van de Europese Noordzee sterk afhankelijk is van
de configuratie van het model. In deze studie leiden verschillen in de koppeling tussen
de oceaan en het zeeijs tot grote verschillen in hydrografie en paden voor het Atlantische
water.

Een van de grootste uitdagingen is dan ook het ontwikkelen van een klimaatmodel
met een correcte representatie van de Europese Noordzee, om uiteindelijk te begrijpen
hoe horizontale en verticale processen bijdragen aan de transformatie van het warme
Atlantische water dat de diepe stroming van de thermohaline circulatie aandrijft. Resul-
taten gepresenteerd in dit proefschrift tonen aan dat het Atlantische water op verschil-
lende manieren van dichtheid kan veranderen, afhankelijk van het pad dat het water
neemt door de Europese Noordzee. Ook laten de resultaten zien dat de asymmetrische
eigenschappen van de Europese Noordzee en belangrijke rol spelen voor de gevoeligheid
van deze regio voor veranderingen in de atmosfeer. Een realistische voorspelling van hoe
de transformatieprocessen zullen reageren op klimaatveranderingen kan daarom alleen
bereikt worden als klimaatmodellen de paden van het Atlantische water en de hydrogra-
fische asymmetrie in de Europese Noordzee correct weergeven en als onderzocht wordt
welke transformatieprocessen in welk gebied dominant zijn.





SUMMARY

The oceanic transport of heat and salt from the equator northward is one of the main
reasons for the mild climate of Europe. This transport occurs in the upper layer of the
ocean. In the north, strong cooling occurs due to the large difference in temperature
between the ocean surface and the atmosphere. The cooled watermass has a higher
density and therefore sinks and returns toward the south at depth. This so-called At-
lantic Meridional Overturning Circulation is driven in part by the wind and in part by the
difference in temperature and salinity between the equator and the poles. Polar climate
change will result in warmer and fresher oceans which will likely weaken this global over-
turning circulation. Especially processes that concern the transformation from the light
(warm) watermasses to dense (cold) watermasses are sensitive to changes in buoyancy
forcing. This thesis focuses on an area where a large part of this transformation from
light to dense watermasses takes place; the Nordic Seas. The Nordic Seas are located be-
tween Greenland and Norway and consist of several sub-basins, like the Lofoten Basin,
the Greenland Basin and the Norwegian Basin. The main aim of this thesis is to better
understand the dynamical processes involved in the watermass transformation in the
Nordic Seas.

Geographically, the Nordic Seas are important as they provide the main passageway
between the Atlantic Ocean and the Arctic Ocean. East of Iceland, a warm and saline
watermass enters the Nordic Seas from the Atlantic Ocean. From the north, fresh and
cold watermasses enter through Fram Strait between Greenland and Svalbard. As a con-
sequence, the Nordic Seas display a large hydrographic asymmetry; the east is warm
and salty (the Lofoten and Norwegian Basins), the west is cold and fresh (the Greenland
Basin). Mixing between these regions is limited due to the presence of a mid-ocean ridge
(an underwater mountain range), that cuts through the Nordic Seas from south to north.
Similar to the global ocean, these temperature and salinity differences play an impor-
tant role for the circulation and mixing processes in the Nordic Seas. The watermass
that eventually leaves the Nordic Seas toward the Atlantic Ocean has a very high density
and contributes significantly to the lower branch of the Atlantic Meridional Overturning
Circulation.

The first part of this thesis addresses how the hydrography and circulation of the
Nordic Seas are controlled by dynamical processes. A conceptual model is developed by
deriving a buoyancy budget for the Nordic Seas. Previously, a similar approach has been
used to obtain theoretical relations between the atmospheric forcing, the temperature
of the ocean and the heat flux carried by the mean velocity field and by eddies. However,
these conceptual models were based on a marginal sea like the Labrador Sea, which is
characterized by a single basin and a single boundary current. To capture the hydro-
graphic asymmetry of the Nordic Seas, at least two basins are needed. Furthermore, in
addition to the boundary current along Norway and Greenland, a front current exists
flowing northward along the mid-ocean ridge. The newly derived conceptual model in-
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xiv SUMMARY

corporates this two-basin approach and shows that the eastern (Lofoten) basin and the
western (Greenland) basin respond differently to changes in atmospheric buoyancy forc-
ing. Consequently, the density difference between east and west is not constant which
in turn impacts the strength of the front current. Due to the non-uniform response of
the two-basin marginal sea to changes in atmospheric forcing, there are two different
atmospheric regimes where the response of the circulation and hydrography is opposite
for the same amount of change in forcing. Therefore, the results indicate that it is im-
portant to understand in which regime the Nordic Seas presently are, in order to predict
their response to climate change.

The results of the conceptual model also show the importance of the front. Not only
do they suggest a correlation between the front current and the slope current, the front
can also form a source of heat for the interior through eddy fluxes. These eddies and the
associated heat flux are a result of the instability of the front. The associated exchange
between the boundary and the interior is important for watermass transformations. It
is therefore essential to know which pathways Atlantic Water takes through the Nordic
Seas. These Atlantic Water pathways and the exchange between boundary and interior
can be studied in detail using a Lagrangian approach. This means that the properties of
the water are analyzed in a moving frame of reference, following the flow, instead of at
fixed positions.

In the second part of this thesis, the pathways of Atlantic Water entering the Nordic
Seas east of Iceland are analyzed that continue their path to the north along the front.
In order to do so, trajectories of ARGO floats and surface drifters are used that have
come near the mid-ocean ridge. Both instruments drift with the flow and their posi-
tions are recorded using satellites. Therefore, the surface drifters provide information
about the surface circulation and the ARGO floats provide information about the circu-
lation at mid-depth. Up until now, a few hundred floats and drifters have been in the
Nordic Seas, but only a few came close to the mid-ocean ridge. In order to corroborate
the results from the observational floats, the data set is extended by trajectories of nu-
merical particles that were released in the 3D velocity fields of ocean simulations. Results
from both the observational and numerical floats indicate that the flow along the front
is not as continuous as it is often schematized in circulation maps of the Nordic Seas.
Instead, flow exchange occurs between the front current and the slope current along the
continental slope of Norway. This means that these flows are not independent, which
impacts the propagation of anomalies from the Atlantic Ocean to the Arctic Ocean. Fur-
thermore, the trajectories provide information on the frontal current instability and the
exchange between the Lofoten and the Greenland Basins. The results indicate that the
transformation along the unstable front leads to colder and fresher watermasses than
the transformation along the slope current.

The third part of this thesis investigates the pathways of the Atlantic Water that en-
ters the Nordic Seas west of Iceland. It is assumed that this watermass is strongly cooled
north of Iceland, changes direction and provides the main source of dense water for the
North Icelandic Jet; the densest watermass leaving the Nordic Seas through Denmark
Strait. In this thesis, this pathway is traced using numerical particles in two realistic
ocean models. The results show that only a small part of the warm watermass is con-
nected to the North Icelandic Jet. The remainder continues its path to the east along the
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coast of Iceland, where the fate of the pathway is controlled by transformation processes
north of Iceland. Validation of the two ocean models shows that the ability of these mod-
els to correctly represent the Nordic Seas strongly depends on the model configuration.
In this study, the differences in the sea-ice configurations lead to differences in hydrog-
raphy and Atlantic Water pathways.

Therefore, in order to fully understand the zonal and meridional processes contribut-
ing to the watermass transformation in the Nordic Seas, one of the main challenges is
to develop a model that correctly represents this region. The results presented in this
thesis show the importance of the Atlantic Water pathways through the Nordic Seas for
its transformation to dense waters that contribute to the Atlantic Meridional Overturn-
ing Circulation. Furthermore, the results indicate that the asymmetric properties of the
Nordic Seas play a key role in the sensitivity of this region to changes in the environ-
ment. Therefore, meaningful predictions of future changes in the Nordic Seas can only
be achieved by a correct representation of the Atlantic Water pathways and the hydro-
graphic asymmetry and by an improved understanding of which watermass transforma-
tion processes are dominant where.





1
INTRODUCTION

Learn how to mark the movements of the ocean and to discern how its turmoil ebbs and
swells; for that is knowledge which all must posses who wish to trade abroad.

The King’s mirror, AD1250

Wise words from a father to his son written in a 13th century Norwegian manuscript.
The importance of trade, the presence of rich fish stocks in Norwegian waters and Vikings’
nature to explore, all drove an early understanding of Nordic Seas climate and circula-
tion. Nested between Greenland and Norway, the Nordic Seas form the main connection
between the Atlantic Ocean and the Arctic Ocean. This connection is important, as nowa-
days the motivation to ‘learn’ is no longer driven by local socio-economic reasons, but by
a global interest as oceanographers became aware of the importance of Nordic Seas pro-
cesses for the global climate. Despite the early knowledge on the main circulation and the
rather large observational data set compared to other regions, there are still many ques-
tions regarding the origin and variability of watermasses leaving the Nordic Seas and the
response of the Nordic Seas to climate change. This thesis contributes to understanding
of the Nordic Seas in light of the predicted global warming, in particular by investigating
processes that control the connection between boundary currents and basin interiors. This
introductory chapter elaborates on the importance of the Nordic Seas for local and global
climate and provides a description of the main characteristics of the region. This is fol-
lowed by an explanation of the main processes and methods on which this thesis builds.
The research questions, including their motivation, are introduced and an outline of this
thesis is provided.

1
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2 1. INTRODUCTION
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Figure 1.1: Schematic overview of the circulation in the Nordic Seas (arrows) and bathymetry (shading, from
ETOPO1, Smith and Sandwell, 1997). Shown in red are the warm and salty inflowing currents: the North Ice-
landic Irminger Current (NIIC), the Norwegian Atlantic Current (NwAC) and its continuation, the West Spits-
bergen Current (WSC). Blue and black lines indicate the fresh and cold returning currents and the overflows:
the East Greenland Current (EGC), the East Icelandic Current (EIC), the North Icelandic Jet (NIJ), the Denmark
Strait Overflow Water (DSOW) and the Iceland Scotland Overflow Water (ISOW). Abbreviations for bathymet-
ric features and regions are: the Norwegian Basin (NB), the Lofoten Basin (LB), the Greenland Basin (GB), the
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Ridge (MR) and the Knipovich Ridge (KR).
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1.1. GLOBAL CLIMATE AND THE NORDIC SEAS
Bounded by Norway and Greenland in the zonal direction and Iceland and Svalbard in
the meridional direction (Figure 1.1), the Nordic Seas consist of four sub-basins; the Nor-
wegian Sea, the Lofoten Basin, the Greenland Basin and the Icelandic Plateau (together
sometimes referred to as the GIN-Seas). As they are connected to the Atlantic Ocean and
to the Arctic Ocean, the Nordic Seas form a buffer zone between the warm and saline wa-
termasses from the south and the cold and fresh watermasses from the north. The water-
mass that enters the Nordic Seas from the south (the Atlantic Water, AW) is anomalously
warm compared to ocean watermasses at similar latitudes (Rahmstorf and Ganopolski,
1999). As such, the presence of AW gives rise to various processes important for local and
global climate.

Locally, the Norwegian waters owe their rich fish stocks to the warm and nutrient
rich AW layer (e.g. Helland-Hansen and Nansen, 1909; Skogen et al., 2007). This is one
of the reasons why Norway was the first country to have a separate Ministry of Fisheries
and why nowadays, the country is the second largest exporter of fish in the world (e.g.
Johansen et al., 2019). With climate change, warm anomalies within the AW layer can
propagate further north (Spielhagen et al., 2011). As these temperature anomalies are
linked to the presence of specific fish species, understanding of how the AW propagates
can provide insight to where certain fish species will likely thrive (Årthun et al., 2018).

Another motivation to study pathways of AW in the Nordic Seas, is its potential to
melt sea ice and ice sheets. Sea-ice melt is mainly driven by atmospheric forcing as the
sea ice is isolated from the warm AW layer below by a layer of fresh and cold water. How-
ever, when sea ice is lost, the stratification erodes and the AW, now able to reach the sur-
face, amplifies the ice melt (Onarheim et al., 2014; Carmack et al., 2015; Polyakov et al.,
2017). Also submarine melt, an important process leading to the retreat and accelera-
tion of Greenland outlet glaciers, is driven by the presence of AW (Hanna et al., 2009;
Straneo et al., 2010; Straneo and Heimbach, 2013). As melt from Greenland has the po-
tential to raise the sea level, it is important to understand the propagation of AW toward
these fjords (e.g. Gelderloos et al., 2017).

In addition to its effect on ice, the transport of warm waters into the Nordic Seas also
impacts the climate on land. Especially in winter, the heating of the atmosphere by the
ocean can exceed that from solar net radiation and as such affect the climate downwind
(Rhines et al., 2008). Recent analysis of observational records has shown that the climate
variability of North Western Europe and the Arctic can be predicted up to a decade in
advance, by measuring the heat anomalies within the ocean (Årthun et al., 2017). So, the
properties and pathways of the Atlantic Water in the Nordic Seas are important locally,
for climate and economy, and also remotely via their role for sea-ice melt and sea-level
rise.

On an even larger scale, the warm and saline Atlantic Water that enters the Nordic
Seas, returns to the Atlantic Ocean as either light and fresh surface waters or as dense
and cold overflow waters. The corresponding processes that lead to these water mass
transformations are of immense importance for the global ocean circulation and cli-
mate. This thesis mainly focuses on the latter transformation, from Atlantic Water to the
formation of the overflows. The Atlantic Water that flows into the Nordic Seas is part of
the upper limb of the Atlantic Meridional Overturning Circulation (AMOC). The AMOC
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is responsible for the ventilation of the upper 2000 m of the Atlantic Ocean by bringing
warm and saline water across the equator to the north. Cooling in the north transforms
the watermasses to denser waters, which sink and return south at depth to form the
lower limb of the AMOC. The AMOC is the main mechanism that stores heat and CO2

in the deep ocean (e.g. Levitus et al., 2005; Takahashi et al., 2009) and, as it redistributes
heat, its strength and variability impact global climate in various ways.

On average, the Northern Hemisphere is slightly warmer than the Southern Hemi-
sphere due to the northward transport of heat by the AMOC (Buckley and Marshall,
2016). Furthermore, dense water formation processes impact the sea level, explaining
for example the lower sea level in the northern Atlantic compared to the northern Pacific
(e.g. Wijffels et al., 1992; Levermann et al., 2005). On short timescales, the AMOC vari-
ability causes sea surface temperature changes in the Atlantic Ocean (e.g. Buckley and
Marshall, 2016), but on longer timescales, the AMOC is known to be bistable (Stommel,
1961). Abrupt climate shifts in the past have been linked to changes in the AMOC, or
even a shutdown of the circulation (e.g. Kuhlbrodt et al., 2007; Henry et al., 2016). For
the coming century, many modeling studies predict a slowdown of the AMOC due to
anthropogenic forcing (e.g. Rahmstorf et al., 2015).

However, these models show considerable differences in their representation of both
the strength and variability of the AMOC (Danabasoglu et al., 2014). In order to monitor
changes in the AMOC and to provide a validation of the models, measuring arrays have
been installed across the Atlantic Ocean. Measurements from the RAPID array, installed
in March 2004 at 26.5◦N, reveal a large variability of the AMOC on multiple time scales,
which are not yet fully understood (Rayner et al., 2011). More recently, data has been
analyzed from the OSNAP array. This array was completed in August 2014 and ranges
from Scotland to the southern tip of Greenland and across the Labrador Sea. First results
suggest that the transformation processes taking place in the northeastern part of the
Atlantic Ocean are the main driver of the AMOC variability, instead of processes in the
Labrador Sea as previously thought (Lozier et al., 2019).

Chafik and Rossby (2019) showed that especially processes within the Nordic Seas
play a major role for the strength of the AMOC, as more than 60% of the total heat loss
in the northern North Atlantic Ocean is estimated to occur in this region. The Nordic
Seas are linked to the AMOC via the inflow of AW from the south and via the overflow
of dense water back to the Atlantic Ocean. The transport of the overflows and the sub-
sequent entrainment of lighter waters on its way south, adds up to about two-thirds of
the lower limb of the AMOC (Hansen and Østerhus, 2000). In addition, the formation
of the overflows is accompanied by a persistent low sea level in the Nordic Seas. This
creates a pressure gradient that in part drives the inflow of warm waters into the Nordic
Seas (Hansen et al., 2010). The formation of the overflow waters mainly occurs by the
transformation of the AW inflow into the Nordic Seas (Mauritzen, 1996; Eldevik et al.,
2009) and in part by deep convection processes in the interior of the Nordic Seas (Elde-
vik et al., 2005; Messias et al., 2008; Våge et al., 2015, see also section 1.3). It is therefore
important to understand the physical mechanisms involved in dense water formation
and the subsequent pathways of this watermass in the Nordic Seas, as these processes
play a key role in the response of the climate to anthropogenic forcing.
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1.2. GENERAL CHARACTERISTICS OF THE NORDIC SEAS
As seen in the previous section, the pathways and watermass transformation of Atlantic
Water in the Nordic Seas are important for the global ocean circulation and climate.
However, due to lack of observational data and insufficient resolving capacity of climate
models (see section 1.4), there are still many uncertainties regarding the connection be-
tween the warm inflow and the dense overflow in the Nordic Seas. This section provides a
short summary of the topographic features, hydrography, circulation and forcing mech-
anisms of the Nordic Seas.

1.2.1. TOPOGRAPHIC FEATURES
The topography in the Nordic Seas is rather complex and is shown in Figure 1.1. In the
south, the Greenland-Scotland Ridge (GSR) forms a barrier between the Atlantic Ocean
and the Nordic Seas. As such, the inflow and outflow are mainly confined to the deeper
passages across this ridge: the Denmark Strait (620 m depth) and the Faroe Bank Chan-
nel (840 m depth, Hansen and Østerhus, 2000). Within the Nordic Seas, a continuation of
the Mid-Atlantic Ridge separates the east from the west; the Kolbeinsey Ridge, the Mohn
Ridge and the Knipovich Ridge. The mean depth of these ridges varies from 1000 m to
2000 m, but the topography is rough and there are many deep gaps and large peaks (see
Figure 1.1). In combination with the Jan Mayen- Ridge and Fracture Zone, the submarine
ridges divide the Nordic Seas in four sub-basins; The Norwegian Basin and the Lofoten
Basin in the east, and the Greenland Basin and the Icelandic Plateau in the west. Apart
from the latter, these basins are more than 3000 m deep. To the north, the Nordic Seas
are connected to the Barents Sea via the Barents Sea Opening and to the Arctic Ocean via
Fram Strait. The topographic slopes along the continental shelves are steep, especially
near the Lofoten Islands. Together with the topographic structure discussed above, this
feature plays an important role in setting the hydrographic zonal asymmetry and circu-
lation in the Nordic Seas as discussed in the next section.

1.2.2. HYDROGRAPHY AND CIRCULATION
What makes the Nordic Seas unique in comparison to other marginal seas like the Labrador
Sea is its large hydrographic asymmetry. The eastern basins, the Lofoten and Norwegian
Basins, are largely affected by the inflow of Atlantic Water from the south and are there-
fore relatively warm and saline. The western basins, the Greenland Basin and Icelandic
Plateau, are colder and fresher as they are influenced by watermasses coming from the
Arctic Ocean (Figure 1.2a, e.g. Hansen and Østerhus, 2000).

The main inflow of Atlantic Water into the Nordic Seas occurs along two branches
east of Iceland that form the Norwegian Atlantic Current (NwAC, red arrows in Figure
1.1). Warm-core anticyclonic eddies spread the AW through the eastern basin, providing
a source of heat to the interior while at the same time cooling the boundary current.
These eddies originate from the NwAC near the Lofoten Islands. There, the continental
slope steepens which increases the instability of the boundary current (see also section
1.3.2). The newly-formed eddies travel in a cyclonic direction through the Lofoten Basin,
but are blocked by the Mohn and Knipovich Ridges. In the centre of the Lofoten Basin
these eddies can merge and form a semi-perminent anticyclonic vortex (e.g. Köhl, 2007).
As the eddies cannot cross the mid-ocean ridges, a warm AW layer of 500 m thickness
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Figure 1.2: (a) Sea surface temperature (shading) and sea surface salinity (contours) averaged over years
1993-2015. (b) March mixed layer depth (shading) and sea-ice thickness (contours) averaged over years
1993-2015. The 34.9 psu isohaline denotes the location Arctic Front (AF). Data is obtained using the
GLORYS reanalysis product (GLOBAL_REANALYSIS_PHY_001_025) from the EU Copernicus Marine Services
(https://marine.copernicus.eu).

is confined to the eastern basin. The strong density front aligned with the mid-ocean
ridges is called the Arctic Front (AF, Figure 1.2a).

The separation of the warm and saline watermass in the east from the cold and fresh
watermass in the west by the mid-ocean ridges has various consequences. The warm
surface layer in the east does not allow sea-ice formation and hence sea ice can only
be found in the western basins. Furthermore, due to this hydrographic asymmetry, the
NwAC has a two-branch structure. The Norwegian Atlantic Slope Current (NwASC, here-
inafter ‘slope current’) follows the continental slope of Norway and transports ∼3.4 Sv of
AW (Hansen and Østerhus, 2000, 1 Sv = 106 m3 s−1). Due to the negative horizontal den-
sity gradient across the AF, geostrophy requires a northward flow along the front; the
Norwegian Atlantic Front Current (NwAFC, hereinafter ‘front current’). Although previ-
ously estimated to be rather weak, direct measurements indicated a front current trans-
port of ∼3.2 Sv (Bosse and Fer, 2019). As such, the front current forms an equally im-
portant pathway for AW as the slope current. In addition to these two branches, a small
portion of AW, ∼1 Sv, enters the Nordic Seas west of Iceland within the North Icelandic
Irminger Current (NIIC), which follows the Icelandic slope toward the northeast (Jónsson
and Valdimarsson, 2005).

On its way northward, part of the AW watermass flows into the Barents Sea or into
the Arctic Ocean. However, about half of the AW recirculates within Fram Strait (Mar-
nela et al., 2013) and returns south at depth as part of the East Greenland Current. This
watermass is often referred to as the Returning Atlantic Water (RAW) as it is colder and
fresher than the original AW inflow. The upper layer of the EGC is characterized by the
fresh and cold Polar Waters (PW) from the Arctic Ocean. Together with the East Green-
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land Continental Current, the EGC forms the main pathway for light watermasses that
leave the Nordic Seas through Denmark Strait.

The densest watermasses leave the Nordic Seas via the overflows. As already ad-
dressed in section 1.1, the overflows contribute significantly to the lower limb of the
AMOC. Any watermass denser than 1027.8 kg m−3 is commonly defined as being over-
flow water. About half of the total overflow transport, ∼3.2 Sv, takes place through Den-
mark Strait; the Denmark Strait Overflow Water (DSOW, e.g. Jochumsen et al., 2017). As-
suming that the flow through the strait is controlled hydraulically, the volume flux of
DSOW depends on the density difference up- and downstream of the sill and on the
height difference between the DSOW and the sill depth (e.g. Köhl et al., 2007). The
other half of the overflow transport takes place between Iceland and Scotland, mainly
through the Faroe Bank Channel (see Figure 1.1). Pathways of the overflow after leaving
the Nordic Seas are studied by e.g. Lozier et al. (2013), but their variability and origin are
still a matter of debate (see section 1.3).

1.2.3. FORCING MECHANISMS

The circulation in the Nordic Seas (and in the global oceans) is driven by wind forcing
and buoyancy forcing (e.g. Gill, 1982). Wind exerts a stress on the sea surface, which can
cause mixing and can drive large-scale gyre circulations. As such, wind input is mainly a
mechanical source of energy. In contrast, buoyancy forcing can provide potential energy
by changing temperature or salinity properties at the sea surface that are mixed down-
ward. Examples of buoyancy forcing are incoming short-wave solar radiation (heating)
and ice melt (decreasing salinity) or formation (increasing salinity via brine rejection).

Although often studied separately, wind forcing and buoyancy forcing are not inde-
pendent of each other. Wind-induced mixing can propagate density variations at the
surface to deeper layers and wind itself can change density at the sea surface via cool-
ing or evaporation. In turn, the strength of the stratification dictates to what extent the
wind can impact deeper layers in the water column. In areas of weak stratification, like
in the interior basins of the Nordic Seas, wind variations are the dominant mechanism
for the flow variability (Isachsen et al., 2003). Despite the fact that these interior basins
are very deep, the momentum over the full water column is sustained by the wind stress
(Nøst and Isachsen, 2003) where f/H contours are closed, and therefore, even the surface
circulation is strongly influenced by topography.

As the Nordic Seas are characterized by a positive wind stress curl, each basin sup-
ports a cyclonic gyre circulation (Figure 1.1). Where the f/H contours are no longer
closed, buoyancy forcing becomes important. Especially the separation of the NwAC
into a front current and a slope current can only be explained when including the ther-
mal wind shear in addition to the wind stress. Nøst and Isachsen (2003) showed that
using only wind stress and thermal wind shear, the resulting circulation compares re-
markably well with the observed velocity field in the Nordic Seas; near the bottom, the
flow is aligned with f/H contours, towards the surface the flow turns according to the
horizontal density gradients.

Various studies have investigated the mechanisms that drive the variability of the
Nordic Seas’ circulation. The exchange between the Atlantic Ocean and the Nordic Seas
has received most attention as this forms the direct connection with the AMOC. Whether
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wind or buoyancy variations are important depends on the time scale of interest (Bringedal
et al., 2018). Wind variations seem to dominate the in- and outflow variability mainly on
a seasonal timescale, buoyancy variations dominate on a (multi)decadal timescale.

Spall (2011) has shown, using an idealized model framework, that the exchange be-
tween the Atlantic Ocean and the Nordic Seas is primarily driven by buoyancy forcing,
where a quasi-stationary balance is found on a timescale of ∼30 years. The convection
process in the interior basins of the Nordic Seas creates a pressure gradient at depth that
drives the dense water towards the Atlantic (Hansen and Østerhus, 2000). The overflows
are compensated by the Atlantic Water inflow. 70% of this Atlantic Water is then trans-
formed to overflow, driven by thermohaline processes. The other 30% of AW is trans-
formed to a fresher and therefore lighter watermass (Østerhus et al., 2019). So far, this
partition of Atlantic Water transformation into dense and light waters has been rather
stable, but it might shift with changing environmental conditions.

1.3. WATERMASS TRANSFORMATION PROCESSES

The overflows that leave the Nordic Seas across the Greenland-Scotland Ridge form the
main connection to the lower limb of the AMOC, and understanding their origin and
variability is therefore of global interest. As discussed in the previous section, a large
part of the overflow originates from the transformation of Atlantic Water in the Nordic
Seas. The watermass transformation of AW depends on many features, like the intensity
of atmospheric forcing and mixing processes. To understand how the overflow will re-
spond to changes in climate, it is therefore necessary to know its exact origins and how
sensitive the processes that create the overflows are to changes in the environment. The
complexity of the Nordic Seas, due to i.e. the large variety in watermasses and dynam-
ics (see section 1.2), has made it difficult to reach a consensus on what process drives
the overflow variability and where the overflows are formed. Especially the importance
of deep convection, which mainly occurs in the Greenland Basin, with respect to the
gradual transformation of AW along its pathways in the eastern basins has been a matter
of debate. This section addresses some of the mechanisms involved for AW watermass
transformations and how the Nordic Seas are different from other regions where dense
water is created that contributes to the lower limb of the AMOC.

1.3.1. DEEP CONVECTION

As mentioned in the introduction of this section, deep convection processes in the Green-
land Basin create watermasses with a very high density, which potentially contribute to
the overflows. Deep convection typically occurs in regions where the basin is character-
ized by a weak flow in the interior (Marshall and Schott, 1999), like the Labrador Sea, the
Irminger Sea and the Greenland Basin. These regions have a cyclonic circulation and
therefore they display a doming of isopycnals. This makes them favorable regions for
deep convection, as the shape of the isopycnals brings the weakly stratified water closer
to the surface. During deep convection the ocean experiences a large loss of buoyancy
resulting in a homogeneous dense body of water that can extend to depths of 2000m.
The process is often subdivided in three stages; preconditioning during late autumn and
early winter, deep convection during the second half of winter and restratification in
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Figure 1.3: Schematic representation of watermass transformation processes in a marginal sea.

early spring (Marshall and Schott, 1999). During preconditioning the ocean stratifica-
tion is weakened. Then, deep convection takes place in localized ‘plumes’ of∼1km width
due to large heat loss to the atmosphere. As a result, the heat and salt inside the plume is
homogenized and a deep mixed layer is created. Large downward transport takes place
within the plumes, which is compensated by upwelling surrounding the plumes (up and
down arrows in Figure 1.3). Therefore, no net downward mass transport takes place. Lat-
eral mixing homogenizes the dense area. In the last stage, the area of deep convection
is restratified by eddies that exchange the water properties between the convection area
and the surroundings.

In the Nordic Seas, wintertime convection in the Greenland Basin can sometimes ex-
tend to the bottom (Figure 1.2b), forming the Greenland Sea Deep Water (GSDW, Helland-
Hansen and Nansen, 1909; Carmack and Aagaard, 1973; Malmberg, 1983; Aagaard et al.,
1985). This is one of the densest watermasses found in the Nordic Seas. The intensity
of convection events in the Greenland Basin is very sensitive to environmental condi-
tions. Since the late 1970s convection is less deep and the watermass created is lighter.
This has been attributed to a decreased wind stress curl, a reduction in sea ice forma-
tion (less brine release and therefore increased stratification, Meincke et al., 1992) and a
reduced atmospheric heat loss (Moore et al., 2015). More recently, an increase in mixed
layer depth is observed, possibly due to increased salinities (Brakstad et al., 2019).

However, where large variations are observed for the formation and properties of
dense water in the Greenland Basin, the strength of the overflows leaving the Nordic
Seas has been relatively constant (Eldevik et al., 2009). As pathways of dense water from
the Greenland Basin to the overflows are not yet fully understood (Brakstad et al., 2019),
it is not clear to what extent the convection in the Greenland Basin actually contributes
to the overflows. Recall that regions where convection takes place are characterized by
a weak mean flow. Therefore, a mechanism is needed that connects the interior to the
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boundary current, such that the dense watermass can be exported.

1.3.2. INTERIOR-BOUNDARY CURRENT EXCHANGES

The connection between the interior where deep convection occurs and the cyclonic
boundary current that exports dense waters is facilitated by eddies. These vortices orig-
inate from the baroclinically unstable boundary current and transport buoyant water
from the boundary to the interior (Figure 1.3). This mechanism has been thoroughly in-
vestigated using conceptual models of generic marginal seas subject to buoyancy loss.
These show that the properties of the watermasses leaving the marginal sea depend on
the balance between the eddy heat flux from the boundary current to the interior and the
heat lost to the atmosphere (Spall, 2004; Straneo, 2006a; Spall, 2012). Furthermore, due
to the exchange with the interior and direct cooling by the atmosphere, the boundary
current itself becomes more dense and more barotropic (Figure 1.3).

The relatively easy concept of a balance between the heat provided by the instabil-
ity of the boundary current and the heat lost to the atmosphere has a number of im-
plications for how the deep convection process is controlled. For example, a very stable
boundary current will result in a dense interior, but less export of dense water since there
is less water exchanged by eddies (Spall, 2004). This shows that there is no simple rela-
tion between the amount of cooling or the density of the waters formed in the interior
and the strength of the AMOC. Instead, the density gradient in the downstream direc-
tion of the boundary seems to provide a better estimate for the strength of the large scale
AMOC (Spall and Pickart, 2001).

As the instability of the boundary current plays a crucial role for the properties and
export of dense waters, many studies addressed the theoretical mechanisms behind this
instability. Often the classical Eady theory is referenced that, when assuming quasi-
geostrophic flow, provides an estimate for the growth rate and length scale of the in-
stability (Eady, 1949). Blumsack and Gierasch (1972) extended this stability analysis to
include the effects of a bottom slope. They show that the growth rate of the boundary
current instabilities depends on the ratio of the bottom slope and the slopes of the isopy-
cnals. Steeper isopycnals lead to a more unstable boundary current, whereas a steeper
bottom slope leads to a more stable boundary current. Where the first relation is well
known, the second relation does not hold in some regions that are characterized by a
steep continental slope, like near the west coast of Greenland and near the Lofoten Is-
lands. At these locations, intense eddy shedding is observed leading to the so-called
Irminger Rings in the Labrador Sea and the Lofoten Eddies in the Lofoten Basin. Isachsen
(2015) showed that the Eady theory is not sufficient to explain the increased instability in
these regions with steep topography, and that interior potential vorticity gradients need
to be considered and nonlinear effects become important.

The Irminger Rings in the Labrador Sea form the main buoyancy supply for restrat-
ification of the convective area (Katsman et al., 2004; Gelderloos et al., 2011) and play a
key role for the sinking of dense watermasses. As during deep convection no net down-
ward transport takes place (Send and Marshall, 1995), net sinking can only occur near
boundaries. The sinking itself is observed, both in the ocean (Spall and Pickart, 2001)
and in laboratory experiments (Cenedese, 2012). Also in global-scale numerical ocean
simulations with sufficient horizontal resolution, sinking occurs in a narrow region near
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the continental boundaries and the amount of downwelling varies regionally (Katsman
et al., 2018; Sayol et al., 2019). Especially where the Irminger Rings are shed, large down-
ward motion is seen (Georgiou et al., 2019). Using an idealized numerical simulation,
Brüggemann and Katsman (2019) showed that the eddies stir dense watermasses that are
created in the interior towards the boundary along isopycnals well below the mixed layer
(figure 1.3). Furthermore, they concluded that the sinking observed near the boundaries
is not a signal of local diapycnal transport. Instead, the net downward movement of
isopycnals is due to the eddy shedding.

1.3.3. DIFFERENCE BETWEEN THE NORDIC SEAS AND THE LABRADOR SEA

As seen in the previous section, eddies originating from the boundary current balance
the heat loss of the interior to the atmosphere and create a pathway for dense interior
watermasses to the boundary current. These findings are mainly based on idealized
model studies that use the Labrador Sea as a reference and that assume that the main
source of the dense outflow is the watermass created by deep convection in the interior.

The Labrador Sea is the classical example of a marginal sea with a single basin, one
cyclonic buoyant boundary current and deep convection in the interior. The outflow of
dense water from the Labrador Sea can by no means be compared to the overflows from
the Nordic Seas, as the Nordic Seas consist of multiple basins, with multiple boundary
currents and with very different hydrographic characteristics. One similarity with the
Labrador Sea is the amplified eddy activity near the Lofoten Islands. However, the ed-
dies can not reach the region with deep convection in the Greenland Basin as they are
blocked by the mid-ocean ridges (section 1.2).

Furthermore, the contribution of the open-ocean convection in the Greenland Basin
to the overflow is unclear. Several studies propose that it is more likely that the overflow
is connected to the gradual transformation of Atlantic Water as it circulates the Nordic
Seas (Eldevik et al., 2009). For example, Mauritzen (1996) argues that the Atlantic Wa-
ter returning through the Fram Strait is already dense enough for the overflow and the
importance of the Greenland Sea and Iceland Sea is therefore questionable. The season-
ality of the hydrography derived from ARGO floats shows that the main densification of
the Atlantic inflow indeed takes place in the Norwegian and Lofoten Basin and that the
Greenland Sea only slightly impacts the characteristics of the overflow water through
mixing (Latarius and Quadfasel, 2016). As the Lofoten Basin is anomalously warm and
is continuously replenished by eddies from the boundary current that increase the resi-
dence time of AW in this basin, a huge amount of heat can be lost in this area (Bosse et al.,
2018).

The discovery of the North Icelandic Jet (NIJ) renewed the interest in convection in
the Greenland Basin and near the Icelandic Plateau (Jonsson and Valdimarsson, 2004).
The NIJ contributes about one third of the densest overflow through Denmark Strait and
seems to transport watermasses formed in the interior of these basins (Våge et al., 2011).
Furthermore, Eldevik et al. (2009) estimate that interior watermasses of the Greenland
Basin and Icelandic Plateau form the main contribution to the overflow through the
Faroe Bank Channel.

Even when the exact origin of the overflows would be known, multiple modeling
studies suggest that the composition may change due to the sensitivity of the circula-



1

12 1. INTRODUCTION

tion to changes in wind forcing (e.g. Eldevik et al., 2005; Köhl, 2010). It therefore remains
a challenge to correctly predict the response of the overflow characteristics to a changing
climate.

1.4. INTRODUCTION TO DATA AND METHODS
There are many different ways to study the ocean using observations, models and nu-
merous techniques to analyze and understand the data. In this section a brief introduc-
tion is provided to the observational data sets (1.4.1), the type of ocean models (1.4.2)
and the Lagrangian approach (1.4.3) that are used for the work presented in this thesis.

1.4.1. OBSERVATIONAL RECORDS OF THE NORDIC SEAS
A significant increase in our understanding of the physics of the oceans was initiated by
Scandinavian oceanographers at the end of the 19th century. One of the most famous
expeditions, the Fram expedition, was led by the Norwegian explorer Fridtjof Nansen.
Although Nansen’s group was supposed to be focusing on fisheries resources and to de-
velop new fisheries technology, the ocean expeditions that followed firmly established
Norway in polar research. Nansen never managed to achieve his goal to reach the North
Pole (which they found out was not situated on land), but the expeditions resulted in
several groundbreaking findings on ocean dynamics (Skreslet, 2007).

Nowadays, ocean observations are still important to increase our understanding of
the ocean physics, especially in the deep ocean. Additionally, continuous monitoring of
the ocean system is needed to understand how the oceans will respond to changes in
climate. Furthermore, as future predictions are based on climate model outcome, the
observations can provide a means to validate the ocean models.

Observational data used in this study can be separated in three types; in-situ mea-
surements, satellite observations and combined products. In-situ measurements are
taken by measurement devices located in the ocean or at the ocean surface. There are
various shipboard transects within the Nordic Seas, where observations are taken at
specified stations. Examples of these transects are the Kögur and Látrabjarg section that
are both located in vicinity of Denmark Strait. To measure ocean properties continuously
in time, fixed moorings are used.

Instead of fixed observations in space, floats can be used that measure ocean proper-
ties while following the ocean movement. This way, the spatial coverage of observations
is increased. There are different kind of floats. Today (Jan 6, 2020), 1572 surface drifters
are floating at the surface of the global ocean1. The surface drifter program (SDP) started
in 1979 and has greatly improved our knowledge on the ocean surface circulation. Since
the early 2000s, the float data set is extended by ARGO floats that typically flow at a depth
of 1000 m. Every 10 days, these floats make a vertical profile measuring conductivity,
temperature and pressure and their data and position is collected by satellites once they
surface. The ARGO float data set (today 4183 active floats) has increased the vertical res-
olution of observational data sets and gave insight to the circulation at depth (e.g. Voet
et al., 2010). An additional set of floats are the RAFOS floats that are neutrally buoyant
and use an acoustic method to determine their position as they do not surface. They can

1https://aoml.noaa.gov/phod/gdp/
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be installed at a level of constant pressure or density and can therefore be useful to trace
a specific watermass (e.g Rossby et al., 2009a).

The in-situ measurements have a very unevenly distributed temporal and spatial res-
olution especially in the Nordic Seas. Most observations are obtained in summer months
and in the eastern basins of the Nordic Seas as a result of harsh winter conditions and
sea-ice cover. Attempts are made to improve the coverage in the western basins. Isachsen
et al. (2014) for example attached small devices to seals to measure salinity and temper-
ature along their swimming path. The data is transmitted to satellites when the seals
come to the surface to breathe. Although the seals’ pathway is not representative for the
circulation in the Nordic Seas, they do improve the data coverage on the Greenland shelf
area and in the western basins (Isachsen et al., 2014).

Since 1978, the temporal and spatial resolution of the available data increased as
satellites started to monitor ocean properties, like sea surface height, temperature and
sea-ice concentration. These measurements provided a global monitoring system, but
are unfortunately limited to properties at the sea surface and to sea-ice free regions.

Efforts have been made to interpolate all available observations to obtain a so called
climatology of the ocean. An example for the Nordic Seas is the Climatological Atlas
of the Nordic Seas, that provides interpolated properties from the unevenly distributed
platforms onto a 0.25◦ x 0.25◦ lon x lat grid with 29 vertical levels (Korablev et al., 2014).
The atlas covers a large time period from the end of the 19th century to 2012. However,
interpolation errors are large due to the strong seasonal and spatial biases.

More useful in this case are ocean reanalyses. The reanalyses are output from a
model simulation that is constrained by assimilation of observations: every timestep
the modeled fields are corrected based on observations. This way, there are no interpo-
lation errors as for the climatology’s and as it is a model, many more diagnostics can be
evaluated than originally observed. As many different choices can be made on surface
forcing and how to assimilate the observations, there are various reanalyses available2.
For derivation of Figure 1.2 the GLORYS2V4 is used, which is forced by the ERA-interim
(atmospheric) reanalysis and uses all in-situ and satellite measurements available.

1.4.2. NUMERICAL OCEAN SIMULATIONS
As discussed in the previous section, observational studies of the Nordic Seas are strongly
limited in time and space and are subject to the harsh winter conditions in this area,
which makes the study of the processes discussed in secion 1.3 difficult. Ocean models
can be very useful to improve the physical understanding of specific processes in the
Nordic Seas or to predict the sensitivity of the system to changes in environmental pa-
rameters. These models can typically be separated in two categories.

The first category consists of models that solve the Navier-Stokes equations (the mo-
mentum equations), the continuity equation and other conservation equations numer-
ically, to reach a trustworthy representation of reality. Some of these models are global
and coupled to an atmospheric model and an ice model; the general circulation models
(GCMs). GCMs are huge and demand a network of high-capacity computers to perform
the calculations needed to provide predictions for the future climate on Earth. To keep
the simulations manageable, the spatial and temporal resolution of the model is lim-

2https://reanalyses.org/ocean/overview-current-reanalyses
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ited. Therefore, many physical processes are not explicitly resolved and represented by
parameterizations. To resolve eddies for example, the horizontal resolution needs to be
smaller than the first baroclinic Rossby radius of deformation. This length scale depends
on latitude, stratification and ocean depth (Hallberg, 2013) and is 3-7 km in the Nordic
Seas (Nurser and Bacon, 2014). Furthermore, artificial diffusion is needed to secure the
model stability (e.g. Tréguier et al., 2005; Chassignet and Marshall, 2008). Many of the
GCMs have a horizontal ocean resolution of ∼40 km and as a result, the model perfor-
mance regarding the Nordic Seas is poor. The GCMs show a warm and saline bias and
circulation patterns and convection sites differ in strength and location compared to ob-
servations (Yeager and Danabasoglu, 2012; Danabasoglu et al., 2014).

A Nordic Seas simulation that compares better to observations requires a higher hor-
izontal and vertical resolution. Choices have to be made for the duration of the simu-
lation, the size of the domain, and the coupling to the atmosphere and sea ice, as the
simulations are still limited by the computer power and storage capacities. The resulting
high resolution regional ocean models can no longer be used to study long term climate
change, but are very useful to study the role of small-scale processes for the dynamics
in the system. Specific examples of such models are provided in chapter 3. Although
resolving many more processes, even in these models parameterizations are necessary
and i.e. lateral boundary conditions need to be applied. A way to improve both the GCMs
and these high resolution simulations is to develop better parameterizations. This brings
us to the second category of ocean models.

The second category of models are process oriented and often based on simplified
geometry. They are designed to study basic physical mechanisms. Some of these models
are 3D, still solving the full set of equations, but very idealized in their geometry. These
idealized models can perform multiple sensitivity studies at a high resolution to resolve
eddies, but without a high computational cost. An idealized approach allows for an
increase in the complexity of the model step by step, which elucidates the connection
and the physics behind many different processes. Another example of process-oriented
models are models that reduce the complexity of the system to a core set of algebraic
equations, like the famous box model of Stommel based on conservation equations in-
dicating the bistability of the AMOC (Stommel, 1961). Also the conceptual frameworks
developed by e.g. Spall (2004) discussed in section 1.3.2 are an example of such mod-
els. All these theoretical models have contributed to the general understanding of the
AMOC. They provide a means to interpret observations and the complexity described by
models from GCMs (Johnson et al., 2019). The study performed in chapter 2 is based on
both a conceptual model and an idealized model simulation (see also section 1.5).

1.4.3. LAGRANGIAN METHODS

In moving fluids, like the ocean, the system can be described in a reference frame that is
fixed in space, the Eulerian approach, or in a reference frame that is moving with the flow,
the Lagrangian approach. Most ocean model data and observational data sets are Eule-
rian as they provide ocean properties at fixed locations that don’t change in time. The
surface drifters, ARGO and RAFOS floats described in section 1.4.1 are Lagrangian in na-
ture, as they drift with the flow. Analyses of drifter pathways have often led to improved
understanding of the ocean circulation. In addition, the data along the float trajectory
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can be used to determine Eulerian properties of the velocity field (e.g. Voet et al., 2010)
and hydrography (e.g. Latarius and Quadfasel, 2016) when a sufficient number of floats
is present in a specific region.

However, the number of ARGO and RAFOS floats in the Nordic Seas is limited (Rossby
et al., 2009b; Latarius and Quadfasel, 2016), and the surface drifters mainly occupy the
eastern basins. An alternative option is to trace numerical particles using the velocity
output from model simulations. There are multiple benefits in analyzing numerical par-
ticles instead of float trajectories. The number of floats that have been flowing through
the Nordic Seas so far is limited to a few hundred and the length of their pathway de-
pends on the lifetime of the float itself (see chapter 3). In contrast, numerical parti-
cles can often be released in subsets of tens of thousands of particles without too high
computational cost for as many years as needed. Furthermore, not only velocity can
be tracked; any diagnostic the model calculates (such as temperature or salinity) can be
interpolated onto the particle pathway. Even special behavior can be added to the ad-
vection procedure of particles in order to simulate the flow of plastic or biological matter
(e.g. Van Sebille et al., 2018).

In case of the AMOC, many studies have used a Lagrangian approach to study the dif-
ferent branches of this circulation (e.g. Rühs et al., 2013; Lozier et al., 2013; Bower et al.,
2019). The strength of the AMOC is often characterized by a meridional stream func-
tion (zonally integrated transport as a function of latitude and depth, for example Figure
2b in Rahmstorf et al., 2015). A downside of this characterization is that is seems like
variations in the zonal direction are of lesser importance. Many idealized schematics of
this ‘global conveyer belt’ can be found which all suggest that indeed, the circulation is
mainly meridional, but also that the AMOC is a tightly connected system (Bower et al.,
2019). Lagrangian studies have helped to change this 2D view to a 3D understanding
of the AMOC. These elucidated that the AMOC consists of multiple circulation cells and
that a significant fraction of its transport is not carried by the mean flow, but by eddies
instead (e.g. Dengler et al., 2004; Bower et al., 2009; Gary et al., 2012; Rühs et al., 2013).
Therefore, barely any numerical particles or observational floats follow the pathways as
oiginally schematized.

Technically, numerical particles are advected in the 3D velocity field output of an
ocean model. There are several offline Lagrangian codes available that perform these
calculations. Which code to use depends on the model configuration the code will be
applied to, as many ocean models differ regarding their ocean grid. In this thesis, the
Connectivity Modeling System (Paris et al., 2013) and OpenDrift (Dagestad et al., 2018)
are used to track numerical particles. These codes use very similar schemes to integrate
and interpolate the particle trajectories.

In theory, the next position of a particle is determined by a simple temporal integra-
tion:

X (t +∆t ) = X (t )+
∫ t+∆t

t
v(X (τ),τ)∆τ, (1.1)

where X and v are vectors indicating the particle position and the velocity at that loca-
tion, and t is time. As the model output is discrete, both in time and space, equation
1.1 cannot be solved analytically. Many Lagrangian codes apply a 4th order Runga Kutta
(RK4) time-stepping scheme to advect particles in the 3D velocity fields using a discrete
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Figure 1.4: Example of the Runga Kutta time stepping solution. An example velocity field is used (gray arrows),
given by: vx =−x/3+3 and vy = y/3 and for calculations ∆t = 2 s is chosen. The starting position and the final
position estimated by the time stepping scheme are indicated by the black and green dot respectively. The
orange dots show the intermediate positions used for the Runga Kutta scheme. The Runga Kutta time stepping
scheme determines the next position of a particle by combining the velocity at the starting position (v̄0) with
the velocities at intermediate positions (v̄1−3). The solid line represents the analytical solution of the velocity
streamfunction at x = y = 3 m.

timestep ∆t . To calculate the next position of a particle, several steps are taken 3, which
are visualized in Figure 1.4.

The velocity output of the model simulation is often stored at relatively low frequency
to keep storage costs manageable. The time step used for the RK4 scheme is generally
smaller than the frequency at which these velocity fields are saved. Furthermore, the
particle location is not restricted to the resolution of the model grid. Therefore, in addi-
tion to the temporal integration, the Lagrangian codes need to interpolate the velocity
fields in time and space as well. Especially the temporal interpolation can give rise to
errors when the velocity output frequency is lower than time scale of the processes of
interest (Da Costa and Blanke, 2004; Qin et al., 2014).

Also, depending on the model configuration, horizontal and vertical diffusion are of-
ten parameterized to account for unresolved processes (e.g. Large et al., 1994). Using
only the 3D velocity fields for the Lagrangian calculation, the particle pathway is purely
advective and therefore might misrepresent the spread of a specific tracer. It is possible
to add additional diffusion to the particle pathway both in the horizontal and in the ver-
tical, but it is unclear how well this would represent the parameterized diffusion of the
model (Dugstad et al., 2019a). If the horizontal resolution of the model is low, it might
be better to instead use a tracer that is advected online during the model simulation by
the (partly parameterized) advective and diffusive processes represented by the model

3User’s Guide Connectivity Modeling System v 2.0 at https://github.com/beatrixparis/connectivity-modeling-
system/blob/master/User-Guide-v2.pdf
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itself, instead of adding an artificial diffusion later on (Bower et al., 2019). However, such
a tracer calculation would require a much longer integration than needed for the offline
particle advection. Also regarding the experimental design, particle analysis can offer
more than tracers (Van Sebille et al., 2018). Multiple studies have shown that pathways
derived from floats and tracers are almost identical when the model is (partly) eddy-
resolving, the temporal resolution of the output is sufficient to capture the variability of
interest and sufficient particles are used (Gary et al., 2012; Wagner et al., 2019). The latter
is true when similar results are obtained with only half the number of particles (Van Se-
bille et al., 2018).

There are some major advantages of using particle trajectories over tracer calcula-
tions. The calculation of particles trajectories is done offline using the velocity field out-
put, so particles can be traced both forward and backward in time. As such, it is for
example possible to investigate the origin of a watermass, which can not be done using
tracers (Van Sebille et al., 2018). Furthermore, one can quantify the flow connectivity
between different regions. For example, Rühs et al. (2013) investigated the connection
between the Agulhas Leakage and the subtropical North Atlantic using Lagrangian par-
ticles, which led to improved understanding of the contribution of the Agulhas Leakage
to the upper limb of the AMOC. When the velocity field used is nondivergent, a volume
transport can be assigned to each particle which is conserved along the particle path-
way (e.g. Döös, 1995). This way one can investigate how certain flow branches separate
(Ypma et al., 2016) or connect to other regions. This method cannot be used in velocity
fields that are divergent, for example when only using the 2D flow output (Van Sebille
et al., 2018). That is also the reason why observational floats, that by default float at a
constant depth, cannot be used to quantify connectivity.

As mentioned before, not only the volume transport can be tracked, but also particle
constituents can be traced like temperature and salinity. These are however not con-
served along the path, as they can be exchanged with adjacent particles through mixing
(Van Sebille et al., 2018). Especially when the local mixed layer depth is deeper than the
particle’s depth at a certain location, changes in density of the watermass that the par-
ticle represents can occur. Tracing temperature and salinity along a particle pathway
can therefore be a useful tool to investigate watermass transformation processes (Bower
et al., 2019).

It is also possible to perform conditional statistics, which again, is not possible using
tracers. Doing so, one assigns specific requirements the particles need to fulfill. Koszalka
et al. (2013b) and Behrens et al. (2017) used this method to for example trace the Den-
mark Strait Overflow Water forwards and backwards in time (respectively) using a den-
sity threshold. Additionally, the resulting particle trajectories can be separated based on
a specific property, for example pathway, to investigate the differences and similarities
in their respective dynamics.

Regardless of the research interest, a statistical analysis is required as the strength
of the Lagrangian approach lies in the number of particles used. Therefore, results are
often visualized by probability distributions. One can for example use a binning method
to quantify the number of particles per bin specified. The bins could represent longitude
and latitude to visualize the pathways of the particles, but any property that is traced by
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the particle can be used. Therefore, it is possible to determine the age of a watermass,
the transit time through a basin, the temperature change along a pathway and so on.
The possibilities are endless and depend entirely on the research questions asked.

1.5. OBJECTIVES AND OUTLINE OF THIS THESIS
Many studies in the past few decades addressed the Nordic Seas and its connection to
the global climate system. Unfortunately, the spatial and temporal resolution of the ob-
servational data set is still limited (section 1.4.1), and there are still many questions to
be answered. Furthermore, depending on the research methods used, hypotheses are
provided and assumptions are used that have not yet been proven. In this thesis, an at-
tempt has been made to fill some of these gaps by using various modeling strategies and
observational data sets. The overarching goal is to improve the current understanding of
the dynamics in the Nordic Seas, with a special focus on the transformation of Atlantic
Water to dense water.

Theoretical frameworks are often used to investigate what controls the properties
of watermass transformation and thermohaline circulation in marginal seas subject to
buoyancy loss (see section 1.3). Unlike observational data sets and ocean simulations,
the theoretical approach allows the investigation of properties for a wide range of param-
eters, as the Coriolis parameter, the strength of the forcing and basin geometries. This
way, one can gain insight in the physical relations between different properties. Idealized
model simulations corroborate many of the conclusions drawn from these conceptual
models. One of the more recent results was the key role that eddies play for deep convec-
tion processes and for interior-boundary current exchanges (section 1.3.2). The concep-
tual models highlighted the non-local effect of eddy fluxes on the basin dynamics and
it is therefore difficult to represent these eddy fluxes correctly in eddy-parameterizing
numerical configurations (such as most ocean models used for climate simulations).

These conceptual models and idealized model simulations are designed to represent
generic marginal seas subject to buoyancy loss. Often examples are provided, such as
the Labrador Sea, where the results of the study apply to. However, it is unlikely that
the results of a conceptual model representing a single basin, one homogeneous inte-
rior watermass and a single boundary current are valid for the Nordic Seas, regarding its
complex bathymetry, circulation and large variations in watermass properties (see dis-
cussion in section 1.3.3). Although there are many characteristics of the Nordic Seas that
set this region apart from other marginal seas, like the presence of sea ice and double
diffusion processes, the focus in this thesis is on two main aspects that play an impor-
tant role for watermass transformation processes; the hydrographic asymmetry between
east and west and the multiple pathways of Atlantic Water into the Nordic Seas.

This thesis will start with a theoretical basin-wide approach in chapter 2. As a first
step, the existing theoretical framework from Spall (2004, 2011) is extended to incor-
porate the two-basin character of the Nordic Seas. Doing so, the two-basin conceptual
model, in contrast to the one-basin version, can account for the hydrographic asymme-
try and the two-branch structure of the Norwegian Atlantic Current in the Nordic Seas.
The main research question of this chapter is as follows:

1. How are the dynamics, circulation and mean hydrography controlled in a two-basin
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marginal sea subject to buoyancy loss such as the Nordic Seas?

The results from the conceptual model are then compared to idealized numerical
simulations that model a simplified basin geometry of the Nordic Seas. Using the newly
developed theoretical framework, it is estimated how a two-basin system like the Nordic
Seas would respond to changes in atmospheric forcing.

This chapter is followed by two case studies that investigate specific pathways of At-
lantic Water through the Nordic Seas using observations, realistic numerical simulations
and idealized numerical simulations. Results from chapter 2 indicate that the dynamics
in the Lofoten Basin and the Greenland Basin are interdependent due to their connec-
tion via the front current and the slope current (Figure 1.1). In chapter 3 this is further
investigated with a focus on the role of the Arctic Front for Atlantic Water pathways and
transformation. In schematics of the Nordic Seas’ circulation, the two-branch structure
of the Atlantic Norwegian Current is often schematized as two independent branches
that are maintained throughout the Nordic Seas (see Figure 1.1). Chapter 3 examines
this suggested separation of the front current and the slope current by exploring the
connectivity between the frontal pathway along the Mohn Ridge and the frontal path-
way along the Knipovich Ridge. As addressed in sections 1.1 and 1.3, understanding of
pathways of Atlantic Water through the Nordic Seas is essential to comprehend the vari-
ability and composition of the overflows. The long residence time of Atlantic Water in
the Lofoten Basin is one of the key components of AW transformation (e.g. Bosse et al.,
2018). Dugstad et al. (2019b) showed that pathways leading towards this region come
from south of the Lofoten Basin and from the east where the slope current is most un-
stable. However, the front current is known to be unstable as well (Koszalka et al., 2011;
Trodahl and Isachsen, 2018). It is unclear whether the AW that follows this path experi-
ences a different transformation than the AW that resides within the Lofoten Basin.

Therefore, the main research question that is addressed in chapter 3 is as follows:

2. How does the front current along the Mohn- and Knipovich Ridges affect the path-
ways and watermass transformation of Atlantic Water in the Nordic Seas?

To answer this question, three different Lagrangian data sets are used; trajectories
from surface drifters and ARGO floats, trajectories in a high resolution regional model
simulation and trajectories in an idealized numerical simulation.

In chapter 4 the focus shifts from the Atlantic Water that flows into the Nordic Seas
east of Iceland to the branch of AW that enters via the North Icelandic Irminger Current
west of Iceland. Although the transport along this branch is small in comparison to the
NwAC, transformation of the NIIC is thought to form the main contribution to the North
Icelandic Jet, the densest part of the Denmark Strait Overflow Water (see section 1.2.2).
The formation and dynamics of the NIJ are still a matter of debate; the branch can be
traced to its upstream location northeast of Iceland, but there, the signal is lost (e.g. Våge
et al., 2011). In its downstream direction, the NIJ volume transport increases, but it is un-
clear where the additional volume comes from (Semper et al., 2019). Pickart et al. (2017)
suggested a one-to-one connection between the NIIC and the NIJ via a local overturn-
ing loop. To test this hypothesis, two general circulation models are used in chapter 4
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to investigate the connection between the NIIC and the overflows. The main research
question addressed is as follows:

3. Which pathways does the Atlantic Water that enters the Nordic Seas west of Iceland
take and where is this watermass transformed?

Again, this research question is answered using a Lagrangian approach. Numerical
particles are seeded in the NIIC and their pathways are traced in high resolution realistic
numerical simulations. As section 1.4.2 already mentioned, global ocean models have
difficulties correctly simulating deep convection processes and often display a warm and
saline bias. For this reason, the NIIC watermass is traced in not only one, but two ocean
simulations. The simulated circulation and hydrographic fields are different for each
simulation. Therefore, it is possible to investigate how the different representation of
the Nordic Seas’ characteristics could lead to different pathways and transformation of
the Atlantic Water.

Finally, in chapter 5 the results obtained in chapters 2-4 are summarized and an-
swers to the research questions proposed in this section are provided. Furthermore, the
implication of the results presented in this thesis for understanding of the dynamics of
the Nordic Seas are discussed. Research often leads to more questions and therefore
recommendations for further research are provided as well.



2
THE CONTRASTING DYNAMICS OF THE

BUOYANCY-FORCED LOFOTEN AND

GREENLAND BASINS

When using a theoretical framework, the Nordic Seas are commonly described as a single
basin to investigate their dynamics and sensitivity to environmental changes. Here, we in-
troduce a conceptual model for a two-basin marginal sea that better represents the Nordic
Seas geometry. In our conceptual model, the marginal sea is characterized by both a cy-
clonic boundary current and a front current as a result of different hydrographic properties
east and west of the mid-ocean ridge. The theory is compared to idealized model simula-
tions and shows good agreement over a wide range of parameter settings, indicating that
the physics in the two-basin marginal sea is well captured by the conceptual model. The
balances between the atmospheric buoyancy forcing and the lateral eddy heat fluxes from
the boundary current and the front current differ between the Lofoten and the Greenland
Basins, since the Lofoten Basin is more strongly eddy-dominated. Results show that this
asymmetric sensitivity leads to opposing responses to variations in the strength of the at-
mospheric buoyancy forcing. Additionally, the front current plays an essential role for
the heat and volume budget of the two basins, by providing an additional pathway for
heat towards the interior of both basins via lateral eddy heat fluxes. The variability of
the temperature difference between east and west influences the strength of the different
flow branches through the marginal sea and provides a dynamical explanation for the
observed correlation between the front current and the slope current of the Norwegian At-
lantic Current in the Nordic Seas.

Results presented in this chapter have been published as: S.L. Ypma, Spall, M.A., Lambert, E., Georgiou, S.,
Pietrzak, J.D., and Katsman, C.A., 2020, The contrasting dynamics of the buoyancy-forced Lofoten and Green-
land Basins, Journal of Physical Oceanography, 50(5), 1227–1244
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2.1. INTRODUCTION
The Nordic Seas form an important gateway between the Atlantic Ocean and the Arctic
Ocean. Warm and saline waters enter the Nordic Seas from the south and facilitate a
rich ecosystem and a mild climate in Norway (e.g. Rhines et al., 2008; Mork and Skagseth,
2010). The western side of the Nordic Seas is filled with fresh and cold waters originating
from the Arctic. Mixing of watermasses from these different sources in addition to severe
winter conditions make the Nordic Seas a crucial region for dense watermass formation
(e.g. Eldevik et al., 2005; Messias et al., 2008; Våge et al., 2015). The dense waters flow
across the Greenland-Scotland Ridge into the Atlantic via the overflows and contribute
to the lower limb of the Atlantic Meridional Overturning Circulation (AMOC, Dickson
and Brown, 1994; Hansen and Østerhus, 2000). Therefore, changes in the properties and
dynamics of the Nordic Seas impact not only the local climate and ecosystem, but also
the global climate through changes in the ocean circulation.

Global mean atmospheric temperatures are expected to increase by 3.7◦C under the
RCP8.5 (‘high emission’) scenario by the end of the century (IPCC, 2013). Due to the
Arctic Amplification, the expected warming above the Nordic Seas will exceed that of the
midlatitudes by at least a factor two (e.g. Screen and Simmonds, 2010). The warming is
expected to enhance the positive trend of the North Atlantic Oscillation (NAO) observed
since the 1960s (e.g. Hurrell et al., 2001). A positive NAO phase often coincides with re-
duced heat loss from the Nordic Seas to the atmosphere and increased precipitation and
river runoff (Furevik et al., 2005). Both mechanisms tend to reduce convection events
by stabilizing the water column. However, in recent years, mixed layer depths in the
Greenland Basin have deepened, possibly associated with increased near-surface salin-
ities (Brakstad et al., 2019). Due to the rather complex nature of the Nordic Seas it is
therefore difficult to predict how it will respond to climate change and which physical
mechanisms drive its response.

Paleo records show that the Nordic Seas have undergone large changes in both hy-
drography and dynamics in the past (e.g. Fronval and Jansen, 1996; Andersen et al., 2004).
However, the spatial and temporal resolutions of these records are low and the underly-
ing mechanisms of the observed changes are not clear. Unfortunately, fully coupled cli-
mate models lack the resolution to properly resolve the dynamical processes that play
a role in the Nordic Seas (e.g. Tréguier et al., 2005; Danabasoglu et al., 2014; Lange-
haug et al., 2017). An alternative way to shed light on what actually controls dynamical
changes in marginal seas like the Nordic Seas is to use an idealized approach.

Conceptual models described by e.g. Spall (2004), Walin et al. (2004), Straneo (2006a)
and Iovino et al. (2008) have been applied to generic marginal seas subject to buoyancy
loss. These studies characterize the marginal sea by a motionless interior and a single
buoyant boundary current. They have proven to give reasonable predictions for wa-
termass properties in marginal seas like the Labrador Sea. Furthermore, the analytical
frameworks developed in these studies have increased the understanding of the role of
eddies and topography on the dynamics in these regions and they provide means to in-
terpret projections from climate models and observed changes in the past. The compar-
ison between results from the conceptual models with high resolution (idealized) model
simulations is surprisingly good, considering the number of simplifications made to en-
able analytical solutions.
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Figure 2.1: a) Schematic of the circulation in the Nordic Seas and bathymetry. b) Sea surface temperature (SST)
from AVHHR sensor; image of April 29, 2017, showing the temperature of the Lofoten Basin and the Greenland
Sea at the location of the white box indicated in the left panel (black line is the 3◦C contour). The black ar-
rowheads show the 2017 mean geostrophic velocity from AVISO satellite altimetry for velocites stronger than
0.04 m/s. NwAC: Norwegian Atlantic Current, EGC: East Greenland Current, LB: Lofoten Basin, GB: Greenland
Basin, MR: Mohn Ridge, KR: Knipovich Ridge.

The theories developed in Straneo (2006a) and Spall (2004) were motivated by the
properties of convection in the Labrador Sea, whereas the studies by Iovino et al. (2008)
and Spall (2011) focused on the Nordic Seas by adding the dynamical role of the Greenland-
Scotland Ridge. The latter studies still describe the Nordic Seas by one interior basin
and a single boundary current. However, observations show that the eastern side of the
Nordic Seas (the Lofoten Basin) differs from the western side (the Greenland Basin) re-
garding hydrography and dynamics (see Figure 2.1).

A warm and saline watermass fills the upper 500 m of the Lofoten Basin, whereas
the Greenland Basin is filled with fresh and cold waters (Figure 2.1b, e.g. Blindheim and
Østerhus, 2005; Nilsen and Falck, 2006; Latarius and Quadfasel, 2016). A conceptual
model using a single interior basin is not able to capture this large difference in hydrog-
raphy, making a two-basin approach more suitable. The difference in watermasses be-
tween east and west creates a strong front aligned with the Mohn-Knipovich Ridge (Bosse
and Fer (2019), see satellite image in Figure 2.1b). As a consequence, the Atlantic Water
that flows through the Nordic Seas takes different paths; one along the slope of the Nor-
wegian continental margin (the inner branch of the Norwegian Atlantic Current, NwAC)
and one along the front (the outer branch of the NwAC, Figure 2.1a, e.g. Voet et al., 2010).
Observations indicate an anticorrelation between the strength of the front current and
the slope current on seasonal and decadal timescales (Mork and Blindheim, 2000; Bosse
and Fer, 2019; Broomé et al., 2019; Raj et al., 2019), implying that these currents are dy-
namically connected. For the description of a marginal sea such as the Nordic Seas, one
therefore needs to consider not only a boundary current, but also a front current.

Previous studies have shown that the mid-ocean ridge is essential in separating the
east from the west (e.g Rossby et al., 2009b; Spall, 2010). Another important topographic
feature in the Nordic Seas is the steepening of the coastal slope near the Lofoten Islands.
Due to the increased instability of the inner branch of the NwAC near this topographic
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steepening, anticyclonic eddies continuously replenish the interior of the Lofoten Basin
with warm and saline waters from the boundary current (e.g. Volkov et al., 2013; Isach-
sen, 2015; Richards and Straneo, 2015). Due to the wide horizontal extent of this warm
watermass, the buoyancy loss over the Lofoten Basin is much larger than over the Green-
land Basin (Segtnan et al., 2011). So, the Lofoten Basin differs from the Greenland Basin
also from a dynamical point of view. Observations corroborate the view that the eastern
and western basin are dynamically different as the basins do not change their properties
uniformly over time (e.g. Fronval and Jansen, 1996; Andersen et al., 2004; Furevik et al.,
2005).

The main aim of our study is to investigate the response of the Nordic Seas to a
changing atmospheric temperature and to provide a physical understanding of the mech-
anisms involved. A conceptual model is proposed by extending the theoretical frame-
work described in Spall (2011) to a two-basin marginal sea with both a slope current and
a front current. The model is tested against numerical simulations for a wide range of
parameters. We address the following questions:

1. How can the dynamics of a two-basin marginal sea be described by a conceptual
model?

2. What controls the mean hydrography and volume transport in a two-basin marginal
sea?

3. How does the addition of a ridge change the marginal sea response to changes in
atmospheric buoyancy forcing?

Section 2.2 describes the numerical simulation and summarizes the conceptual model
from Spall (2011) that is used as a base for our study. Section 2.3 provides the extended
analytical framework decribing a two-basin marginal sea and discusses the implications
of this extension. In section 2.4, the sensitivity of the marginal sea to changes in at-
mospheric buoyancy forcing is investigated using both the conceptual model and the
numerical simulations and a discussion on the results and conclusions are provided in
section 2.5.

2.2. METHODS
To test the validity of the conceptual model described in section 2.3, estimates from
the analytical framework are compared to diagnostics from an eddy-resolving regional
ocean circulation model. A short description of the numerical simulations is given in
section 2.2.1, including details on the model configuration (part 1) and a description of
the reference simulation (part 2). The idealized approach to the model set-up allows for
straightforward comparison between the output and the estimates from the theoretical
framework (part 3). For the conceptual model, we build upon the one-basin framework
derived by Spall (2011) and use a similar approach but applied to a two-basin marginal
sea rather than a single basin. For reference, the main derivation and assumptions of
Spall (2011) are summarized in section 2.2.2.
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2.2.1. IDEALIZED NUMERICAL MODEL SIMULATION OF THE NORDIC SEAS
An idealized configuration of the Massachusetts Institute of Technology (MIT) general
circulation model is used in this study (Marshall et al., 1997). The aim of the simulations
is to capture the two-basin character of the Nordic Seas; an eddy-rich and warm basin in
the east, a cold basin in the west, a strong front between the eastern and western basin
aligned with a mid-ocean ridge, and the branching of the inflow from the south.

MODEL CONFIGURATION

The model domain consists of a 1000x1400 km2 basin (the bathymetry is shown in Fig-
ure 2.2a). The horizontal grid spacing is 5 km and the model has 33 levels in the verti-
cal with thickness ranging from 20 m in the upper layers to 200 m near the bottom. At
y = 500 km an island is located (representing Iceland), separating the north (‘the Nordic
Seas’) from the south (‘the North Atlantic Ocean’). At this latitude the in- and outflow is
partly obstructed by a sill of 1000m depth (representing the Greenland-Scotland Ridge).
A mid-ocean ridge of 1200m depth (representing the Mohn-Knipovich Ridge) separates
the eastern (Lofoten) basin from the western (Greenland) basin. The slopes of the mid-
ocean ridge, the island and the perimeter of the basin are linear with a factor of 0.012. In
the east, the topographic slope varies from 0.012 to 0.062 to resemble the region of steep
topography near the Lofoten Islands (see contours in Figures 2.2a-b).

A buoyant cyclonic boundary current is forced along the perimeter of the model do-
main by restoring temperature and velocity in a region south of the island (white box
in Figure 2.2a). A short restoring time scale of 2 hours is used. In the restoring region,
temperature is restored to 10 ◦C at the surface, and to constant vertical and meridional
buoyancy gradients of N 2

0 = 4 x 10−6 s−2 and M 2
0 = 1.6 x 10−8 s−2 respectively. Using ther-

mal wind balance and assuming zero flow at the bottom, these values result in a restoring
target of the zonal velocity of 0.4 m s−1 at the surface, reducing linearly to the bottom.
This yields a first baroclinic deformation radius of ∼10 km. The velocity is restored in
order to limit the spin-up time of the simulation.

The transport across the sill is variable and depends on the surface forcing applied
north of the sill. There, the ocean is cooled by restoring the surface temperature toward
a prescribed atmospheric temperature TA , where the resulting heat flux over an area S is
given by

Q =
∫

S
(T −TA)Γd A. (2.1)

Here, Γ is the restoring strength in W m−2 K−1. Note that the heat flux Q is positive when
the ocean is losing heat to the atmosphere. The simulations are run for 60 years after
which equilibrium is reached. Means over the final 5 years of the simulation are used for
the analyses presented in this chapter. Further details on the model configuration can
be found in Spall (2011), who uses a similar configuration without the mid-ocean ridge.

HYDROGRAPHIC AND DYNAMICAL PROPERTIES OF THE REFERENCE SIMULATION

The parameters for the reference simulation are chosen such to show closest resem-
blance to reality. To match the observed heat loss over the Lofoten Basin and the Green-
land Basin, Γ = 16 W m−2 K−1 and TA = 4 ◦C are used. These yield a surface heat loss of 46
W m−2 over the western basin and 70 W m−2 over the eastern basin (NCEP-2 estimates
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give respectively 43 W m−2 and 67 W m−2 for the Greenland and the Lofoten Basin, see
Segtnan et al. (2011)). Note that, just as in observations (Isachsen et al., 2007), the net
buoyancy loss to the atmosphere over the Lofoten Basin is much larger than over the
Greenland Basin. In the numerical simulations the atmospheric temperature TA is uni-
form. Therefore, the temperature of the eastern and western basin differ due to internal
ocean dynamics, not due to a spatial difference in atmospheric buoyancy forcing (in the
remainder of the chapter ‘forcing’ always relates to buoyancy forcing). Simulations with
a non-uniform atmospheric buoyancy forcing are discussed in appendix 2.A.

In the reference simulation, the surface temperature (SST) of the eastern basin is on
average 1.4◦C higher than the western basin (Figure 2.2a and 2.2c). Recall that in the
numerical model, density depends on temperature only. In observations, the tempera-
ture difference between the Lofoten and the Greenland Basins is much larger (∆T=∼6◦C,
Bosse and Fer (2019) and Figure 2.1), but the density difference is for a large part com-
pensated by salinity (∆ρ =∼ 0.30 kg m−3, Piechura and Walczowski, 1995; Bosse and Fer,
2019). Therefore, the density difference, which governs the dynamics along the front, in
the reference simulation (∆ρ =∼ 0.28 kg m−3) is similar to the observations.

The inflow east of the island separates into a current along the eastern boundary
(hereinafter the slope current) and a current along the mid-ocean ridge (hereinafter the
front current, see arrows in Figure 2.2b). The structure of both branches is clearly visible
in the cross-section in Figure 2.2c (green shading at x = 550 km and x = 950 km). The
slope and front current represent the inner and outer branches of the NwAC and display
a gradual cooling in the downstream direction (Figure 2.2a). Both currents are unstable;
the eddy kinetic energy (EKE) shown in Figure 2.2b reveals enhanced eddy activity along
the mid-ocean ridge and near the region where the topography is steep. This region
of steep topography leads to increased instability of the boundary current resulting in
warm-core eddy shedding as observed near the Lofoten Islands (e.g. Poulain et al., 1996;
Spall, 2010; Isachsen et al., 2012). It is this enhanced lateral eddy heat flux in the east that
leads to a warmer Lofoten Basin than Greenland Basin, and therefore a larger surface
heat loss in the east than in the west (see also Spall (2010)).

DEFINITION OF PARAMETERS USED FOR COMPARISON WITH THE CONCEPTUAL MODEL

The idealized model simulations serve as a tool to test the conceptual model described
in section 2.3 for a wide range of parameter settings. To enable comparison between
the numerical simulations and the solutions from the conceptual framework, different
quantities need to be derived. The conceptual model described in section 2.3 provides
estimates for the interior basin temperature in the east (Te ) and in the west (Tw ), for
the temperature of the outflowing watermass (Tout ) and for the volume transport of the
inflow (Ψi n), the slope current (Ψse ) and the front current (Ψ f ).

The interior basin temperature is calculated by taking the depth average of the re-
gions indicated by the boxes in Figure 2.2a. The temperature of the inflowing and out-
flowing watermass is determined by taking the transport-weighted mean of the in- and
outflow at the sill (horizontal lines in Figure 2.2b at y = 500 km). The transport of the
slope current along the eastern boundary (Ψse ) and the front current (Ψ f ) are calculated
at y = 700 km (horizontal dashed line Figure 2.2b). The transport of the slope current
(Ψse ) is given by the northward flow east of x = 950 km in the upper 1000 m (see Figure
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Figure 2.3: Schematic of the conceptual model (a) based on Spall (2011) and extended to a two basin system
(b) without and (c) with a front current; the black vertical line indicates the location of the mid-ocean ridge,
the black horizontal line represents the sill.

2.2c). The front current is meandering and consists of a northward and southward flow-
ing part that is not always clearly distinguishable. Therefore, the transport of the front
current (Ψ f ) is derived by taking the difference between the total transport across the
transect at y = 700 km and the slope current transport.

2.2.2. A CONCEPTUAL MODEL WITH ONE BASIN AND A SINGLE BOUNDARY

CURRENT
In section 2.3 a conceptual model for a two-basin marginal sea will be derived using a
similar approach as the conceptual model described in Spall (2011). The domain used by
Spall (2011) consists of two main regions; the interior and the slope current (hereinafter
the 1basin-framework, schematic Figure 2.3a). Using simple heat balances, solutions
can be found for the interior temperature (T0) and the temperature of the outflowing wa-
termass (Tout ). This section summarizes the various assumptions made in Spall (2011)
and motivates the extension of the initial 1basin-framework to a two-basin marginal sea.

In the 1basin-framework, the slope current flows around the interior in a cyclonic
direction, while losing heat to the atmosphere via surface fluxes and to the interior via
eddy fluxes. The mean flow in the interior, where deep convection takes place, is as-
sumed motionless. There, heat lost to the atmosphere is balanced by the lateral eddy
heat gain from the buoyant slope current:

Q0

ρ0Cp
= 2πRHF, (2.2)

where ρ0 is the reference density (kg m−3), Cp the heat capacity (J kg−1 K−1), R the radius
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Table 2.1: Input parameters for the conceptual model. Values match the numerical reference simulation de-
scribed in section 2.2.1 (except for the frontal eddy coefficients c f e and c f w )

Physical description Symbol Reference value Units
atmospheric temperature TA 4 ◦C
inflow temperature Ti n 9 ◦C
depth of currents H 650 m
width of currents L 50e3 m
basin radius R 450e3 m
thermal expansion coefficient α 0.2 kg m−3 K−1

gravitational acceleration g 9.81 m s−2

reference density ρ0 1028 kg m−3

Coriolis parameter f0 1.2e-4 s−1

eddy coefficient east ce 0.06 -
eddy coefficient west cw 0.004 -
eddy coefficient front to the east c f e 0.06 -
eddy coefficient front to the west c f w 0.004 -
restoring strength Γ 16 W m−2 K−1

heat capacity Cp 3994 J kg−1K−1

of the interior basin (m) and, H the depth of the slope current (m, reference values for
all parameters used in this chapter are provided in table 2.1). For simplicity, the domain
of the marginal sea is assumed to be circular.

The lateral eddy heat flux, F , in equation 2.2 is parameterized. It is assumed to de-
pend on the baroclinic velocity of the slope current (Vs ) and the temperature gradient
between the boundary (Ts ) and the interior (T0), following Blumsack and Gierasch (1972)
and Spall (2004, 2011):

F = u′T ′ = cVs (Ts −T0), (2.3)

where c is the non-dimensional eddy coefficient. The overline refers to the along-flow
mean properties of the slope current. The value of the coefficient c depends on the ra-
tio of the isopycnal slope of the slope current and the topographic slope (Blumsack and
Gierasch, 1972; Spall, 2004). Based on the numerical model topography and the bound-
ary current stratification, c = 0.004 is used for the western basin, where the topographic
slope is constant. The choice of c in the eastern basin is not straightforward, as the
lower growth rate predicted by the modified Eady theory cannot explain the observed
enhanced eddy activity near the steep topographic slope (see discussion in e.g. Trodahl
and Isachsen, 2018). Here, we follow the study of Bracco et al. (2008) who suggested that
a very steep topographic slope can be seen as a vertical wall. Therefore, we assume that
the mean flow in the eastern basin feels a flat bottom, which implies an eddy coefficient
c = 0.06 (Spall, 2004).

Similar to the numerical simulations, the total surface heat loss Q0 (W) is given by:

Q0 = A0Γ(T0 −TA). (2.4)
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Table 2.2: Non-dimensional parameters

Physical description Symbol Equation

atmospheric forcing efficiency µ
Γ f0

αgCp (Ti n−TA)

eddy efficiency ε
cR
L

aspect-ratio δ
H 2

R2

Here, A0 is the area of the interior exposed to the atmosphere (m2).
Next, a heat balance for the slope current is defined. It is assumed that the down-

stream change in heat transport is governed by the surface heat loss to the atmosphere
across the slope current (Qs ) and the lateral eddy heat flux to the interior:

Ψs (Ti n −Tout ) = Qs

ρ0Cp
+2πRHF = Qs

ρ0Cp
+ Q0

ρ0Cp
(2.5)

Qs is defined analogous to equation 2.4, using Ts and As = 2πRL, with L the width of the
slope current (m). The slope current is assumed to be in geostrophic balance, soΨs (m3

s−1) is given by:

Ψs = αg H 2

2ρ0 f0
(Ts −T0) =Vs HL. (2.6)

Here,α is the thermal expansion coefficient (kg m−3 K−1), f0 the Coriolis parameter (s−1)
and g the gravitational acceleration (m s−2). The derivation of the 1basin-framework is
based solely on the description of baroclinic currents as we consider wind forcing only
implicitly (by homogenizing watermasses and maintaining a level of no motion). The
possible impact of the winds on the buoyancy budgets derived in this chapter will be
discussed in section 2.5.

To allow the derivation of an analytical solution for both the temperature of the in-
terior and the temperature of the outflowing watermass (T0 and Tout ), Spall (2011) as-
sumes that the temperature of the slope current (Ts ) is constant and equal to the inflow
temperature (Ti n). Solutions for T0 and Tout can then be found by combining equations
2.2-2.6:

Ti n −T0 = µ

2δε

[
(1+ 4δε

µ
)

1
2 −1

]
(Ti n −TA) (2.7a)

Ti n −Tout = 2πµ

δ

[
Ti n −TA

Ti n −T0
(1+ 2L

R
)−1

]
(Ti n −TA) (2.7b)

Three non-dimensional parameters have been introduced in equation 2.7 (see table
2.2). The parameterµ (hereinafter the atmospheric forcing efficiency) and the parameter
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ε (hereinafter the eddy efficiency) are both a measure of how effectively heat is extracted
from the system, either based on the strength of the air-sea exchange coefficient Γ or on
the eddy coefficient c. Their ratio indicates the dominance of the atmospheric influence
relative to the lateral eddy advection on the resulting interior and outflow temperature.
These parameters are used to investigate what controls the mean hydrography and vol-
ume transport in the marginal sea. In this study, the choice is made to describe the basin
geometry solely by the radius R (instead of by the surface area and perimeter as used in
Spall, 2011). Therefore, equation 2.7 and the non-dimensional parameters are slightly
different. Moreover, an additional ’aspect-ratio’ parameter δ is introduced.

The solutions provided by equation 2.7 are however identical to those provided by
the equations derived in Spall (2011) (his equations 8 and 17) and the response of the
dynamics of this marginal sea to changes in the atmospheric forcing or eddy fluxes (by
changing µ or ε) are discussed in detail by Spall (2011). One of the key implications of
the 1basin-framework is that the sensitivity of the marginal sea to atmospheric forcing
depends on the relative strength of the eddy fluxes compared to the surface fluxes. For
example, the Lofoten Basin (hereinafter the eastern basin) is characterized by a large
eddy heat flux from the boundary to the interior due to the increased instability of the
slope current near the Lofoten Islands. This basin, as discussed by Spall (2011), is typi-
cally in an eddy-dominated regime (µ/ε¿ 1), meaning that the basin is characterized by
very efficient lateral heat transport to compensate for the surface heat loss. In contrast,
in the Greenland Basin (hereinafter the western basin) the lateral heat transport from
the boundary to the interior is less strong (c is small).

As a consequence, the interior basin temperature (T0) is more sensitive to changes
in atmospheric forcing in the western basin (blue line in Figure 2.4) than in the eastern
basin (red line in Figure 2.4). The following section will extend the 1basin-framework
to a two-basin marginal sea that combines the eddy-dominated eastern basin and the
atmosphere-dominated western basin.

2.3. CONCEPTUAL MODEL FOR A TWO-BASIN MARGINAL SEA
A stepwise approach is taken to extend the 1basin-framework (equation 2.7) to a 2basin-
framework. As a first step, the eastern and western basin are treated as two separate
basins (schematic Figure 2.3b), where the outflow of the eastern basin is connected to
the inflow of the western basin. Results of this approach are discussed in section 2.3.1.
Section 2.3.2 further extends the framework by adding a front current and by allowing a
gradual cooling of the slope and front current in the downstream direction (schematic
Figure 2.3c).

2.3.1. A TWO-BASIN APPROACH WITHOUT A FRONTAL CURRENT

As a first step towards a conceptual model for a two-basin marginal sea, the set of solu-
tions given by the 1basin-framework is applied twice; once for a basin applying a large
eddy coefficient (the eastern basin) and once for a basin applying a small eddy coeffi-
cient (the western basin). The temperature of the outflow from the eastern basin is then
simply used as the inflow temperature for the western basin (representing the recirculat-
ing Atlantic Water). This set-up, the 2basin_simple-framework, is schematized in Figure
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Figure 2.4: The interior basin temperature T0 as a function of the non-dimensional parameter µ for a basin
with a large eddy coefficient (c = 0.06, red line) and for a basin with a small eddy coefficient (c = 0.004, blue
line) using the 1basin-framework. Input parameters used for the calculation are given in table 2.1. The ver-
tical dashed line indicates the value of the non-dimensional parameter µ that corresponds to the reference
model simulation. Values of c used for the eastern basin and for the western basin are estimated based on the
steepeness of the slope in these basins in the numerical simulations.
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2.3b. Following this approach, the solutions for the interior temperature in the east (Te )
and west (Tw ) and for the flow from the east into the west (T?

i n) and out of the western
basin (Tout ) are given by equation 2.8:

For the eastern basin:

Ti n −Te = µ

2δεe
[(1+ 4δεe

µ
)

1
2 −1](Ti n −TA) (2.8a)

Ti n −T?
i n = πµ

δ
[

Ti n −TA

Ti n −Te
(1+ 2L

R
)−1](Ti n −TA) (2.8b)

and for the western basin:

T?
i n −Tw = µ

2δεw
[(1+ T?

i n −TA

Ti n −TA

4δεw

µ
)

1
2 −1](Ti n −TA) (2.8c)

T?
i n −Tout = πµ

δ
[

T?
i n −TA

T?
i n −Tw

(1+ 2L

R
)−1](Ti n −TA) (2.8d)

Note that Ti n is now the temperature of the slope current in the east (equal to Ts ).
Instead of Tout as used in equation 2.7, T?

i n is the temperature of the outflow from the
eastern basin (equation 2.8b) and at the same time the temperature of the boundary
current in the west (Figure 2.3b). Therefore, in equations 2.8c-d, Ti n from equation 2.7 is
replaced by T?

i n . As the µ-parameter also depends on Ti n (table 2.2), an additional term
(T?

i n −TA)/(Ti n −TA) appears in equation 2.8c.
The subscript of the ε-parameter in equation 2.8 indicates whether the eddy coef-

ficient of the eastern or the western basin is used (ce or cw ). Using the 2basin_simple-
framework, most combinations of ce and cw result in an eastern basin that is warmer
than the western basin (brown shading in Figure 2.5a). This is because the slope current
in the east is always warmer than the slope current in the west (Ti n > T?

i n). Therefore,
even for equal eddy coefficients (Figure 2.5c), the lateral heat flux from the boundary to
the interior is larger in the eastern basin.

Increasing ce leads to an increase in the temperature difference between east and
west. This is not only because the interior basin temperature in the east, Te , increases,
but also because the interior basin temperature in the west, Tw , decreases. The tem-
perature change in the eastern basin is as expected, as the lateral eddy heat flux from
the boundary current into the eastern basin increases. Since the eastern slope current
has lost more heat to the interior, the slope current of the western basin will be colder
and therefore the lateral heat exchange with the western basin interior reduces. So, the
eddy efficiency in the eastern basin not only affects the eastern basin interior tempera-
ture, but also the interior temperature of the downstream basin. This conclusion does
not hold for changes in cw , as in the 2basin_simple-framework cw can only impact the
western basin interior and the temperature of the outflow.

The sensitivity of the outflow temperature to the eddy coefficients is as expected;
for large c, the boundary current loses more heat, and the temperature of the outflow
reduces (upper right corner Figure 2.5b). The 2basin_simple-framework estimates a
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Figure 2.5: Non-dimensional temperature difference between (a) the eastern and western basin and (b)
the outflow and inflow as a function of the eddy coefficient in the east (ce ) and in the west (cw ) for the
2basin_simple- framework. In (b) red shading indicates a warm outflow and blue shading indicates a cold
outflow. (c) The temperature of the eastern basin interior (red line), the western basin interior (blue line) and
the ouflow (black line) as a function of the eddy coefficient (c = cw = ce ) for the 2basin_simple-framework. The
dashed lines show the solutions from the 1basin-framework.

warmer outflowing watermass than the 1basin-framework (compare solid and dashed
black lines Figure 2.5c). The reason is that due to the lack of a second basin in the
1basin-framework, the slope current retains a constant temperature everywhere (sim-
ilar to Ti n = T?

i n). Therefore, more heat is lost to the interior in the 1basin-framework,
which results in a colder outflow compared to the 2basin_simple-framework.

2.3.2. A TWO-BASIN APPROACH WITH A FRONTAL CURRENT

The 2basin_simple-framework, using two separate basins representing the Lofoten Basin
and the Greenland Basin, already indicates that the dynamics in the upstream basin in-
fluence the dynamics in the downstream basin. However, there are two important fea-
tures that are missing in this simple approach. First, in the Nordic Seas there are two
pathways for northward heat transport: the slope current along the continental margin
and the front current along the mid-ocean ridge. Therefore, not only the slope current,
but also the front current can exchange heat with the interior via lateral eddy heat fluxes.
Furthermore, the conceptual models described so far assume that the slope current re-
tains a constant temperature. As seen in Figure 2.2a, this is not an appropiate assump-
tion; much of the heat is already lost before the slope current enters the western side
of the basin. This section will implement these components by introducing a front cur-
rent and a gradual cooling of both the slope current and the front current. This way,
the 2basin_full-framework is derived that provides valuable insight in the dynamics of
a two-basin marginal sea like the Nordic Seas. A schematic of this system is shown in
Figure 2.3c.

Using similar heat balances as described in section 2.2.2, a set of 6 equations is de-
rived that can be solved for the interior temperature of the eastern and western basin
(Te and Tw ), the temperature of the front current (T f ), the temperature of the boundary
current in the east (Tse ), the temperature of the boundary current in the west (Tsw ) and
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the temperature of the outflowing watermass (Tout , see Figure 2.3c for locations). The
set of equations only has solutions for Te > Tw , which is the case in the Nordic Seas.

In the interior of the basins, the heat lost to the atmosphere is now balanced by the
heat gained by lateral heat fluxes not only from the boundary current, but also from the
frontal current (analogous to equation 2.2):

Qe

ρ0Cp
=πRHFse +2RHF f e (2.9a)

Qw

ρ0Cp
=πRHFsw +2RHF f w (2.9b)

The subscripts either refer to the slope current along the eastern boundary (se), the slope
current along the western boundary (sw) or the front current( f ). Two new free parame-
ters, the frontal eddy coefficients, are introduced as the front current can exchange heat
in two directions; to the east (subscript f e) and to the west (subscript f w). As we are
interested in the strength of the heat flux from the front current, rather than in the un-
derlying dynamics of the instability of a front along a mid-ocean ridge, we choose the
frontal eddy coefficients (c f e and c f w ) such to find closest agreement with the interior
basin temperatures given by the numerical simulations (see table 2.1). Sensitivity of the
results to changes in the frontal eddy coefficients is discussed at the end of this section.

In addition to equation 2.9 for the interior basin temperatures, three equations for
the heat balance are derived for the eastern slope current, the western slope current and
the frontal current respectively (analogous to equation 2.5):

Ψse (Ti n −Tse ) = Qse

ρCp
+πRHFse (2.10a)

Ψsw (Tsw −Tout ) = Qsw

ρCp
+πRHFsw (2.10b)

Ψ f (Ti n −T f ) = Q f

ρCp
+2RHFse +2RHF f w (2.10c)

To close the set of equations, conservation of mass and heat is applied in the north-
ernmost point, where the slope current and frontal current merge:

Ψi n =Ψout =Ψsw =Ψse +Ψ f (2.11a)

Ψse Tse +Ψ f T f =Ψsw Tsw (2.11b)

For the 2basin_full-framework we assume that the slope current and the front current
have equal width L (see discussion section 2.5) and we again assume that both currents
are in thermal wind balance with zero velocity at a given depth H:

Ψse = αg H 2

2ρ0 f0
(Ti n −Te ) (2.12a)

Ψ f =
αg H 2

2ρ0 f0
((T f −Tw )− (T f −Te )) = αg H 2

2ρ0 f0
(Te −Tw ) (2.12b)
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Combining equations 2.9-2.12, substituting equations for the heat flux to the atmo-
sphere, the eddy parameterization (equations 2.4 and 2.3 respectively) and the non-
dimensional parameters (table 2.2), six equations are derived for the interior temper-
ature in the eastern and western basin (Te and Tw ), the final temperature of the currents
(Tse , T f and Tout ) and the starting temperature of the western boundary current (Tsw ).
The resulting set of equations for the 2basin_full are given by equation 2.13. In these
equations, the overline refers to the along-flow mean temperature of the flow.

equation for Te :

Te −TA = εeδ

µ(Ti n −TA)
(Ti n −Te )(Tse −Te )+ 2ε f eδ

πµ(Ti n −TA)
(T f −Te )2 (2.13a)

equation for Tw :

Tw −TA = εwδ

µ(Ti n −TA)
(Ti n −Tw )(Tsw −Tw )+ 2ε f wδ

πµ(Ti n −TA)
(T f −Tw )2 (2.13b)

equation for Tse :

Ti n −Tse = πµ

δ

(Ti n −TA)(Tse −TA)

(Ti n −Te )

2L

R
+πεe (Tse −Te ) (2.13c)

equation for Tout :

Tsw −Tout = πµ

δ

(Ti n −TA)(Tsw −TA)

(Ti n −Tw )

2L

R
+πεw (Tsw −Tw ) (2.13d)

equation for T f :

Ti n −T f =
2µ

δ

(Ti n −TA)(T f −TA)

(Te −Tw )

2L

R
+2ε f e

(T f −Te )2

Te −Tw
+2ε f w

(T f −Tw )2

Te −Tw
(2.13e)

equation for Tsw :

(Ti n −Te )(Tse −Tsw ) = (Te −Tw )(Tsw −T f ) (2.13f)

The first two equations provide estimates for the eastern and western interior basin tem-
perature. Just as for the 1basin- and 2basin_simple-frameworks, the interior basin tem-
perature depends on the ratio µ/ε. However, the resulting temperature does not only
depend on the relative importance of the atmosphere and the lateral eddy heat flux from
the boundary current (first term on the right hand side of equations 2.13a-b) but also
on the ratio of the atmospheric forcing efficiency and the eddy heat flux from the front
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current (second term on the right hand side of equations 2.13a-b). Equations 2.13c-e
provide estimates for the slope currents and front current, where the first term on the
right hand side indicates the temperature change due to heat loss to the atmosphere
and the second (and third, equation 2.13e) represent the temperature change due to the
lateral eddy heat flux.

Some insight into the 2basin_full-framework is obtained by investigating the limits
of µ/ε, but keeping in mind that there are now four different eddy efficiency parameters;
εe , εw , ε f e and ε f w . We consider the case where the eddy coefficients from the front
are very small, and the eddy coefficients from the eastern and western boundary current
are equal. In case the atmospheric forcing is relatively strong (µ/εÀ 1), both Te and Tw

approach the temperature of the atmosphere (equations 2.13a-b). As a result, the tem-
perature difference between east and west becomes very small, which means that the
front current transport is weak (equation 2.12b). Following equation 2.13f (the conser-
vation of heat in the northernmost point) the end temperature of the slope current in
the east, Tse will approach the starting temperature of the slope current in the west, Tsw .
Therefore, under these circumstances the 2basin_full-framework reduces to the 1basin-
framework, but now including a linear change of the boundary current temperature.

The sensitivity changes when the system is in a weaker atmospheric forcing regime
(µ/ε¿ 1). Still considering the case where ce = cw (and c f e = c f w = 0), the interior basin
temperature now mainly depends on the difference in temperature between the slope
current and the interior in these basins (equations 2.13a-b). As the boundary current in
the east is warmer than in the west, just as for the 2basin_simple-framework, the lateral
heat flux from the eastern boundary into the eastern interior basin will be larger than
in the west, even for equal eddy coefficients. However, comparison of the results from
the 2basin_full-framework and the 2basin_simple-framework (Figure 2.6) shows a large
disagreement between the estimated temperatures, even if c f e = c f w = 0 (compare solid
and dashed lines). Particularly the estimated western basin interior temperature and
the temperature of the outflow are lower (∆T > 1◦C) in the 2basin_simple-framework
compared to the 2basin_full-framework (gray and blue lines in Figure 2.6). There are
two reasons for this difference.

First, in the 2basin_full-framework, the boundary currents and the front current change
their temperature linearly in the downstream direction, whereas in the 2basin_simple-
framework these are equal to their upstream values and hence warmer. Therefore, the
heat lost to the atmosphere via surface fluxes and the heat lost to the interior via the
lateral eddy heat fluxes are much larger in the 2basin_simple-framework than in the
2basin_full-framework, leading to lower estimates for the temperature of the outflow.
Second, in the 2basin_full-framework the temperature at the upstream end of the bound-
ary current in the west (Tsw ) does not only depend on the downstream temperature of
the boundary current in the east (Tse ), but also on the downstream temperature of the
front current (T f ). Especially for small frontal eddy coefficients this leads to a larger Tsw ,
as the front current heat loss is minimal. Additionally, when the frontal eddy coefficients
are non-zero, the lateral eddy heat flux to the interior of the western basin comes not
only from the boundary current in the west (like in the basin_simple-framework), but
also from the front current. This leads to an even larger discrepancy between the esti-
mated western basin interior temperatures (blue lines Figure 2.6).
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Figure 2.6: Temperature of the eastern interior (Te ), the western interior (Tw ) and the outflowing water-
mass (Tout ) as a function of the frontal eddy coefficient for the 2basin_full-framework (solid lines) and the
2basin_simple-framework (dashed lines). The c f e and c f w parameter are equal and represented by c f ? for
this calculation.
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Table 2.3: Key parameters of the numerical model sensitivity analysis

Run Γ (W m−2◦C−1) µ (x10−8) symbol
1 4 1.2 square
2 8 2.5 square
3 16 4.9 star
4 32 9.8 square
5 64 19.6 square
6 128 39.2 square
7 256 78.4 square

In the 2basin_full-framework, the western basin interior (blue line) is more sensitive
to changes in c f than the eastern basin interior (red line), as the temperature differ-
ence between the front current and the western basin interior is always larger than the
temperature gradient between the front and the eastern basin interior. However, over-
all the temperatures of the interior basins and the outflow seem relatively insensitive to
changes in c f (especially for c f > 0.01).

Results from the 2basin_full-framework show that the implementation of a gradual
downstream cooling of the slope current and front current is at least as important for
the estimated temperatures as the implementation of the frontal dynamics. The next
section will show that, as a result of these implementations, the 2basin_full-framework
is able to capture the dynamics of the numerical two-basin simulations better than the
2basin_simple-framework.

2.4. SENSITIVITY TO ATMOSPHERIC BUOYANCY FORCING
As discussed in section 2.2.2, the Lofoten Basin is less sensitive to changes in atmo-
spheric forcing than the Greenland Basin due to the different eddy fluxes from the bound-
ary current. In the 2basin_full-framework these two basins are connected via the slope
current and via the front current. Therefore, the response of the whole system to changes
in atmospheric forcing is expected to be not only non-uniform, but also non-linear.

To test this hypothesis, the solutions from the 1basin-framework, the 2basin_simple-
framework and the 2basin_full-framework are compared to the numerical simulations
described in section 2.2.1 for different values of the non-dimensional parameter µ (the
measure of the atmospheric forcing efficiency). In the numerical simulations, the pa-
rameter µ is varied by changing the restoring strength, Γ (see table 2.3 run 1-7). We
choose to change Γ and not TA , as changes in TA only affect the range of possible so-
lutions (TA < T < Ti n), whereas changes in Γ provide insight into what controls the dy-
namics in the marginal sea. Sensitivity studies to a change in TA have been performed,
but did not lead to different insights than discussed in this section (see appendix 2.A).

The numerical simulations, the 2basin_full- and the 2basin_simple-frameworks all
show, in contrast with the 1basin-framework, that the temperature change of the two-
basin marginal sea is non-uniform when a uniform change in atmospheric forcing is
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Figure 2.7: (a) Mean temperature difference between the eastern and western basins, (b) the temperature of
the outflowing watermass and (c) the total heat loss to the atmosphere as a function of the non-dimensional
parameter µ. The temperatures and heat flux shown are diagnosed from the 2basin_full-framework (solid
lines), from the 2basin_simple-framework (dashed lines), and from the numerical simulations (orange mark-
ers). Solutions from the 1basin-framework using either the value of ce or cw are shown as well (dotted lines).
The star indicates the reference simulation. Note that the horizontal axis is logarithmic.

applied (expressed by the non-dimensional parameter µ, Figure 2.7a). The tempera-
ture difference between the eastern and western basin interior displays a maximum for
µ ∼ 2x10−7 for both the 2basin_full-framework (solid line in Figure 2.7a) and the simu-
lations (squares in Figure 2.7a). Small values of µ imply a minimal atmospheric cooling
(Figure 2.7c), so both the eastern and western basins remain warm and the tempera-
ture gradient is therefore small (Figure 2.7a). For large values of µ, both basins will cool
toward the prescribed atmospheric temperature TA . Therefore, for strong atmospheric
forcing, the temperature gradient between east and west will be small as well. A more re-
alistic case lies between these two limits (like the reference simulation, which is denoted
by a star symbol in Figure 2.7a), where the temperature decrease in the western basin
is larger than in the eastern basin (Figure 2.4), due to the combined effect of a colder
boundary current in the west and a weaker eddy flux from the boundary to the western
basin interior.

Qualitatively, the dependence of the estimated temperatures on the change in at-
mospheric forcing is quite similar for the 2basin_full-framework and the 2basin_simple-
framework (Figure 2.7a-c). However, the 2basin_full-framework shows much better agree-
ment with the numerical simulations. Again, the 2basin_simple-framework underesti-
mates the temperature of the western basin (explaining the much larger temperature
difference found in Figure 2.7a), the temperature of the outflow and the total heat loss
to the atmosphere (dashed lines in Figure 2.7b and 2.7c). As discussed in section 2.3.2,
this is because the equations describing the 2basin_simple-framework neither incorpo-
rate the eddy heat flux from the front current into the western basin interior, nor the
downstream cooling of the boundary currents. The 1basin-framework can only provide
solutions for a basin with a constant eddy coefficient and no single choice for ce or cw

can approach the results from the numerical simulations; where the estimated tempera-
ture of the outflow using cw is rather well captured, using the same eddy coefficient, the
sensitivity of the total heat loss to changes in atmospheric forcing is strongly underesti-
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eastern slope current (Ψse ) and (c) the front current (Ψ f ).

mated (dotted lines Figure 2.7b-c).

The non-linear response of the temperature gradient between the eastern and west-
ern basins to changes in atmospheric forcing seen in Figure 2.7a has implications for the
dynamics in the two-basin marginal sea. In the 2basin_full-framework, the heat balance
derived for each current implies that the total heat transported into the marginal sea
is equal to the total amount of heat lost to the atmosphere (equation 2.10). Since Ti n is
kept constant, the inflow (Ψi n) increases when the atmospheric forcing is stronger (solid
line in Figure 2.8a). The results from the numerical simulations corroborate this relation
between the heat loss and the inflow (squares in Figure 2.8a).

In the 2basin_full-framework the inflow separates in the front current and the slope
current along the eastern boundary (see equation 2.11). Furthermore, the strength of the
front current is set by the temperature difference between the eastern and western basin
(see equation 2.12). Therefore, the volume transports along the front current (Ψ f ) and
along the slope current in the east (Ψse ) are co-dependent, both on the total heat loss
to the atmosphere and on the temperature gradient between the eastern and western
basins (solid lines in Figure 2.8b and 2.8c). This provides a dynamical explanation for the
observed anticorrelation between the Atlantic Water transport along the front current
and the slope current (see also appendix 2.A).

The magnitude of the volume transport for the slope current and the front current
diagnosed from the numerical simulations and its response to changes in atmospheric
forcing are captured well by the 2basin_full-framework (compare squares and solid lines
in Figure 2.8b and 2.8c). This indicates that the dynamics in the numerical simulations
match the assumptions made in the conceptual model. However, for small values of
µ the numerical simulations predict larger volume transports of the slope current (Fig-
ure 2.8b). One possible explanation for this discrepancy is the artificial restoring region
in the numerical simulations, where not only temperature, but also the velocity is pre-
scribed. Therefore, the numerical simulations might overestimate the volume transport
into the marginal sea for relatively weak atmospheric forcing. This prescribed veloc-
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ity also impacts the temperatures of the interior basins and the outflow, which are all
slightly warmer than the 2basin_full-framework predicts for weak atmospheric forcing
(Figures 2.7a-b). However, the only forcing mechanism in the conceptual model is the
pull of warm water into the Nordic Seas from heat loss to the atmosphere as assumed
in e.g. Spall (2011). So, the conceptual model could also underestimate the transport
of the inflow, as for example the role of wind forcing is neglected (see e.g. Orvik and Sk-
agseth, 2005; Sandø and Furevik, 2008). The overestimation of the volume transport in
the numerical simulations could then be interpreted as a minimal inflow transport from
a wind-driven circulation.

So far, we have shown that a two-basin approach leads to a non-linear response of
the marginal sea to changes in atmospheric forcing. The temperature gradient between
the eastern and western basins (and as such the strength of the front current) can either
increase or decrease for the same change in µ depending on whether the atmospheric
forcing is strong or weak (Figure 2.7a and Figure 2.8c). To be able to predict which re-
sponse can be expected, some insight in the dependence of µmax (µ for which the max-
imum temperature gradient is found) on the eddy coefficients is required.

The 2basin_full-framework predicts a similar sensitivity of the temperature differ-
ence to the eddy coefficients as discussed in section 2.2.2 (Figure 2.5) for the 2basin_simple-
framework; increasing the eddy coefficient in the east (west) leads to a larger (smaller)
temperature difference between the two basins. Figure 2.9, however, also shows that the
maximum of the temperature difference is found for larger values of µ (stronger atmo-
spheric forcing) when the eddy coefficients increase. Due to the complexity of equation
2.13, it is not possible to find an analytical solution for µmax and ∆Tmax that describes
the dependence of the maximum of the temperature gradient between the eastern and
western interior basins on the eddy coefficients ce and cw . However, investigation of
the maxima shows that for a linear increase in either ce or cw an exponential increase in
µmax is needed to reach a maximum in the temperature gradient (not shown).

In summary, these results show that the 2basin_full-framework captures the dynam-
ics of the idealized model simulations by providing good estimates for both the temper-
ature of the different watermasses in the marginal sea and for the transport estimates
of the inflow, the front current and the slope current along the eastern boundary. Fur-
thermore, analysis of the sensitivity of the marginal sea dynamics to changes in atmo-
spheric forcing has shown that the two-basin approach leads to a non-linear response
of the temperature gradient between the eastern and western interior basins. As a con-
sequence, changes in transport along the front current depend not only on the eddy
efficiency near the eastern and western boundaries, but also on the strength of the at-
mospheric forcing.

2.5. DISCUSSION AND CONCLUSIONS
In this study, we have proposed a dynamical system of a two-basin marginal sea subject
to buoyancy loss that better addresses the complexity of the Nordic Seas compared to
previous one-basin studies described by e.g. Iovino et al. (2008) and Spall (2011). The
conceptual model (the 2basin_full-framework) shows good agreement with idealized
numerical simulations for a wide range in atmospheric forcing, implying that the physics
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Figure 2.9: Temperature difference between the eastern and western basins as a function of the non-
dimensional parameter µ (atmospheric forcing efficiency) for different values of the eddy efficiency param-
eters ce (orange curves) and cw (green curves). The dashed lines trace the maximum of the temperature dif-
ference curve, where the arrow indicates an increase in ce (keeping cw constant, orange dashed line) and an
increase in cw (keeping ce constant, dashed green line). Note that the horizontal axis is logarithmic.

of the conceptual model is relevant for a marginal sea like the Nordic Seas (Figures 2.7
and 2.8). To capture the hydrographic and dynamical differences of the Lofoten and the
Greenland Basins, a two-basin geometry is essential. Additionally, we have shown that a
simple extension of the one-basin conceptual framework described in Spall (2011) (the
2basin_simple-framework, section 2.3.1) is not sufficient to capture the interactions be-
tween the two basins. Instead, to ensure a good comparison with the numerical two-
basin marginal sea simulations, the inclusion of a front current and a downstream cool-
ing of both the slope current and the front current is required (section 2.3.2 and Figures
2.7 and 2.8). Doing so, the 2basin_full-framework has elucidated the importance of the
mid-ocean ridge for separating two dynamically different regions and the essential role
of the front current in governing the heat and volume budget of the Nordic Seas.

The 2basin_full-framework provides estimates for the interior basin temperature of
the Lofoten and Greenland Basins, the temperature of the outflow and the transport
of the inflow, slope current and front current. The dynamics of the marginal sea are
mainly controlled by the eddy fluxes from the slope current and front current and the
strength of the atmospheric forcing, similar to Spall (2011). The extension from the
1basin-framework to the 2basin_simple-framework has shown that the sensitivity of the
downstream (western) basin to changes in atmospheric forcing depends on the proper-
ties of the upstream (eastern) basin (Figure 2.5). Due to the addition of the front current
in the 2basin_full-framework, the upstream (eastern) basin is also sensitive to the prop-
erties of the downstream (western) basin, as the frontal strength and therefore the lateral
eddy heat flux from the front depends on the temperature of both basins (Figure 2.9).
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The Lofoten Basin shows a weaker sensitivity to changes in the atmosphere than the
Greenland Basin due to the enhanced eddy activity in the east (Figure 2.4). As the Lo-
foten Basin and the Greenland Basin are connected via the slope current and front cur-
rent, both the numerical two-basin simulations and the 2basin_full-framework show a
non-uniform and non-linear response to changes in atmospheric forcing. As a result,
the temperature gradient between east and west can either increase or decrease when
the atmospheric forcing weakens, depending on the strength of the atmospheric forc-
ing before the weakening starts (Figure 2.7a), and on the eddy coefficients of the eastern
and western basins (Figure 2.9). In case of the present day Nordic Seas, based on the
reference simulation (indicated by the star in Figures 2.7a and 2.8c) and the conceptual
model, one would expect a decrease in the density gradient across the mid-ocean ridge
and a weakening of the baroclinic component of the outer branch of the NwAC when the
atmospheric forcing weakens.

The front current strength is of similar magnitude compared to the slope current
in both the conceptual model and the numerical simulations. This is in agreement with
recent observations of the front current from glider measurements (Bosse and Fer, 2019).
However, it is important to note that the characteristics of the slope and front current in
the conceptual model are idealized in order to keep the number of free parameters at a
minimum.

First of all, the derivation of the theoretical framework is based on only baroclinic
currents. Observations have indicated that both the slope current and the front current
have a substantial barotropic component (e.g. Orvik et al., 2001; Bosse and Fer, 2019)
and this could influence the derived heat budget in various ways. If the barotropic com-
ponent would be included, the currents will likely be faster. As a result, the residence
time in the mean flow is shorter and the subsequent temperature change due to direct
heat loss to the atmosphere will be less. Furthermore, the barotropic component might
induce other types of flow instabilities. It is however difficult to include a parameteriza-
tion for those heat flux mechanisms in the conceptual model. Therefore, the sensitivity
of the two-basin marginal sea to changes in the surface buoyancy forcing presented in
this study should be interpreted as an upper limit, due to the omission of the barotropic
component.

Second, in the 2basin_full-framework, the depth and width of the slope current and
front current are chosen to be equal. The transect shown in Figure 2.2c indicates that the
front current is much deeper than the slope current in this simulation. Regarding obser-
vations, a level of no motion is often not found, due to the strong barotropic character
of the currents (e.g. Orvik et al., 2001; Bosse and Fer, 2019). However, based on previous
idealized model studies (e.g. Iovino et al., 2008) it is likely that the depth of the baro-
clinic component is related to the depth of the topographic sill (the Greenland-Scotland
Ridge), which corroborates our choice for a constant depth. The width of the slope cur-
rent and the width of the front current are likely to vary in reality. Although we chose
to constrain the depth, width and baroclinic character of the slope and front currents in
the conceptual model, the estimated temperatures compare well to the numerical sim-
ulations (Figure 2.7), where these characteristics are clearly not set nor constant.

The conceptual model discussed in this chapter represents a highly idealized repre-
sentation of the Nordic Seas, as the main aim of this study was to investigate the sen-
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sitivity of a two-basin marginal sea in comparison to the more common one-basin de-
scription. However, there are several components that could benefit from further inves-
tigation in order to better understand and predict the sensitivity of the Nordic Seas to
changes in atmospheric forcing. First, in the 2basin_full-framework the only exchange
between the eastern and western basins is via the slope current. Spall (2010) has shown
that there is also a possible heat exchange between the interior of the Lofoten and Green-
land basins as a result of the frontal current instability that impacts the stratification of
the Lofoten Basin (see also appendix 2.A). Better understanding of what controls this
exchange is needed to appropriately integrate this mechanism in our conceptual frame-
work.

Furthermore, our conceptual model focuses on the role of temperature regarding at-
mospheric forcing and ocean dynamics. Salinity variations (or fresh water fluxes) can
play an important role for e.g. the strength of the density gradient between the Lofoten
and Greenland Basins, the dense water formation in the interior (e.g. Rossby et al., 2009b;
Brakstad et al., 2019), the atmospheric buoyancy forcing and slope current dynamics due
to river run-off (Lambert et al., 2018). Spall (2012) has investigated the role of precipita-
tion in a one-basin marginal sea and shows that abrupt transitions are possible due to a
shut down of convection. Furthermore, in both the theoretical framework and the ideal-
ized model simulations a linear equation of state is used with a constant thermal expan-
sion coefficient, which is not necessarily appropriate for the Nordic Seas where tempera-
ture differences are large (e.g. Mork and Skagseth, 2005). Also the wind-driven dynamics
of the real system are likely to play an important role for the variability of the processes
discussed in this chapter. All these processes might be important, but the main focus
of this chapter was to design a conceptual model to outline the importance of the two-
basin character of the Nordic Seas. Extending the two-basin conceptual framework to
include some of these processes could enhance its predictive value.

In summary, this study has shown that a one-basin approach is not suitable to in-
vestigate the response of a marginal sea like the Nordic Seas to changes in atmospheric
buoyancy forcing. Instead, the results from the two-basin conceptual framework indi-
cate that the dynamics of the eastern basin are linked to the dynamics in the western
basin and that the response of the two basins combined is non-linear. Therefore, for
full understanding of observed changes in either the Lofoten or the Greenland Basin,
both basins need to be considered. Furthermore, the conceptual model developed in
our study shows that the presence of the ridge and the front current amplify the sensitiv-
ity of the Nordic Seas to changes in atmospheric buoyancy forcing (Figure 2.6), both by
increasing the net heat loss to the atmosphere (Figure 2.7c) and by controlling the trans-
port through the Nordic Seas (Figure 2.8). Further studies and observations of the front
current dynamics are therefore important to better understand its role for the formation
and export of dense watermasses from the Nordic Seas.
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Appendix

2.A. SENSITIVITY TO NON-UNIFORM ATMOSPHERIC FORCING
In chapter 2 both the conceptual model and the idealized model simulations revealed
the response of a two-basin marginal sea to uniform changes in the atmospheric buoy-
ancy forcing. In this appendix, a short discussion is added on the response of the two-
basin marginal sea to a non-uniform change in the atmospheric forcing by changing the
atmospheric temperature over the western basin only. Our main goal is to investigate
whether the conclusions drawn in chapter 2 regarding the changes in hydrography and
circulation still hold.

METHOD
The same model configuration is used as described in section 2.2.1. However, instead
of changing the restoring strength Γ as done in section 2.4, a non-uniform atmospheric
buoyancy forcing is applied by keeping the prescribed atmospheric temperature, TA ,
constant over the eastern basin (TA = 4◦) and by changing TA over the western basin (to
respectively 3◦C, west3, 3.5◦C, west3.5, 4.5◦C, west4.5, and 5◦C, west5). These simula-
tions result in an asymmetric surface heat flux, where the west-east temperature gradi-
ent increases when the western basin receives a stronger cooling (and vice versa). The
simulations are run to equilibrium and means over the final 5 years are used to analyze
the temperature and velocity fields.

RESULTS
The non-uniform changes in the surface forcing affect the interior basin temperature as
expected: the sea surface temperature (SST) in the western basin decreases when the
atmospheric temperature decreases (stronger restoring) and vice versa (dashed temper-
ature profiles in Figure 2.10). The restoring across the eastern basin was not altered be-
tween the simulations and as a result, the mean SST across the eastern basin does not
change (see solid temperature profiles in Figure 2.10). However, the stratification in the
eastern basin and the spatial pattern of the temperature at the sea surface in the east do
appear to be sensitive to the changes in the surface forcing across the western basin.

The stratification in the eastern basin is stronger in the cold scenarios (see steeper
thermocline in Figure 2.10). In the idealized model simulations of Spall (2010), a similar
response was seen when changing the slope of the mid-ocean ridge (instead of chang-
ing the atmospheric forcing as done here). The slope has a stabilizing effect on the front
current which reduces the baroclinic instability. As a result, Spall (2010) showed that the
eddy mass transport across the ridge weakened and the strength of the thermocline in
the east decreased. Furthermore, Spall (2010) discussed that the depth of the thermo-
cline is set by the depth of the sill in the south and of the mid-ocean ridge. This is in line
with the results of our simulations; the depth of the thermocline is constant and does not
depend on the strength of the atmospheric cooling. So the increase in the eastern basin
stratification in the colder scenarios is most likely a result of the increased density gra-
dient between the two basins and therefore the stronger exchange across the mid-ocean
ridge that transports a colder watermass from the west to the east below the thermocline.
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Figure 2.10: Mean temperature profile in the eastern basin (solid lines) and the western basin (dashed lines) for
each simulation. The mean is calculated from 700-1200 km in the meridional direction and from 100-400km
(600-900km) in the zonal direction for the western (eastern) basin.

At the surface of the eastern basin, the SST response to changes in atmospheric forc-
ing shows a dipole pattern (Figure 2.11). For colder scenarios than the reference sim-
ulation, the northern part of the eastern basin cools, whereas the southern part of the
eastern basin warms (shading in Figure 2.11a-b). In the warmer scenarios, the opposite
is seen (Figure 2.11c-d).

This SST anomaly in the eastern basin can be explained by the changes in the surface
eddy kinetic energy (EKE), as shown in Figure 2.11 by red (increased EKE) and blue (de-
creased EKE) contours. The region along the mid-ocean ridge shows an increase in EKE
for the colder scenarios and a decrease in EKE for the warmer scenarios (red and blue
contours at x = 500 km in Figure 2.11a-d). In contrast, near the steep slope of the eastern
basin (near y = 1100 km), the surface EKE decreases in the colder scenarios and increases
in the warmer scenarios. Since the eddies transport heat from the warm boundary cur-
rent to the interior of the eastern basin, it is not surprising that the SST response shows
such a strong correlation with the increased/decreased EKE pattern.

The changes in the EKE pattern are related to the strength of the slope current and the
front current. Recall that the inflowing water east of the island separates to follow differ-
ent branches in the eastern basin. The bar-diagram in Figure 2.12a shows how the trans-
port carried by the inflow is separated in transport along the front (filled bars), transport
along the slope (hatched bars) and transport along a weak branch that continues across
the ridge to the west (dotted bars). Where in the coldest scenario (west3) most of the in-
flowing waters take the path along the mid-ocean ridge (67%), in the warmest scenario
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(west5) this transport reduces to only 33% of the total inflow and most transport takes
place along the eastern boundary (49%).

Just as discussed in section 2.4, the stronger front current along the mid-ocean ridge
is a result of the increased temperature gradient between the eastern and western basins.
As the slope and front currents are dynamically linked, the slope current has to adjust to
changes in the front current, and as a result its strength reduces (increases) for the colder
(warmer) scenario. The strength of the flow impacts the baroclinic instability due to the
increase in vertical shear. This explains the changes seen in the surface EKE field (Figure
2.11). The spatial dipole pattern in the eastern basin SST is caused by the fact that the
lateral eddy fluxes from the front current and the slope current are strongest at different
latitudes (see schematic Figure 2.12b).

In addition to the changes in the front and slope current strengths, the changes in
stratification can explain the changes seen in the instability of the eastern boundary cur-
rent as well. As described in section 2.2.2, the baroclinic instability depends on the ratio
of the isopycnal slope and the bottom slope. When the stratification increases, the isopy-
cnal slope weakens and the growth rate and scale of the most unstable waves decrease.
The opposite is true for a decrease in the stratification as seen in the warm scenarios.

CONCLUSIONS

The sensitivity study performed in this appendix corroborates the results presented in
chapter 2. The analysis shows that the hydrography and the dynamics in the eastern
basin are altered by the remote change in surface forcing across the western basin. The
two sub-basins are connected via the mid-ocean ridge, and the strength and dynamics
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of the front current play an important role for the response in the east. This highlights,
just as concluded in chapter 2, that the eastern, upstream basin is sensitive to changes
in the western, downstream basin; as the temperature gradient between the eastern and
western basin increases in the colder scenarios, the path along the front current is pre-
ferred and the lateral eddy fluxes from the slope current into the eastern basin interior
weaken. However, at the same the lateral eddy heat flux from the front into the east-
ern basin increases and therefore the mean sea surface temperature in the eastern basin
does not change.

The results presented in this appendix further show that the western basin remains
colder than the eastern basin, even when the atmosphere across the western basin is
warmer than over the eastern basin. This again highlights the differences in dynamics
between the Lofoten Basin and the Greenland Basin as the lateral eddy heat flux in the
western basin is weak.
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PATHWAYS AND WATERMASS

TRANSFORMATION ALONG AND ACROSS

THE MOHN-KNIPOVICH RIDGE IN THE

NORDIC SEAS

Atlantic Water takes various pathways through the Nordic Seas and its transformation
to denser waters forms a crucial connection to the lower limb of the Atlantic Meridional
Overturning Circulation. Circulation maps often schematize two distinct pathways of At-
lantic Water; one following the Norwegian Atlantic Slope Current along the continental
slope of Norway and one following the Norwegian Atlantic Front Current along the Mohn
and Knipovich Ridges. In this chapter, the connectivity between the northward flow along
these ridges is investigated. Analyzing trajectories of surface drifters and ARGO floats, we
find that only 8% of the floats that travel near the mid-ocean ridges take the frontal path-
way to the north. Indeed, by tracing numerical particles in a realistic numerical simu-
lation, we estimate that 1/3rd of the watermass traveling along the Mohn Ridge follows
the 2500 m isobath eastward and joins the slope current, instead of flowing north along
the Knipovich Ridge. Furthermore, north of 74◦N, multiple exchanges between the slope
current and the front current are observed. Therefore, the slope current and front current
are less isolated than often schematized. Additionally, the observational data set reveals
substantial cross-ridge exchange; 44% of the floats approaching the mid-ocean ridges cross
the ridge. Results from numerical simulations indicate that the cross-ridge exchange leads
to a stronger cooling and freshening of the Atlantic Water along the front. Deployments of
floats near the mid-ocean ridges are needed to investigate the pathway of Atlantic Water
and its exchange across the ridge in more detail.

Results presented in this chapter have been published as: S.L. Ypma, Georgiou, S., Dugstad, J.S., Pietrzak, J.D.
and Katsman, C.A., Pathways and water mass transformation along and across the Mohn-Knipovich Ridge in
the Nordic Seas, Journal of Geophysical Research: Oceans, DOI:10.1029/2020JC016075
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3.1. INTRODUCTION
The Nordic Seas are characterized by a warm and saline Atlantic watermass in the east
and a fresh and cold Arctic watermass in the west. Due to the anomalously warm and
salty eastern basin, more than 60% of the total heat loss in the northern North Atlantic
Ocean occurs in the Nordic Seas (Chafik and Rossby, 2019). As such, the transformed
watermasses leaving the Nordic Seas play a major role for the strength of the Meridional
Overturning Circulation (MOC, e.g. Chafik and Rossby, 2019; Lozier et al., 2019). The
upper limb of the MOC carries the warm Atlantic Water (AW) into the Nordic Seas via
different branches (Figure 3.1a, Orvik and Niiler, 2002). The AW transforms to denser
watermasses along its path northward (e.g. Bosse et al., 2018), from where it flows toward
the Arctic Ocean or returns south within the East Greenland Current (EGC). This gradual
transformation of AW is seen as the main contributor to the variability of the dense water
leaving the Nordic Seas via the overflows (i.e. Mauritzen, 1996; Eldevik et al., 2009).

However, the AW in the eastern basin of the Nordic Seas cannot be seen as one homo-
geneous layer that is modified in a uniform way; upon entering the Nordic Seas the AW
follows various branches that affect different parts of the Nordic Seas (Hansen and Øster-
hus, 2000). AW circulation in the Nordic Seas is typically schematized by a two-branch
structure (e.g. Figure 1a in Dugstad et al., 2019b). One branch, the Norwegian Atlantic
Slope Current (NwASC, hereinafter the slope current), follows the Norwegian continen-
tal slope as a topographically controlled barotropic current. The second branch, the
Norwegian Atlantic Front Current (NwAFC, hereinafter the front current), is a baroclinic
jet associated with the Arctic Front (AF, Orvik and Niiler, 2002). The AF is characterized
by a strong thermocline and halocline that separate the Arctic Water in the west from
the Atlantic Water in the east (Figure 3.1b, Bosse and Fer, 2019). This density front is
aligned with the mid-ocean topographic ridges in the Nordic Seas; the Mohn Ridge and
the Knipovich Ridge (see Figure 3.1a). Along the Knipovich Ridge, the front current is
often referred to as the western branch of the West Spitsbergen Current (Walczowski,
2013).

Hydrographic measurements at various sections across the AF reveal strong hori-
zontal gradients in temperature and salinity along the topographic slope, and show a
clear northward flow along the ridges (i.e. van Aken et al., 1995; Rossby et al., 2009b;
Walczowski, 2013). Recent estimates from glider transects by Bosse and Fer (2019) in-
dicate that the AW transport along the front current is at least as strong as the transport
along the slope current (∼3.2 Sv). It is therefore surprising that barely any surface drifters
(Poulain et al., 1996; Orvik and Niiler, 2002) or RAFOS floats (Rossby et al., 2009a) follow
this frontal pathway depicted in Figure 3.1a. The conclusion drawn by Orvik and Niiler
(2002), that the NwAC maintains a two branch structure throughout the Nordic Seas, was
based on a composite of many partial pathways of surface drifters. Therefore, it can be
questioned whether these pathways also apply to water parcels that come from south of
65◦N and travel all the way to the Arctic. The fact that very few surface drifters follow
the Mohn-Knipovich Ridge may be attributed to the non-uniform deployment and rela-
tively high mortality of surface drifters in the Nordic Seas (Koszalka et al., 2011, 2013a).
But still, it is as of yet unclear whether the northward flow along the Mohn Ridge is con-
nected to the downstream northward flow along the Knipovich Ridge in a Lagrangian
sense.
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Figure 3.1: (a) Bathymetry of the Nordic Seas and pathways of three example surface drifters that follow the
Norwegian Atlantic Slope Current (NwASC, orange path), the Norwegian Atlantic Front Current (NwAFC, dark
red path) and the East Greenland Current (EGC, blue path) respectively. The bathymetric features pertinent for
this study are marked: the Mohn Ridge (MR), the Knipovich Ridge (KR) and the Greenland Fracture Zone (GFZ).
Bathymetry is from ETOPO1 (Smith and Sandwell, 1997). (b) Sea surface temperature (SST) from AVHHR
sensor at the location of the white box indicated in the left panel; image on April 29, 2017, showing the Arctic
Front (3◦C contour is highlighted). The black arrows show the mean geostrophic velocity from AVISO satellite
altimetry for the year 2017 for velocities stronger than 0.04 m s−1.

Apart from AW modification in the along-front direction, across-front fluxes resulting
from baroclinic instability of the front can impact watermass transformation processes.
Evidence for such cross-frontal exchange is described by Budéus and Ronski (2009), who
observed patches of Atlantic Water in the Greenland Basin originating from the AF. In ad-
dition, analysis of satellite measurements and estimates from surface drifter data show
enhanced eddy kinetic energy (EKE) along the Mohn Ridge (Koszalka et al., 2011; Tro-
dahl and Isachsen, 2018). Analyses of hydrographic in situ measurements yield an eddy
heat flux of 8–17.7x1012 W across the AF (van Aken et al., 1995; Walczowski, 2013, respec-
tively). That is, ∼30% of the total heat loss of the eastern basins in the Nordic Seas is
due to eddy heat exchange with the colder and fresher western basins (Segtnan et al.,
2011). The warm anticyclonic eddies shed by the front from east to west can be impor-
tant for the deep convection processes in the Greenland Basin as they provide a salt flux
that enhances convection (Brakstad et al., 2019). In turn, the eddy-induced exchanges
across the ridge cool and freshen the AW (Saloranta and Svendsen, 2001), which affects
the overturning in the Nordic Seas and the properties of the watermasses entering the
Arctic.

However, no significant cross-ridge exchange is captured by trajectories of surface
drifters (Poulain et al., 1996), subsurface RAFOS floats (Rossby et al., 2009a) or ARGO
floats (Latarius and Quadfasel, 2016). In fact, Rossby et al. (2009b) suggest that cross-
ridge exchange is unlikely, as the AF density gradient is strong and tightly locked to the
sloping topography. Furthermore, analyses of a SF6 tracer, injected in the Greenland
basin in 1996, do not show significant mixing between the Greenland Basin and the Lo-
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foten Basin (Olsson et al., 2005; Messias et al., 2008). It is therefore unclear how important
the cross-front transport is for watermass transformations in the Nordic Seas.

Successive analyses of the growing Lagrangian observational data set have shown to
continuously improve understanding of the Nordic Seas surface- and mid-depth circu-
lation and variability (Poulain et al., 1996; Orvik and Niiler, 2002; Rossby et al., 2009a;
Voet et al., 2010; Koszalka et al., 2011; Dugstad et al., 2019b). Therefore, in this chap-
ter we revisit the surface drifter and ARGO float trajectories with a special focus on tra-
jectories along and across the Mohn and Knipovich Ridges. In order to investigate the
connection between the flow along the Mohn and Knipovich Ridges and possible path-
ways across the ridges, results from the observed trajectories are compared to trajecto-
ries from a realistic, high resolution numerical calculation (section 3.3). Furthermore,
the importance of baroclinic cross-ridge exchange for watermass transformation along
AW pathways is investigated in an idealized numerical configuration of the Lofoten and
Greenland Basins as well (section 3.4). A discussion and conclusions are provided in
section 3.5.

3.2. METHODS
When investigating pathways and connectivity between different ocean branches, a La-
grangian approach is most suitable (Van Sebille et al., 2018; Bower et al., 2019). Therefore,
we use all trajectories available from surface drifters and ARGO floats that at some mo-
ment during their lifetime passed through the Nordic Seas. Details on this data set and
the selection procedure to analyze the flow along and across the Mohn and Knipovich
Ridges are provided in section 3.2.1. The observed trajectories are limited not only in
quantity, but also in their capability to trace watermasses. As ARGO floats and surface
drifters float at a fixed depth, they are unable to represent any vertical displacement of
watermasses, which is likely to occur in the Nordic Seas. Therefore, we performed ad-
ditional Lagrangian studies to evaluate pathways and watermass transformation of AW
along the mid-ocean ridges using both a high resolution, realistic ocean model (section
3.2.2) and an idealized numerical simulation (section 3.2.3).

3.2.1. TRAJECTORIES FROM OBSERVATIONS

The surface drifter data set is obtained from the Global Drifter Program (GDP) database1.
The surface drifters consist of a buoy at the surface and a sub-surface drogue and their
trajectories represent the circulation at 15 m depth. Trajectories of surface drifters that
have lost their drogue are not taken into account. A quality-control and interpolation
of each drifter position to 6 hour intervals were performed by the AOML/NOAA Drifter
Data Assembly Center (Lumpkin and Pazos, 2007).

In contrast to surface drifters, ARGO floats typically drift at 1000 m depth. Every 10
days, they descend to 2000 m depth and subsequently ascend to the surface profiling
the water column. At the surface, they transmit their data and position to a satellite and
return to their parking depth. Tracing the profiling location of ARGO floats visualizes the
circulation at mid-depth (Voet et al., 2010). The ARGO float data is obtained from the

1https://www.aoml.noaa.gov/phod/gdp/ updated through June 30 2019 when downloaded on December 3,
2019
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International Argo Program (downloaded on Nov 18, 2019 from https://coriolis.eu.org)
and only quality-controlled profiles are taken into account.

At time of download (Dec 3, 2019), 564 surface drifters and 283 ARGO floats had been
drifting through the Nordic Seas. To investigate the flow along and across the Mohn and
Knipovich Ridges, trajectories that came in close vicinity to the mid-ocean ridges are
selected. To this end, the mid-ocean ridges are schematized by a straight line and an area
is defined by a 2◦ radius from the ridges (red shading in Figure 3.2a). Any float or drifter
entering this area is used for analysis. This way, only 32 surface drifters and 52 ARGO
floats remain, which allows for subsequent separation based on individual pathways by
eye.
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Figure 3.2: (a) Selection area (red shading) for floats traveling close to the Mohn and Knipovich Ridges. Red
straight line follows the summit of the Mohn and Knipovich Ridges. The blue line shows an example path
of a surface drifter following part of the Knipovich Ridge. The 1000 m, 1500 m, 2000 m and 2500 m isobaths
are shown in gray. (b) Bathymetry of the realistic numerical simulation described in section 3.2.2. White dots
indicate the deployment location of particles at 15 m, 200 m and 500 m depth. The thick colored lines show
the transects used to separate the outflowing particles.

3.2.2. TRAJECTORIES FROM A REALISTIC OCEAN MODEL
As the number of surface drifters and ARGO floats in the vicinity of the mid-ocean ridges
is relatively low, results from the observed trajectories are compared to trajectories from
a realistic ocean model; the Regional Ocean Modeling System (ROMS) applied to the
eastern Nordic Seas (Figure 3.2b). The model has 800 m horizontal resolution and 60
vertical levels, ranging from 2 - 5 m at the surface to 60 - 70 m near the bottom. Details on
the model configuration can be found in Dugstad et al. (2019a). Thanks to its high spatial
and temporal resolution, the model resolves mesoscale and some of the submesoscale
processes in the Nordic Seas and captures the variability and dynamics of the area well
(Trodahl and Isachsen, 2018; Dugstad et al., 2019a).

We use the Lagrangian data set obtained by Dugstad et al. (2019a), who created this
data set to investigate variability of the inflow to the Lofoten Basin. They used the 6
hourly output of the 3D velocity fields from the realistic model, spanning years 1996 to
1999, to advect numerical particles. These particles were deployed in a rectangular grid
of 40 x 40 drifters (white dots Figure 3.2b) every week for three years at three different
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depth levels (15 m, 200 m and 500 m). This spatially uniform deployment allows for a
better representation of the flow, in contrast to the observed drifters and floats that are
deployed along specific sections and in locations which can lead to limited and biased
statistics (Davis, 1991). The particles were advected for 1 year using the OpenDrift tool
(Dagestad et al., 2018) with a 4th order Runga Kutta time stepping scheme. No explicit
horizontal or vertical diffusion was added. Dugstad et al. (2019a) showed that turbulent
transport processes are well captured by this data set.

Here, the data set is analyzed to study the pathways of AW along the mid-ocean ridge
to the north. As we are only interested in the AW watermass, deployments northwest of
the Mohn Ridge are not taken into account. Moreover, we only analyze those particle tra-
jectories that leave the model domain toward the north or northwest. This way 143557
trajectories are selected. As the velocity in deeper layers is lower than at the surface and
the advection time is only 1 year, this selection procedure favors particles deployed at
shallow depths: 45% of the particles used for analysis are deployed at 15 m depth, 37%
at 200 m depth and 18% at 500 m depth. The analyzed trajectories are therefore mostly
representative of pathways of the upper part of the AW layer in the Lofoten Basin. The
trajectories are further separated based on the location at which the particles leave the
domain (thick colored lines along the northern and northwestern edge of the domain in
Figure 3.2b). As will be elucidated in section 3.3 and Figure 3.5, the various transects de-
fined in Figure 3.2b represent different regions of locally high concentrations of particles,
indicative of mean circulation branches.

3.2.3. TRAJECTORIES FROM AN IDEALIZED NUMERICAL CONFIGURATION

As the realistic ocean model simulates only part of the eastern Nordic Seas, an ideal-
ized configuration of the Massachusetts Institute of Technology (MIT) general circula-
tion model is used (Marshall et al., 1997) to shed light on the connection between the
eastern (Lofoten) and western (Greenland) basin. Futhermore, the importance of the
frontal instability for AW watermass transformation is investigated using this model. Al-
though idealized, the model captures the dynamics of the Nordic Seas pertinent for this
study (see chapter 2). The model has a 5 km horizontal resolution and 33 vertical lev-
els ranging from 20 m thickness at the surface to 200 m thickness near the bottom. The
warm eastern basin is separated from a colder western basin by a mid-ocean ridge at
1200 m depth (Figure 3.3). Details on the model configuration can be found in Spall
(2011) and in chapter 2; the hydrographic and dynamic properties of the circulation were
described in detail in section 2.2.1.

The model domain consists of two parts that are separated by an island. The area
north of the island represents the Lofoten and Greenland Basins. There, the ocean sur-
face temperature is restored to an atmospheric temperature of 4◦C with a timescale of
2 months to resemble a realistic surface heat flux (section 2.2.1)). South of the island,
restoring of temperature induces a buoyant cyclonic boundary current, representative
of the AW inflow. This inflow separates into a slope current and a front current, mim-
icking the NwASC and NwAFC respectively (arrowheads in Figure 3.3a). As described in
e.g. Spall (2010), the steepening of the continental slope near the Lofoten Islands is es-
sential to create the observed enhanced eddy activity that induces the advection of AW
throughout the eastern basins of the Nordic Seas. The idealized model captures the mag-
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Figure 3.3: (a) 5-year mean surface eddy kinetic energy (shading) and surface velocity > 0.05 m s−1 north of
the sill (black arrowheads) in the idealized numerical simulation. Gray contours are the model bathymetry
(contour interval is 500 m). The black box south of the sill indicates the region where the model temperature
and velocity are restored. (b) Cross section at y = 750 km of the 5-year mean meridional velocity (shading)
and mean temperature (black contours, contour interval is 0.2◦C). The red lines in panels (a) and (b) show the
trajectory of an example particle, released at y = 500 km (red thick line) and traced backward in time. (c) Zonal
eddy heat flux as a function of depth, integrated over the full meridional extent of the domain north of the sill.

nitude of EKE near the steep slope (shading in Figure 3.2a). Enhanced eddy variability is
also found along the unstable front current. The total eddy heat flux across the thermal
front in the idealized model is 10 x 1012 W (Figure 3.2c), which is of similar magnitude as
estimated from observations by van Aken et al. (1995) and Walczowski (2013). A discus-
sion on the heat flux across the mid-ocean ridge in this idealized model is provided in
appendix 3.A.

To investigate the watermass transformation of the Atlantic Water in this model, nu-
merical particles are released at the outflow at y = 500 km (red thick line in Figure 3.3a)
and traced backward in time using the Connectivity Modeling System (CMS, Paris et al.,
2013). The particles are advected using a timestep of 1 hour within the daily averaged
three-dimensional velocity fields of the MITgcm simulations. The new position of each
particle is calculated using a 4th order Runge Kutta stepping scheme in time and a tricu-
bic interpolation in space. Convection is represented by an increased vertical diffusion,
and therefore, the model does not resolve explicitly vertical velocities associated with
convection. To account for this process, the vertical movement of the numerical parti-
cles in the mixed layer is parameterized as described by van Sebille et al. (2013): every
time the particle is diagnosed to be within the mixed layer, it is randomly moved within
the layer with a maximum vertical velocity of 0.1 m s−1.
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Particles are released daily for 30 days with a particle resolution of 5 km in the zonal
direction and 10m vertically. The resulting 35766 particles are advected for 4 years. Only
particles that reach the gap between the island and the coast in the east within 4 years of
backtracking (78% of originally seeded particles) are analyzed in this study. Once south
of this gap, the particle has left the region of interest and the remainder of the pathway is
not taken into account. An example trajectory is shown in Figures 3.3a-b. To test whether
the results are sensitive to the time of the particle release, several simulations have been
performed where the particle release date and frequency has been varied. These showed
that the conclusions drawn in this chapter are consistent, regardless of the release date.

3.3. ALONG- AND ACROSS-FRONTAL PATHWAYS
In this section, the connection between the front current along the Mohn Ridge and the
front current along the Knipovich Ridge is investigated using both the trajectories from
surface drifters and ARGO floats (as described in section 3.2.1) and the trajectories from
the realistic numerical simulation (as described in section 3.2.2). Furthermore, pathways
that reveal cross-ridge exchange between the Lofoten Basin and the Greenland Basin are
discussed.

The normalized particle density shown in Figure 3.4a highlights that the pathways
taken by the surface drifters (i.e. that at some point entered the red shaded area in Figure
3.2a) lie close to the mid-ocean ridges. High particle density is found along the Mohn
Ridge and the Knipovich Ridge. However, out of the 32 surface drifters that travel near
the mid-ocean ridges, only 5 follow the path northward along both the Mohn Ridge and
the Knipovich Ridge. All other trajectories display a path that alternates between the
slope current and the front current as indicated by the gray arrows in Figure 3.4a. Most
surface drifters that float along the Mohn Ridge (15 floats) are steered eastward by the
2500 m isobath at 72◦N and continue their journey as part of the slope current. Most
surface drifters that float along the Knipovich Ridge (12 floats) originate from the slope
current. North of 74◦N many drifter pathways display exchange between the western
and eastern branch of the West Spitsbergen Current. Numerous surface drifter paths
display loops, indicative of eddies.

This exchange between the slope current and the front current north of 72◦N is also
displayed by the trajectories of the ARGO floats (Figure 3.4b). In total, 17 floats flow along
the Knipovich Ridge of which 15 originate from the slope current. The mean flow at 1000
m depth along the Mohn Ridge is southward (Voet et al., 2010). So, most of the floats that
follow the Mohn Ridge travel south (36 floats), and leave the Lofoten Basin along the
Jan Mayen Ridge (25 floats). It is therefore not surprising that only 2 ARGO floats show a
connection between the northward flow along the Mohn Ridge and the Knipovich Ridge.

As the number of surface drifters and ARGO floats that approach the mid-ocean
ridges is limited, trajectories in the realistic model configuration (section 3.2.2) are used
to investigate the connection between the slope and front currents in more detail. The
locations where the numerical particles leave the model domain toward the north(west)
show four distinct branches: one along the continental slope (67% of the total number of
particles, Figure 3.5a), one along the eastern flank of the Knipovich Ridge (14% of the to-
tal number of particles, Figure 3.5b), one along the western flank of the Knipovich Ridge
(17% of the total number of particles, Figure 3.5c) and one along the southern flank of
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Figure 3.4: Normalized particle density map of all (a) surface drifters and (b) ARGO floats that flow along part
of the Mohn and Knipovich Ridges (selection process described in section 3.2). Each float location is regridded
on a 0.5x0.5◦ lon x lat grid. Dark gray lines schematize the main pathways that the selected floats are prone
to follow based on manual inspection of individual trajectories. The 1000 m, 1500 m, 2000 m and 2500 m
isobaths are shown in gray. The percentage given in each panel indicates how many surface drifters or ARGO
floats correspond to the subset shown in each panel with respect to their total number found in the Nordic
Seas.

the Greenland Fracture Zone (GFZ, 2% of the total number of particles, Figure 3.5d).
The normalized particle density distribution in Figure 3.5 highlights which pathways

the numerical particles take, depending on where they leave the domain. Just as ob-
served in the trajectories of the surface drifters, some of the trajectories along the Mohn
Ridge follow the 2500 m isobath at 72◦N toward the east to join the slope current (see ex-
ample trajectory in Figure 3.5a). Vice versa, some of the trajectories that follow the slope
current flow along the same isobath toward the northwest to join the flow along the east-
ern flank of the Knipovich Ridge (see example trajectory in Figure 3.5b). Therefore, the
trajectories in the realistic numerical simulation, in line with the observed trajectories
(Figure 3.4), suggest substantial exchange between the front current and the slope cur-
rent, before these branches continue north of 72◦N.

In order to quantify how the flow along the Mohn Ridge and along the continen-
tal slope south of 72◦N is redistributed over the various outflow branches to the north,
different boxes are defined (see dashed white lines Figures 3.5a-c). When the particle
originates from box I before leaving the model domain, it is defined as a slope current
particle. If a particle originates from box II, it is defined as a front current particle. As a
consequence, particles that never enter one of the boxes are not taken into account in the
analysis, as their trajectories are not long enough to determine whether they originated
from the slope current or from the front current. Recall that the particles categorized in
Figure 3.5c leave the model domain along the western flank of the Knipovich Ridge and,
when not changing the size of box II, would all be incorrectly defined as front current
particles. Therefore, a slightly smaller box is used here.

Using this method, we estimate that ∼92% of the particles that flow within the slope
current also leave the domain within the slope current, and ∼8% joins the front cur-
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3.3. Results shown are diagnosed from the realistic numerical simulation (section 3.2.2).
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rent along the Knipovich Ridge. From the flow along the Mohn Ridge, ∼35% joins the
slope current, ∼27% flows along the eastern flank of the Knipovich Ridge and ∼38%
flows along the western flank of the Knipovich Ridge. Care should be taken when in-
terpreting these numbers; the available particles trajectories do not capture the entire
Atlantic Water layer in the eastern basin, as their original deployment is only at 3 depth
levels (section 3.2.2). Also, particles represent different volume transports. The percent-
ages calculated are based on the total number of particles following each branch, not on
the total transport carried. Last, the percentages presented depend on the definition of
the boxes used for separation. Therefore, the results should be interpreted as an indica-
tion, not an exact quantification, of the significant exchange between the slope current
and the front current that takes place near 72◦N. The results clearly reveal that the flow
along the Mohn Ridge does not form a one-to-one connection with the flow along the
Knipovich Ridge.

An interesting aspect of the pathway highlighted by the particle density distribution
in Figure 3.5c is that it shifts from the eastern flank of the Mohn Ridge to the western
flank of the Knipovich Ridge. Furthermore, ∼2% of the total outflow in the realistic nu-
merical simulation consists of particles that cross the mid-ocean ridge from the Lofoten
Basin into the Greenland Basin (Figure 3.5d). The individual trajectories show strong
variability along and northwest of the Mohn Ridge (yellow area Figure 3.5d), but further
north they merge into a clear pathway along the Greenland Fracture Zone. As they orig-
inate from the AW layer in the east, they could represent AW watermasses that detach
from the front current due to frontal instabilities and travel into the Greenland Basin as
observed by Budéus and Ronski (2009).
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Figure 3.6: Pathways of (a) drifters and (b) ARGO floats that cross the Mohn and Knipovich Ridges. The 1000
m, 1500 m, 2000 m and 2500 m isobaths are shown in black. The percentage given in each panel indicates how
many drifters or floats correspond to the subset shown with respect to the total number of surface drifters and
ARGO floats found in the Nordic Seas (section 3.2.1).

The observed trajectories of surface drifters reveal the instability of the front current
as well (Figure 3.6a). Especially along the Knipovich Ridge, multiple surface drifters cross
the summit of the ridge and show meandering or circular (eddying) trajectories near
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the ridge. The trajectories of the 17 surface drifters shown in Figure 3.6a all indicate
significant cross-ridge exchange between the Lofoten and the Greenland Basins.

Furthermore, 20 ARGO floats are found to cross the mid-ocean ridge from the Green-
land Basin into the Lofoten Basin (or vice versa, Figure 3.6b). However, the cross-ridge
exchange at the ARGO float depth is not necessarily related to the frontal instability. A
zoom-in of four ARGO float trajectories near the ridge is shown in Figure 3.7. Three of
these floats start in the cyclonic gyre of the Greenland Basin (Figure 3.7a-c). When they
approach a gap in the ridge, they cross, travel southward and start to follow a cyclonic
circulation along the outer rim of the Lofoten Basin. The example trajectory in Figure
3.7d shows similar behavior, except that the float continues its path northward along the
Knipovich Ridge. The exchange between west and east through gaps in the topographic
ridges has been hypothesized by e.g. Spall (2010), and is confirmed by these trajecto-
ries. Although Olsson et al. (2005) and Messias et al. (2008) showed that a fast pathway
to exit the Greenland Basin exists via the Jan Mayen Current, the ARGO floats that orig-
inate from the Greenland Basin do not seem to have a preferred location where they
cross the mid-ocean ridge, except for the local topography. Not surprising, they seem
to be steered much stronger by topography than the surface drifters that showed cross-
ridge exchange. Possibly, enhanced mean flow within canyons as discussed by Ruan and
Callies (2019) can lead to the behavior seen by the ARGO floats.

In conclusion, results from surface drifter trajectories (Figure 3.4a), ARGO float tra-
jectories (Figure 3.4b) and trajectories in a realistic numerical configuration (Figure 3.5)
all indicate that the connection between the flow along the Mohn Ridge and the flow
along the Knipovich Ridge is not as strong as suggested by surface circulation schemat-
ics currently in use (e.g. Dugstad et al., 2019b; Shao et al., 2019; Broomé et al., 2019).
Furthermore, several surface drifters and ARGO floats cross the mid-ocean ridge from
one basin into the other. Therefore, in addition to the large eddy variability in the Lo-
foten Basin (Bosse et al., 2018), the enhanced exchange between the slope current and
the front current north of 72◦N and the excursions of watermasses across the mid-ocean
ridge lengthen the residence time of the AW watermass within the eastern basin of the
Nordic Seas. This potentially has implications for the watermass transformation of the
AW in the eastern basin, which is discussed in the following section.

3.4. IMPORTANCE OF FRONTAL INSTABILITY FOR WATERMASS

TRANSFORMATION
Next, we investigate the dependence of AW watermass transformation on possible path-
ways in more detail. The realistic numerical configuration is limited by its domain, and
the low number of ARGO floats and surface drifters available near the front current is not
sufficient to perform any statistical analysis on watermass transformation. Furthermore,
since the surface drifters and ARGO floats drift at a specified pressure level, they are not
suited to trace a particular watermass that might move in the vertical. Therefore, the fate
of the AW watermass is traced in the idealized model configuration of the Lofoten and
Greenland Basin introduced in section 3.2.3. Different pathways are distinguished and
the transformation along each pathway and the transit time of the AW watermass from
in- to outflow are analyzed.
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Figure 3.7: ARGO float trajectories that cross (a-c) the Mohn Ridge and (d) the Knipovich Ridge (black lines).
The arrows indicate the travel direction of the floats and shading shows the bathymetry.

To separate particles that follow only the slope current from the particles that follow
only the front current and to separate pathways that display exchanges with the interior
of the eastern basin or the western basin, three boxes are defined (see white dashed lines
in Figure 3.8a-d). The only_bc-particles enter only box A. They mainly follow the slope
current and represent the core of the NwASC. Most stay within this boundary current,
but some show exchange with the interior of the eastern basin (see light blue shading
in box A in Figure 3.8a). The only_front-particles enter only box B. Their path reveals
the meandering structure of the front current (Figure 3.8b) and represents the core of
the NwAFC. They reach the front by turning directly toward the west upon entering the
basin and leave the front toward the western basin by following a deeper isobath than the
only_bc-particles. The front_east-particles enter both box A and box B (but not box C).
They travel along part of the front and/or slope current, but also show clear excursions
into the interior of the eastern basin while being steered by eddies. Exchange between
the front current and the slope current occurs regularly (see example trajectory in Fig-
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Figure 3.8: Normalized particle density map of the (a) only_bc-pathway, (b) only_front-pathway, (c) front_east-
pathway and the (d) front_west-pathway. Each particle position is regridded on a 11x11 km x-y grid. Example
trajectories of each pathway are indicated by the red lines. Gray lines show isobaths; dashed white lines indi-
cate the areas used to separate the particle pathways as described in section 3.4. Results shown are diagnosed
from the idealized numerical simulation (section 3.2.3).
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ure 3.8c). The front_west-particles form the last category that enter at least box C and
thus cross the mid-ocean ridge toward the western basin. These particles capture the
instability of the front current and some of those particles spend part of their journey
in the closed cyclonic circulation of the western basin (see also appendix 3.A for a more
detailed discussion on the front_west-pathway).

As set by the configuration of the idealized numerical simulation, watermass trans-
formation north of the island can only occur by direct cooling to the atmosphere or by
resolved or numerical mixing with neighboring watermasses. To assess the watermass
transformation in the basin, the temperature of the watermass the particles represent at
the inflow (crossing y = 500 km east of the island to the south for the first time, Figure
3.3a) is compared to the temperature at the outflow (crossing y = 500 km west of the is-
land, the particle release location) for each pathway. It appears that on average, the AW
watermass is cooled by ∼1.3◦C. However, the temperature change of the AW watermass
depends on its pathway through the basin (Figure 3.9a).

The AW pathways appear to some extent already set by the temperature distribution
at the inflow. The warmest part of the inflow is most likely to follow the only_bc-pathway
(solid green line in Figure 3.9a), whereas the coldest part of the inflow is most likely to
take the frontal pathway (orange and purple solid lines). This is in line with observed
characteristics of the NwASC and the NwAFC, where the frontal branch is colder and
fresher than the slope current (e.g. Hansen and Østerhus, 2000). In addition, at the in-
flow the front_east-particles also represent a slightly colder watermass than the only_bc-
particles. As the front_east-particles are colder, their trajectory (when temporarily fol-
lowing the slope current) is slightly offshore of the trajectories of the only_bc-particles.
They are therefore more sensitive to the instability of the slope current, which explains
their excursions throught the interior of the eastern basin (Georgiou et al., 2020).

The distribution of the particles’ temperature at the outflow shows two distinct peaks
at ∼8.2◦C and ∼7.9◦C (dashed lines Figure 3.9a). The colder signal at the outflow is
related to the pathways that interact with the western basin interior (the front_west-
particles, purple line in Figure 3.9a), whereas the warmer outflow waters correspond
to the pathways that stay in the front and/or slope current or travel through the inte-
rior of the eastern basin (orange, green and gray lines). As different pathways reveal a
different temperature signal at the outflow, the watermass transformation of the AW wa-
termass depends on the pathway the water takes through the basin. In particular, the
temperature distribution of the only_front-particles and front_west-particles is similar
at the inflow (solid orange and purple lines in Figure 3.9a), while a strong temperature
difference arises at the ouflow. This indicates that the excursion into the western basin
is essential to yield a stronger transformation.

Although very idealized, the pathways along the front current (the only_front-particles)
and across the mid-ocean ridge (the front_west-particles) show resemblance to the path-
ways along the eastern and western flank of the Knipovich Ridge found in the realistic
numerical simulation (Figure 3.5b-c). Also in the realistic simulations, the temperature
and salinity distribution of the particles that end up along the Knipovich Ridge is simi-
lar at their start, while at their end there is a clear difference (Figure 3.10): particles that
cross the Mohn Ridge toward the west are colder and fresher when they leave the model
domain than particles that flow along the eastern side of the Knipovich Ridge.
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The difference in watermass transformation along each pathway is also reflected by
the transit time from inflow to outflow in the idealized numerical simulation (Figure
3.9b). Not surprising, the instability of the slope current increases the residence time
of the AW watermass within the domain (compare green line to gray line in Figure 3.9b).
The long residence time in the Lofoten Basin due to the large eddy variability is crucial
for the strong heat loss across the basin (e.g. Bosse et al., 2018). However, the instability of
the front current also increases the residence time due to the exchange with the western
(Greenland) basin (compare orange line to purple line in Figure 3.9b).

Interestingly, the frontal pathway is faster than the pathway following the slope cur-
rent (green and orange line in Figure 3.9b). This can be explained by the lower velocity
of the slope current downstream of the region of enhanced eddy shedding in our ide-
alized numerical simulation (see arrowheads Figure 3.3a). Due to the idealized nature
of the model simulations, it is not possible to draw any further conclusions regarding
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the relative transit times of the two NwAC branches. Based on the realistic travel dis-
tance, the frontal pathway is longer. However, recent estimates of the front current near
the Mohn Ridge indicate that the front current is at least as strong as the slope current
(Bosse and Fer, 2019). Regardless of the relative transit times, the larger heat loss of the
slope current than the front current in our idealized simulation emphasizes that not only
the atmospheric forcing, but also the transit time and pathways play an important role
for the AW watermass transformation.

3.5. CONCLUSIONS AND DISCUSSION
In this chapter, we have investigated whether the flow along the Mohn Ridge and the flow
along the Knipovich Ridge are connected in a Lagrangian sense. As the number of sur-
face drifters and ARGO floats near the mid-ocean ridges is limited, we have additionally
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analyzed trajectories of numerical particles in a realistic and an idealized numerical sim-
ulation. These simulations allowed us not only to investigate the connection between
the front current and the slope current of the Norwegian Atlantic Current (NwAFC and
NwASC respectively), but also to trace watermass transformation along different path-
ways.

Based on this study, it is clear that care should be taken when using velocity and travel
direction from surface drifters to derive circulation maps. These maps, as for example
derived by Orvik and Niiler (2002), show the Eulerian mean velocity field, but cannot
provide any information on the connection between different branches in a Lagrangian
sense. Based on the observed trajectories, we found only a weak connection between
the northward flow along the Mohn Ridge and along the Knipovich Ridge, unlike how
the NwAFC is normally schematized (i.e. Dugstad et al., 2019b; Shao et al., 2019; Broomé
et al., 2019). Only 5 of the 32 surface drifters showed the traditional pathway north along
both ridges. Instead, most drifters displayed exchange with the slope current (Figure
3.4a).

Trajectories in the realistic numerical simulations indicated a stronger connection
between the flow along the Mohn Ridge and the Knipovich Ridge than the observed tra-
jectories. However, the model results showed a clear branching of the flow along the
Mohn Ridge into different paths to the north (Figure 3.5). Therefore, in the realistic nu-
merical simulation, the front current along the Mohn Ridge did not form a one-to-one
connection with the front current along the Knipovich Ridge either, corroborating the
conclusions drawn from the observed trajectories.

Multiple exchanges between the front current and the slope current were seen in
both the observed trajectories as in the trajectories of the realistic and the idealized nu-
merical simulation (Figures 3.2a, 3.5 and 3.8c). Many surface drifters and ARGO floats
traveled along the 2500 m isobath near 72◦N toward the east (west) to join the slope
(front) current on their path northward. This path was present in the realistic numer-
ical simulation as well. Further north, multiple floats crossed from the eastern branch
of the West Spitsbergen Current to the western branch of the West Spitsbergen Current
(or vice versa). The front current and slope current are therefore not isolated, but clearly
connected in a Lagrangian sense. Rossby et al. (2009a) observed a similar connection
between the front current and the slope current just north of the Iceland-Scotland Ridge
using RAFOS floats. Our results suggest that also north of 72◦N significant exchange be-
tween the two branches occurs.

In the Nordic Seas, mean circulation patterns are known to be strongly dominated by
topography (e.g. Nøst and Isachsen, 2003; Voet et al., 2010). Voet et al. (2010) observed the
tight flow alignment with topography using so-called topostrophy derived from ARGO
float trajectories, which is a measure for flow alignment with isobaths. However, the re-
gion north of the Lofoten Basin is characterized by low values of topostrophy (his Figure
9), indicating that the ARGO float trajectories cross isobaths there. This is in agreement
with our findings, where in addition to the ARGO floats also surface drifters showed sim-
ilar behavior in this area. Such a crossover region could indicate that in this area the
strength of eddies and meanders is of similar magnitude as along-flow mean velocities
(Bower, 1991; Rossby et al., 2009a).

The numerous exchanges between the front current and the slope current lengthen
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the residence time of AW within the eastern basins of the Nordic Seas, which may en-
hance the total heat loss over the basin. Furthermore, the link between these two branches
weakens the direct propagation of AW anomalies from the Greenland-Scotland Ridge to
Fram Strait. It is therefore important to not only increase our knowledge on processes
within the Lofoten Basin, but also on the region north of 74◦N and in particular on the
local front current dynamics.

Analyses of trajectories in both the realistic and the idealized numerical configura-
tions showed that AW watermass transformation in the Nordic Seas depends on the path
that the AW takes. Additionally, the watermass transformation itself could to some extent
determine which path the AW will follow downstream. Our results suggest that coldest
and freshest watermasses are formed along the front current, due to the frontal current
instability and exchange with the western basin. Although not investigated in this study,
it could be that some of the observed pathways have a seasonal dependency. On longer
timescales, it is known that the strength of the front current depends on the phase of the
North Atlantic Oscillation (NAO), where the front is weaker during the negative phase of
the NAO (Raj et al., 2019). Also under future scenarios the front is expected to weaken,
due to a reduction in the density gradient between the Lofoten Basin and the Greenland
Basin (chapter 2). If, as a result, the exchange between the east and west reduces, the AW
heat loss in the eastern basins could decrease and convection in the Greenland Basin
could weaken due to a smaller supply of salty waters from the east.

Although not observed previously (Poulain et al., 1996; Rossby et al., 2009a; Latar-
ius and Quadfasel, 2016), we found 37 ARGO floats and surface drifters that crossed the
mid-ocean ridges. This might seem like a small number, but compared to the total num-
ber of observed trajectories that reached the mid-ocean ridges (84 floats), the observed
cross-ridge exchange may be substantial. As in-situ measurements suggest strong north-
ward flow along the mid-ocean ridge (Bosse and Fer, 2019), it is surprising that out of the
564 surface drifters and 283 ARGO floats in the Nordic Seas, so few are found close to
the Mohn and Knipovich Ridges. We would therefore encourage deployment of drifters
within the strong northward flow along the mid-ocean ridge, to gain further insight in
the pathways and residence time of AW in the eastern Nordic Seas.
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Appendix

3.A. HEAT EXCHANGE ACROSS THE MID-OCEAN RIDGE
Chapter 3 discussed the various pathways along the front and the watermass transfor-
mation along each path, with the main aim to investigate the connectivity of the front
current along the Mohn and Knipovich Ridges. The observations and the numerical sim-
ulations indicated that the instability of the front current plays an important role for the
watermass transformation of Atlantic Water via exchange across the mid-ocean ridges.
Also in appendix 2.A the importance of this watermass exchange across the ridge was
pointed out, as it impacts the stratification in the eastern basin. Therefore, this appendix
provides further insight on the heat exchange across the mid-ocean ridge by connecting
a Lagrangian and an Eulerian framework using the idealized model simulations (section
3.2.3).

METHOD

For the analysis, the reference simulation described in section 2.2.1 and section 3.2.3 is
used. To investigate the watermass exchange across the mid-ocean ridge in the Eulerian
framework, the transport across the ridge is quantified as a function of temperature us-
ing the LAYERS package (Abernathey et al., 2013) of the MITgcm. The temperature layers
range from 6◦C (the lowest temperature in the simulation) to 10◦C (the highest tempera-
ture in the restoring region) with a layer increment of 0.2◦C. At each model time step, the
zonal and meridional velocities (uT and vT ), the layer thickness (hT ) and the product of
these (uT hT ) are diagnosed for each temperature layer. Then, the net zonal transport
Ψnet across a meridional transect as a function of temperature is given by

Ψnet (x,T ) = uT hT d y, (3.1)

where d y is 5 km and the overbar indicates a time mean of 5 years. The net transport
can be separated into a mean and an eddy component using:

Ψmean(x,T ) = uT hT d y (3.2)

and

Ψedd y (x,T ) = u′
T h′

T d y =Ψnet −Ψmean . (3.3)

The connection between the different watermasses that cross the mid-ocean ridge
as a result of lateral eddy fluxes are further investigated using a Lagrangian framework.
Particles are released at the location of the mid-ocean ridge (x = 500 km) where the mean
flow across the ridge is minimal (y = 645-1285 km, thus excluding the zonal boundary
currents) and are advected forward in time. The particles are released daily for 30 days
with a particle resolution of 5 km in the meridional direction and 10m vertically. The
resulting 460530 particles are advected for 4 years. Only particles that leave the marginal
sea by crossing the sill towards the south are used for analysis (∼ 65% of the originally
seeded particles).
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RESULTS
The mean volume transport across the mid-ocean ridge is confined to the northern
boundary of the idealized model domain (Figure 3.11a), where the slope current flows
into the western basin (Figure 3.3a). At the southern boundary of the ridge (just north
of the island), a strong westward mean current (brown shading in Figure 3.11a) is partly
compensated by an eastward current slightly farther north (green shading in Figure 3.11a
at y = 550-560km). These currents are part of the front current, that slightly overshoots
the ridge, before traveling north along the eastern slope of the mid-ocean ridge (see ar-
rows in Figure 3.3a). Between the strong mean flow in the north and the south (dotted
lines in Figure 3.11) the mean transport across the ridge is close to zero.

Based on Figure 3.9a (compare the front_west-pathway and the front_west-pathway),
a temperature threshold of 8◦C is used to separate cold from warm watermasses cross-
ing the mid-ocean ridges. At the southern boundary (south of y = 650 km), there is a net
transport of ∼0.75 Sv of both watermasses to the west (solid lines in Figure 3.11b), pri-
marily transported by the mean flow (dashed lines in Figure 3.11b). Across the section
where the mean flow is negligible (between the vertical dashed lines of Figure 3.11), the
net transport across the ridge is clearly eddy driven (compare the dotted and solid lines
in Figure 3.11b): the warm watermass is transported to the west and the cold watermass
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is transported to the east. At the northern boundary, both watermasses are transported
to the west by the mean flow and the eddy transport in this region is negligible.

A significant fraction of the heat flux across the mid-ocean ridge is driven by eddies.
Isachsen and Nøst (2012) already showed that such a cross-frontal flux needs to exist in
order to close the buoyancy budget of the Nordic Seas. They suggested the existence of
an eddy-induced overturning across the ridge, where the warm and salty water from the
east is transported across the front and transformed to dense water by air-sea heat fluxes
in the west. This dense water then subducts below the front and is transported back east
across the ridge below the thermocline. They hypothesized that in order to close this
loop, the dense waters need to be transformed to lighter waters in the eastern basin.
Such a diapycnal upwelling in the eastern basin would imply a non-zero net transport
of the cold watermass across the ridge, which is not seen in our numerical simulation
(solid blue line Figure 3.11b). Instead, this cold (dense) watermass leaves the eastern
basin within the mean flow near the boundaries of the basin (dashed blue line). As the
numerical simulation is idealized, it might not capture processes that potentially drive
diapycnal upwelling. However, a mean flow at depth is difficult to observe and therefore,
dense water transport by the mean flow might not be captured using available observa-
tions for the buoyancy budget presented by Isachsen and Nøst (2012).
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The importance of eddies for the heat transport across the mid-ocean ridge is nicely
visualized in Figure 3.12 as well, which shows that two regimes can be distinguished.
West of the front current (black curve), water with a temperature of 8-8.4◦C is advected
into the western basin (brown shading). A cold watermass (<8◦C) returns towards the
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front current. East of the front current, water with a temperature >8.4◦C is transported
into the eastern basin, and a watermass with intermediate temperatures (8-8.4◦C) re-
turns. These patterns are typical for a baroclinic unstable front where eddies tend to
flatten isopycnals (e.g. Olbers et al., 2012). In contrast to a baroclinically unstable slope
current, heat can be transported laterally in both directions along the front as the flow is
not bounded by a continental slope.
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When the net zonal transport is separated in a mean and an eddy component using
equations 3.2 and 3.3, it indeed appears that this zonal transport is primarily driven by
eddies, especially for the transport towards the front (green bars in Figures 3.12a and
3.12c).

Although the front current is unstable and as such enables a heat flux from the front
region toward the east and the west, the front itself, not the mid-ocean ridge, seems to
limit the exchange between the eastern and western basins; the net transport of the cold
watermass (green shading west of the front in Figure 3.12b) crosses the mid-ocean ridge
(at x = 500 km), but does not seem to cross the front into the eastern basin. As volume
is conserved, this watermass has to change direction to flow along the front instead of
across. To illustrate the circulation and variability along the front in all dimensions, vir-
tual particles are released at the mid-ocean ridge as described in the method section of
this appendix. As the eddy transport across the ridge is only ∼1.5Sv (Figure 3.11b), most
particles released over the full depth of the mid-ocean ridge flow along the meandering
front current to the north, where they follow the western boundary current out of the
basin (>80%, Figure 3.13a). This pathway is similar to the front_only-pathway presented
in section 3.4.

A subset of this particle data set is analyzed in more detail to visualize the connection
between the warm watermass transport toward the west and the cold watermass toward
the east (respectively brown and green shading west of the front in Figure 3.12b). This
subset consists of particles that represent a warm watermass (> 8◦C) that cools by more
than 0.25◦C before leaving the mid-ocean ridge. This selection is visualized in Figure
3.13b) and represent trajectories similar to the front_west-pathway discussed in section
3.4.

First, a single example particle pathway is analyzed (see red trajectory in Figure 3.13a).
The red cross in Figure 3.13b shows its temperature change along the trajectory (from
the star to the triangle in Figure 3.13a), which changes from the warm layer watermass
to the cold layer watermass. After its release, this particle travels to the west in an eddy-
ing motion. There, strong vertical movement of the particle is seen (Figure 3.13c). This
indicates that the particle is located in the mixed layer. The temperature of the particle
drops (red line in Figure 3.13d) until it reaches the temperature of the mixed layer (dot-
ted line). Once below the mixed layer, the particle moves along isotherms and slight dis-
placements in an east- or westward direction are accompanied by a large displacement
in depth in order to follow the steeply sloping isotherms (see Figure 3.13c and isotherms
in Figure 3.3b). After it leaves the mid-ocean ridge via the western boundary current (tri-
angle in Figure 3.13), both the temperature and depth of the particle remain constant.

All other particles of the subset show similar behavior (see shading in Figures 3.13c-
d). Although the particles enter the mixed layer at different locations along the mid-
ocean ridge, the largest (and fastest) changes in temperature are seen just west of the
mid-ocean ridge while the particles are in the mixed layer. This becomes clear when
comparing the temperature of the particles with the mean temperature of the mixed
layer (dotted line in Figure 3.13d). The largest fraction of particles is found exactly where
the mixed layer temperature decreases rapidly in the westward direction, indicating that
the change in temperature is due to atmospheric cooling. Further, in Figure 3.13c a band
of increased particle density is seen at the mid-ocean ridge (x = 500 km) in a slightly
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tilted direction until a depth of 1600m. This indicates that the particles undergo large
variations in depth below the mixed layer when they are steered slightly to the east or
the west.

CONCLUSIONS
The combination of the results from the Eulerian analysis of the heat transport across the
ridge and the Lagrangian approach sheds light on the overturning across the mid-ocean
ridge. In the horizontal, there is a westward eddy-driven transport of warm water and
an eastward eddy-driven transport of cold water across the ridge (Figure 3.11b). In the
west, these two watermasses are connected via convection that takes place adjacent to
the mid-ocean ridge (Figure 3.13c). Once transformed, the now cold watermass follows
isopycnals across the ridge (Figure 3.13d). There, the cold watermass is transported by
the mean northward flow along the ridge and subsequently by the boundary current out
of the marginal sea. This overturning loop is closed by the transformation of the cold
watermass back to the warm watermass. According to our numerical simulations, this
takes place outside the Nordic Seas (represented in our model by the restoring region
south of the island), not inside the Nordic Seas by diapycnal upwelling as proposed by
Isachsen and Nøst (2012).

The transformation of watermasses along the front current seems very similar to
the watermass transformation along the slope current as discussed by Brüggemann and
Katsman (2019). They studied the gradual density changes of a slope current by separat-
ing the diapycnal transformation, which results from direct cooling by the atmosphere,
from the isopycnal transformation; entrainment of dense interior waters along isopyc-
nals into the slope current, induced by eddies. Based on the results of chapter 3 and the
analysis presented in this appendix, the watermass transformation taking place along
the front current is found to be a result of multiple processes that will likely respond dif-
ferently to changes in the environment as they involve different timescales. It is therefore
important to understand and measure the watermass transformation of Atlantic Water
in the Nordic Seas from a full three-dimensional point of view.





4
PATHWAYS AND WATERMASS

TRANSFORMATION OF ATLANTIC WATER

ENTERING THE NORDIC SEAS THROUGH

DENMARK STRAIT

The pathways and watermass transformation of the North Icelandic Irminger Current
(NIIC) in the Nordic Seas are investigated by tracing the NIIC watermass in two ocean
circulation models: the Modular Ocean Model (MOM) and the Parallel Ocean Program
(POP). The two simulations use identical atmospheric forcing and have a horizontal res-
olution of 0.1◦. However, the models differ strongly in their representation of the sea-ice
cover in the Nordic Seas and, possibly as a consequence, display a different hydrography.
Results from observational studies point towards a fast overturning loop north of Iceland
that connects the NIIC watermass to the Denmark Strait Overflow Water (DSOW). How-
ever, our Lagrangian analysis shows that only 0.2 Sv of the entering NIIC water exits as
DSOW in the two models. In POP, the main transformation to dense water takes place
along a short path north of Iceland. In MOM however, the contributing part of the NIIC to
DSOW takes a long path through the Nordic Seas and reaches Denmark Strait as part of the
East Greenland Current (EGC). A small contribution of the NIIC watermass to the Iceland
Scotland Overflow Water (ISOW) is found in both MOM and POP (7.8%, respectively 2.1%
of the NIIC watermass). Analysis of the depth distribution and the thermohaline changes
of the particles indicates that the watermass transformation that takes place north of Ice-
land is crucial for diversifying the pathways of the NIIC water.

Results presented in this chapter have been published as: S.L. Ypma, Brüggemann, N., Georgiou, S., Spence,
P., Dijkstra, H., Pietrzak, J.D. and Katsman, C.A., Pathways and watermass transformation of Atlantic Water
entering the Nordic Seas through Denmark Strait in two high resolution models, Deep Sea Research part I:
Oceanographic Research Papers, doi:10.1016/j.dsr.2019.02.002
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4.1. INTRODUCTION
The transformation of Atlantic Water (AW) north of the Greenland-Scotland Ridge is
one of the key mechanisms for controlling the strength of the Atlantic Meridional Over-
turning Circulation (AMOC) via the overflows through Denmark Strait and across the
Iceland-Scotland Ridge. The warm AW flows poleward into the Nordic Seas and beyond
through three main gateways (see schematic in Figure 4.1) (e.g. Hansen and Østerhus,
2000). Two of these, through which the majority of the AW flows north, are located east
of Iceland. West of Iceland, AW is transported by the North Icelandic Irminger Current
(NIIC). This third branch flows north along the western Icelandic slope and has been
monitored since 1985 (e.g. Jónsson and Valdimarsson, 2005), though the fate of the NIIC
has only recently been studied in more detail. Water mass transformation of the AW
in the NIIC is thought to be linked to the densest part of the Denmark Strait Overflow
Water (DSOW) (Våge et al., 2011). However, as of yet it is unclear which path the NIIC
takes after entering the Nordic Seas and where watermass transformation from the NIIC
to DSOW takes place. The aim of this study is to investigate the paths and watermass
transformation of the NIIC in detail in two ocean models using a Lagrangian approach.

Previous studies suggest three possible pathways for the NIIC. The first path was de-
scribed by Swift and Aagaard (1981) as well as Jónsson (1992), who observed Atlantic
Water at the north Icelandic continental shelf, without any propagation into the central
Iceland Sea. They found that east of Iceland the water leaves the shelf and propagates in
the direction of the Norwegian Sea. Stefánnson (1962) showed that part of the NIIC wa-
termass mixes with surface water from the Iceland Sea, forming a watermass that con-
nects to the Iceland Scotland Overflow Water (ISOW).

ISOW, which has a similar magnitude as DSOW, is formed by a mixture of water-
masses that, combined, are generally labelled as Modified East Icelandic Water (MEIW).
The main constituents of the MEIW are the North Icelandic Winter Water, the East Ice-
landic Water, the Norwegian Sea Deep Water and the Norwegian North Atlantic Water,
where the latter is partly formed by transformation of the NIIC watermass (e.g. Hansen
and Østerhus, 2000). The main outlet of these watermasses is through the Faroe-Shetland
Channel.

Using surface drifters, Valdimarsson and Malmberg (1999) observed a second possi-
ble path for the NIIC, where most of their drifters seemed to be topographically steered
northward by the Kolbeinsey Ridge (see Figure 4.1) and returned south through Den-
mark Strait in the East Greenland Current (EGC).

More recently, analyses from multiple hydrographic transects along the coast of Ice-
land suggested a third possible pathway. They point to a close relationship between the
NIIC and the North Icelandic Jet (NIJ) (e.g. Våge et al., 2011, 2013, 2015). The NIJ trans-
ports the densest component of the Overflow Water through Denmark Strait (Våge et al.,
2011). The other two currents advecting dense water from the north through the strait
are the shelf break current and the separated branch of the EGC (Harden et al., 2016).
The observations show several indications of a connection between the NIIC and the
NIJ. First, both currents can be traced along the continental slope of Iceland until their
signal disappears at the northeast corner of the island (Våge et al., 2011). Along the Ice-
landic shelf, the currents seem to be dynamically linked by sharing a pronounced density
front (Pickart et al., 2017). Second, the volume transport of both currents is very simi-
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Figure 4.1: Schematic of the circulation in the Nordic Seas and bathymetry. Shown in red are the warm and salty
inflowing currents: the North Icelandic Irminger Current (NIIC) and the Norwegian Atlantic Current (NwAC).
The East Greenland Current (EGC) and the East Icelandic Current (EIC) are shown in blue and the East Green-
land Coastal Current (EGCC) in green. Dense currents are shown in black: the North Iceland Jet (NIJ), the Den-
mark Strait Overflow Waters (DSOW, dashed line) and the Iceland Scotland Overflow Waters (ISOW, dashed
lines). The bathymetric features pertinent for this study are marked: the Kolbeinsey Ridge (KR), the Jan Mayen
Ridge (JMR) and the Mohn Ridge (MR). The release location of the particles at 66◦N in Denmark Strait (DS) and
the Kögur Section (KS) are shown in black. Note that the bathymetry is from ETOPO2v2, and not the model
bathymetry.
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lar. It is estimated to be 1 Sv and 0.88 Sv for the NIJ and NIIC, respectively (Jónsson and
Valdimarsson, 2012; Harden et al., 2016).

Våge et al. (2011) showed, by using an idealized model set-up, that the mechanism
that links the NIIC and the NIJ is similar to the one described by e.g. Spall (2004) and
Straneo (2006b). These studies suggest that buoyant water from the NIIC is transported
to the interior of the Iceland Sea by eddies due to baroclinic instability of the NIIC. In
these idealized models, the heat flux from the boundary current to the interior balances
the atmospheric cooling over the interior that induces convection. The dense watermass
returns to the Icelandic slope where it sinks and forms the NIJ.

So far, follow-up studies have not been able to corroborate the connection between
the NIIC and the interior of the Iceland Sea. Using measurements from eight shipboard
surveys, Pickart et al. (2017) find a strong, in phase correlation in salinity between the
NIJ and NIIC. In case the two currents are linked, this would imply the existence of a
very fast overturning. To accomodate this short time-scale, they hypothesize that the
overturning can not take place in the central Iceland gyre, but instead takes place north-
west of the gyre where deep mixed layers are observed. In their discussion it remains
unclear how the water of the NIIC reaches this area. Additionally, de Jong et al. (2018)
do not find a connection between the interior Iceland Sea and the NIJ either. In their
study, based on the analysis of deployed RAFOS floats, they highlight the importance of
the East Icelandic Current (EIC, Figure 4.1) that potentially blocks the exchange between
the Iceland Sea gyre and the Icelandic slope region. This branch might not be captured
by the idealized model of Våge et al. (2011). Tracking the NIJ watermass back in time in
a high resolution ocean model (Viking20) leads to a similar insight: no exchange with
the interior of the Iceland Sea is seen and most of the NIJ originates from the shelfbreak
EGC (Behrens et al., 2017). It is therefore still unclear what role the NIIC plays for the
formation of Denmark Strait Overflow Waters.

Lagrangian studies as Behrens et al. (2017) can be very useful as particle tracking in
global ocean models has the advantage that a large number of particles can be used
in comparison to observations, providing better statistics of variable pathways. How-
ever, different ocean models lead to different conclusions. For example, backtracking
the overflow waters in the 1/20◦ horizontal resolution Viking20 ocean model, Behrens
et al. (2017) find that the bulk part of the Denmark Strait Overflow Water in the model
(60%) has an Arctic origin. In contrast, in the 1/10◦ ocean model used by Köhl (2010) the
largest part of the DSOW originates from watermass transformation taking place within
the Nordic Seas. Köhl (2010) argues that the pathways vary spatially depending on the
magnitude of the wind stress. Thus, he concluded that the differences in ocean models
regarding forcing and set-up may lead to significantly different results.

In addition to the variables mentioned by Köhl (2010), the horizontal resolution, dis-
cretization in the vertical, topography, mixing parameterizations and boundary condi-
tions like applied atmospheric forcing and sea-ice conditions impact the mixed layer
dynamics and therefore the circulation in the models (Willebrand et al., 2001; Lange-
haug et al., 2012; Courtois et al., 2017). A correct representation of the convection re-
gions is crucial for the transformation processes of watermasses. However, ocean mod-
els still show large differences in mixed layer depth, both in low- and high resolution
ocean models (e.g. Tréguier et al., 2005; Danabasoglu et al., 2014).



4.2. METHODS

4

81

The aim of this study is to investigate to what extent the inflowing Atlantic Water
through Denmark Strait contributes to the Overflow Water and whether its transforma-
tion is related to the location of convection regions within the Nordic Seas as proposed
by Våge et al. (2011). A Lagrangian perspective is chosen, where the NIIC watermass en-
tering the Nordic Seas through Denmark Strait is tracked in two ocean models that dif-
fer substantially in their representation of deep convection: the Modular Ocean Model
(MOM) and the Parallel Ocean Program (POP). The models have the same horizontal
grid with a resolution of 0.1◦ degree and identical atmospheric forcing. However, their
sea-ice representation and consequently the hydrography in the Nordic Seas is different.
This chapter presents the pathways of the NIIC water in these two models, a quantifica-
tion of the contribution of the NIIC to the overflows and a discussion on where and how
the NIIC watermass is transformed.

The chapter is structured as follows. Section 4.2 describes the model simulations
analysed and the particle tracking method. In section 4.3 the performance of both mod-
els in the Nordic Seas is compared to observations. This is followed by the main results of
this study, where the pathways of the NIIC watermass are described in detail in section
4.4 and the watermass transformation along the pathways is discussed in section 4.5. A
discussion and the conclusions are provided in section 4.6.

4.2. METHODS
In this study, a Lagrangian analysis is conducted to trace the NIIC watermass. Numerical
particles are advected offline using the velocity fields of the model output. The particles’
location, depth, temperature and salinity are saved and used to determine the pathways
and watermass transformation of the NIIC water. This method is applied to two ocean
models that differ substantially in their representation of deep convection and sea ice in
order to investigate the sensitivity of the results to the location of deep mixed layers and
heat fluxes.

4.2.1. GLOBAL OCEAN MODEL CONFIGURATIONS

The particles are advected in the Modular Ocean Model global ocean-sea ice model
(MOM) and the Parallel Ocean Program ocean-only model (POP). The ocean model con-
figurations are described in detail by Spence et al. (2017) (MOM) and Weijer et al. (2012)
(POP) and form the ocean component of frequently-used climate models (MOM in GFDL-
CM2.6 and POP in CESM1.0). The models have the same horizontal resolution of 0.1◦
and use a tripolar B-grid. This yields ∼4.5 km resolution at 65◦N. Nurser and Bacon
(2014) estimated the first Rossby Radius of deformation to be ∼7 km in the Norwegian
Sea and ∼3 km in the Iceland and Greenland Sea. Therefore, these ocean models are
only partly eddy resolving in the region of interest. In the vertical, MOM (POP) has 50
(42) layers with a resolution of 5m at the surface up to 200m (250m) in the deeper layers.

Both models are forced by prescribed atmospheric conditions using the Coordinated
Ocean-ice Reference Experiments Normal Year Forcing (COREv2-NYF) reanalysis data
(Griffies et al., 2009; Large and Yeager, 2009). COREv2-NYF provides a climatological
mean atmospheric state estimate at 6-hour intervals at roughly 2◦ horizontal resolution.
The atmospheric state is converted to ocean surface fluxes by bulk formulae, so there
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are no air-sea feedbacks. The Normal Year Forcing is derived from 43 years of the inter-
annual varying atmospheric state from 1958 to 2000. Since the same seasonal forcing
is applied every year, the interannual variability is small. Using normal year forcing is
advantageous for this study as the results will not depend on the release year of the nu-
merical particles. For practical reasons, only one year of velocity data representative for
the mean ocean state of the models is used in this study.

The KPP parameterization is used for the parameterization of convection in both
models (Large et al., 1994). Further, vertical viscosities and diffusivities are set by KPP
and in the horizontal, biharmonic viscosity and diffusion are used. In MOM, the surface
salinity is restored on a 60-day timescale. In POP, the surface salinity is restored during
the first 75 years of the spin-up period. From that moment onwards, ‘mixed boundary
conditions’ are applied, derived from the monthly-averaged restoring flux of the final
five years of the spin-up.

The models differ in their sea-ice configurations. MOM is coupled to the GFDL Sea
Ice Simulator model, so the sea ice evolves freely. In POP, the sea-ice edge is fixed and
defined by the -1.8◦C isotherm of the SST climatology from COREv2-NYF. Under the di-
agnosed sea ice, temperature and salinity are restored with a timescale of 30 days. The
approaches regarding the sea-ice configurations in MOM and POP lead to large differ-
ences in the maximum sea-ice extent in the Nordic Seas, as shown by the black line in
Figures 4.2b and 4.2c. In POP the maximum sea-ice extent is confined to the continen-
tal shelves of Greenland, whereas in MOM the sea ice covers most of the Greenland and
Iceland Seas in winter months. Additionally, Figure 4.2 shows that the modeled hydro-
graphic fields of the two models differ as well. Section 4.3 will further elaborate on these
differences with respect to observations.

4.2.2. TRACKING THE ATLANTIC WATER NORTH THROUGH DENMARK STRAIT

Lagrangian particles are released daily for a duration of one year in the northward flow-
ing Atlantic Water in Denmark Strait. The particles are released at a zonal transect at
66◦N between Iceland and 28.9◦W (black line in Figure 4.1 in Denmark Strait) at a res-
olution of 0.1◦ longitude and 20m in the vertical. The particle is only traced when the
initial meridional velocity is positive (hence flowing to the north) and when the initial
temperature is higher than 5◦C (hence Atlantic Water). Each particle is tagged with its
corresponding volume transport that is defined as the meridional velocity multiplied by
the area of the cell face in which the particle is released (Döös, 1995).

The particles are advected forward in time with a timestep of 1 hour within the daily
averages of the 3D velocity field output of the ocean model using the Connectivity Mod-
eling System (CMS) (Paris et al., 2013). The CMS model uses a tricubic interpolation spa-
tially, and a 4th order Runge Kutta stepping scheme in time. No horizontal or vertical dif-
fusivity is added to the particles, so the particle motion is purely advective. Mixing is only
taken into account as far as it is represented by resolved eddies. The CMS model does
include the option to parameterize the vertical movement in mixed layers by adding a
random kick in the vertical to the particle trajectories (van Sebille et al., 2013). Results of
including this option are compared to results without the parameterization, and no sig-
nificant changes were found in the particle pathways and the watermass transformation
along the paths. The change in density of the particles in the convection region defines
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Figure 4.2: Mean temperature (top) and salinity (middle) at 50m depth and sea surface height (bottom) from
(a,d,g) observations, (b,e,h) MOM and (c,f,i) POP. The observational hydrographic fields show the mean from
1995 to 2010 and are obtained from the Climatological Atlas of the Nordic Seas (Korablev et al., 2014). Panel (g)
shows the mean absolute dynamic topography over the same period from the AVISO satellite altimetry. The
black lines in (a-c) indicate the sea-ice extent in March. In (a) the extent in 1982 and 2017 are shown from the
Sea Ice Index (Fetterer et al., 2017). The contour lines in (e) and (f) show the model isobaths at 400m (thick
black line), 1000m, 1500m and 3000m depth. The black arrows in (h) and (i) show the mean surface velocity
field for flow stronger than 0.05 m/s.
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the future path, as the particles have to follow isopycnals. It does not matter at which
depth the particle is located within the mixed layer, since the T-S properties of the mixed
layer are continuously homogenized by the convective adjustment used in the model
simulations. Therefore, the results of the CMS model without the parameterization of
the vertical movement in mixed layers have been used in this study.

In total 226407 (284412) particles are tracked in MOM (POP). The total advection time
of the particles is chosen to be 6 years and is executed by looping through the available
data set of one year of model output. The resulting pathways and timeseries of tempera-
ture and salinity of the particles do not show large variations from the end of December
to the beginning of January, which justifies this method. After six years, the majority of
the particles has left the Nordic Seas (81% in MOM and 69.8% in POP, see section 4.4 and
Figure 4.6).

The resulting pathways are then visualized using a particle density plot (see sec-
tion 4.4 and Figure 4.5). To this end every particle location is regridded on a 0.1◦x 0.1◦
latitude-longitude grid. Each position can only be occupied by the same particle once, to
avoid the obscuration of the pathways by long residence times as described by Behrens
et al. (2017). The particle density is given by the transport carried by the particles at each
location divided by the total transport. This way, the paths that the particles are most
likely to take are highlighted.

4.3. MODEL PERFORMANCE IN THE NORDIC SEAS
Apart from the different sea-ice configuration and the SSS restoring, the set-up of the
two models is very similar, as described in section 4.2.1. Still, the resulting hydrography
and circulation is remarkably different. In this section, a comparison of the two models
is made and the modeled fields are validated against observations to highlight possible
consequences of the different model configurations. Also, the interpretation of the find-
ings from the Lagrangian approach in sections 4.4 and 4.5 requires knowledge of the Eu-
lerian background velocity and hydrography. The first part of this section compares the
Nordic Seas hydrography and the mixed layer depth from each model to observations.
The second part addresses the circulation in both models and the third part discusses
the hydrography at the Kögur section (see Figure 4.1) to investigate the properties of the
NIIC and the Denmark Strait Overflow Water.

4.3.1. HYDROGRAPHIC PROPERTIES

The mean temperature and salinity at 50m depth of both models is compared to the ob-
served fields of the Nordic Seas from 1995 to 2010 in Figure 4.2a-f. A depth of 50m is
chosen, since at this depth the difference in temperature between the eastern and west-
ern basins is more pronounced than at the surface. Apart from some local discrepancies,
both models compare well to the observed hydrography in the Nordic Seas. The hydro-
graphic fields in MOM differ from the observations on the western side of the Nordic
Seas. The Greenland Sea and Iceland Sea are colder than observed (∆T∼2◦C, Figure
4.2b) and the waters near the Greenland coast are too fresh (∆S∼0.5 psu, Figure 4.2e).
In POP, a warm and saline signal that is not present in observations, seems to propagate
onto the northern Greenland shelf region at 80◦N (Figures 4.2c and 4.2f). Furthermore,
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the lateral spread of the Atlantic Water throughout the eastern basins is minimal in POP.
Instead, a local minimum in temperature is seen in both the Lofoten Basin and the Nor-
wegian Basin (Figure 4.2c). Further, the Atlantic Water returning in the EGC is warmer in
MOM than in POP, indicating that the boundary current in POP loses more heat than the
boundary current in MOM (see also table 4.1).

The location where deep convection takes place in both models is very different. Fig-
ure 4.3a and 4.3b show the maximum mixed layer depth (MLD) in MOM and POP. In or-
der to use a common criterion for both models, the MLD is defined as the depth where
the density difference compared to the surface is larger than 0.125 kg/m3 as described in
Danabasoglu et al. (2014). The density is determined from the temperature and salinity
fields using the UNESCO nonlinear equation of state (Millero and Poisson, 1981). The
maximum in MLD is reached at the end of winter and beginning of spring. The models
display a clear difference in both the magnitude and the location of deep convection.
In MOM the convection reaches 1000m depth, and the deepest mixed layers are seen
southwest of Svalbard and within the Norwegian Atlantic Current (Figure 4.3a). In con-
trast to MOM, POP has mixed layers with a maximum of 1500m depth along the shelf
break of Greenland, into the Greenland Basin and north of the Icelandic Plateau (Figure
4.3b).

The location and depth of deep convection are strongly dependent on the atmo-
spheric forcing, the sea ice and the stratification of the water column (e.g. Moore et al.,
2015; Harden et al., 2015; Våge et al., 2018). Comparing the location and the depth of the
deep convection to the atmospheric heat flux (contours in Figure 4.3) and the sea-ice
edge in March (dashed lines in Figure 4.3) confirms this. In MOM the edge of the deep
convection region coincides with the -100 W/m2 heat flux contour (Figure 4.3a). Fur-
thermore, it is clear that the deep convection in the western basin is absent because the
sea ice is preventing the cooling of the ocean surface by the atmosphere. In POP the sea-
ice edge, which is located much closer to the Greenland coast (see dashed line in Figure
4.3b), also plays an important role for the location of the deep convection. The strongest
heat fluxes are found along the sea-ice edge, which makes the water column more prone
to deep convection.

Observational estimates of the mixed layer depth in the Nordic Seas are limited due
to the lack of year-round observational data. Mixed layers with depths of 560m have
been observed in the Lofoten and Norwegian Basins (Nilsen and Falck, 2006; Richards
and Straneo, 2015). The deep convection in the Greenland Sea is highly variable and can
extend to depths of 2000m (Rudels et al., 1989; Latarius and Quadfasel, 2016). Combin-
ing all available observational data in the Iceland Sea, Våge et al. (2015) found that the
deepest mixed layers in this basin (∼300m) are located in the northwest, close to Green-
land. These findings suggest that the deep convection in the Greenland Sea is better
represented in POP and the deep convection in the Lofoten Basin is better represented
in MOM. Further, POP overestimates the maximum MLD in the Iceland Sea, whereas in
MOM deep convection does not occur in this region. These differences are likely a direct
consequence of the difference in sea-ice behavior between the models. Recall that the
sea-ice extent in POP is fixed to observed values, whereas in MOM the sea ice is dynam-
ically active. Apparently, the sea-ice model used in MOM is overestimating the sea-ice
extent in the Nordic Seas, which suppresses deep convection in the western basins.
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Figure 4.3: Maximum mixed layer depth (top) and eddy kinetic energy (bottom) for MOM (left) and POP (right).
Solid contours in (a) and (b) show the -500 W/m2 (in red), -100 W/m2 and 0 W/m2 (in black) March mean heat
flux. The dashed contours indicate the sea-ice extent in March.

4.3.2. NORDIC SEAS CIRCULATION

The circulation pattern in the Nordic Seas is strongly controlled by topography, while the
strength of the circulation is influenced by the wind forcing and hydrography (e.g. Blind-
heim and Østerhus, 2005; Spall, 2010). Figures 4.2g-i show the mean sea surface height
(SSH) from observations, and in MOM and POP. The SSH in both models compares quite
well to observations, except in the Lofoten Basin. Especially in POP a depression in SSH
is clearly seen in the Lofoten Basin, whereas a positive SSH anomaly is commonly ob-
served in this area associated with the Lofoten Vortex (e.g. Søiland et al., 2016; Fer et al.,
2018). The arrows in Figures 4.2h and 4.2i show the mean surface velocity in both mod-
els. The location and direction of the currents compare well to the observed surface
circulation derived from drifters by e.g. Jakobsen et al. (2003). The model results differ
regarding the strength of the currents. POP has a very strong cyclonic gyre in the Lofoten
Basin and the Norwegian Basin, but the circulation in the Greenland and Iceland Basin



4.3. MODEL PERFORMANCE IN THE NORDIC SEAS

4

87

is weaker. In MOM cyclonic gyres are most pronounced in the Greenland Basin and the
Norwegian Basin. As the EGC in POP is very weak (see also table 4.1), most Arctic Water
is transported southwards by the East Greenland Coastal Current. In MOM this current
is less pronounced.

When the circulation is compared to the structure of deep convection in the basin
(Figures 4.2h-i to 4.3a-b), the regions with convective activity coincide with regions of
low velocity in both models. This seems contradictory at first, since deep convection in
the interior of ocean basins is thought to be positively correlated with the strength of
the cyclonic boundary current that is surrounding the basin: as the interior of the ocean
basin is cooled during winter, the temperature gradient between the boundary current
and the interior increases and the boundary current strengthens as a result of the ther-
mal wind balance (e.g. Spall, 2004; Tréguier et al., 2005). However, in our simulations
a strong cooling coincides with a weak temperature gradient between the interior and
the boundary current and therefore with a reduced geostrophic transport. The reduced
temperature gradient is probably caused by the stronger cooling over the boundary cur-
rent area compared to the interior. This heat loss seems to be so strong that the supply
of warm water from the boundary current upstream is not sufficient and thereby, the
boundary current temperature decreases.

The eddy kinetic energy (EKE) is shown is Figures 4.3c-d. Although the model res-
olution is not sufficient to fully resolve all eddy activity in the Nordic Seas, most of the
variability is captured. The largest eddy variability is seen west of the Lofoten islands.
Here, the EKE exceeds 400 cm2s−2, which compares relatively well to observational esti-
mates (e.g. Wekerle et al., 2017). North of Iceland a small band of increased EKE from the
NIIC can be seen. Both observational estimates of the eddy variability in this region and
estimates from higher resolution model simulations show slightly larger values for EKE
of ∼100 cm2s−2 compared to ∼60 cm2s−2 in MOM and POP (e.g Jakobsen et al., 2003;
Wekerle et al., 2017).

4.3.3. HYDROGRAPHIC PROPERTIES AT KÖGUR SECTION

Next, the properties of the inflowing Atlantic Water and the outflowing Overflow Water
through Denmark Strait are compared between the models and mooring observations
at the Kögur section (Harden et al., 2016). This transect is well documented from ob-
servations and the characteristics of both the inflowing NIIC and the outflowing dense
waters can be distinguished along the section. Further, to enable direct comparison be-
tween the models and observations, table 4.1 shows the mean temperature, salinity and
volume transport estimates of the NIIC, DSOW, NIJ and EGC.

Figure 4.4 shows the mean temperature, salinity and the cross-section velocity (pos-
itive indicates northward flow) at the Kögur section. The mean temperature along the
Kögur transect in MOM captures the observed pattern well (Figure 4.4b), although the
deep waters are too warm (∆T∼1◦C, Figure 4.4b). In POP, the stratification is much
stronger than observed, with warmer water at the surface (∆T∼ +2◦C) and colder wa-
ters below (∆T∼-1.5◦C, Figure 4.4c). The salinity shows similar discrepancies, where the
surface and deep layers are too fresh in MOM and too salty in POP by ∼0.1 psu compared
to the observations (Figures 4.4e and 4.4f). Combining the findings for temperature and
salinity, the in- and outflowing waters in MOM are slightly too light and the in- and out-
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Table 4.1: Mean transport (Ψ), temperature (T) and salinity (S) of the NIIC, DSOW, NIJ and EGC from obser-
vations and the model simulations. Observational values are estimated from [1] Våge et al. (2013), [2] Jónsson
and Valdimarsson (2005), [3] Pickart et al. (2017), [4] Jochumsen et al. (2017), [5] Eldevik et al. (2009), [6] Harden
et al. (2016) and [7] Håvik et al. (2017).

observations MOM POP observations MOM POP
NIIC DSOW
Ψ (Sv) 1.1[1] 1.1 1.8 3.2[4] 2.5 3.1
T (◦C) 3-6[2] 6.2 6.6 0.1-0.5[5] 2.5 -0.5
S (psu) 35-35.15[3] 35 35.1 34.82-34.94[5] 34.9 35
NIJ EGC (76◦N)
Ψ (Sv) 1±0.17[6] 0.5 1.3 5-7[7] 7.5 2.8
T (◦C) -0.4-0[3] 1.4 -0.4 2-4[7] 2.3 0.7
S (psu) 34.9-34.91[3] 34.9 35 34.9-35.1[7] 34.9 35
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for the particles to reach the exits of the Nordic Seas is given in years.

flowing waters in POP are too dense.

In the cross-section velocity at the Kögur section different branches can be distin-
guished (Figures 4.4g-i). The NIIC is present in both models and is characterized by a
warm and salty water mass flowing north on the Icelandic shelf. The NIIC transport is
1.1 Sv in MOM and 1.8 Sv in POP compared to 0.88-1.1 Sv estimated from observations
(Jónsson and Valdimarsson, 2012; Våge et al., 2013). As a result of the model bias in den-
sity, the overflow water is characterized by different isopycnals. The 27.8 kg/m3 respec-
tively 28.0 kg/m3 isopycnals are chosen to represent the overflow water mass in MOM
and POP. This results in an overflow transport into the Atlantic of 2.4 Sv in MOM and 3.1
Sv in POP, which is slightly lower than the observed estimate of 3.2 Sv from Jochumsen
et al. (2017). Compared to observations, the NIJ is better represented in POP than in
MOM (see table 4.1).

In summary, this section discussed the differences between the models and obser-
vations. Overall, the models capture the main characteristics of the Nordic Seas well,
but disagree on the location of deep mixed layers, the gyre strength in the Nordic Seas
and the hydrographic characteristics of the Denmark Strait Overflow Water. The remain-
der of this chapter will focus on whether these differences influence the pathways of the
NIIC water and the location and strength of the watermass transformation.

4.4. PATHWAYS OF THE NIIC WATERMASS IN THE NORDIC SEAS
The density plot of the particles seeded in the NIIC (see section 4.2.2) reveals the path-
ways of the NIIC watermass in the Nordic Seas (Figure 4.5). After entering the Nordic
Seas, most particles follow the 400m isobath around Iceland to the east (see inlays Fig-
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ure 4.5). From there, multiple pathways can be identified following the shelfbreak and
the main topographic features of the Nordic Seas; the Vøring Plateau and the Jan Mayen-
and Mohn Ridges (see Figure 4.1).

These particle density plots show that the paths along which the particles enter the
interior of the Nordic Seas are completely different between the two models. Particles
mainly occupy the Lofoten Basin in MOM, whereas in POP the particles occupy the
Greenland Basin. In MOM, particles are captured by eddies near the Lofoten Islands and
travel westward until they reach the Mohn Ridge. There, the majority of the particles
flows to the north and eventually joins the EGC. In POP, the particles are not captured
by eddies near the Lofoten islands, but are transported in the strong cyclonic gyre of the
Lofoten Basin and the Norwegian Basin instead. At the western side of the Nordic Seas,
particles travel throughout the Greenland Basin, without displaying one distinctive path.

The residence time of the particles within the Nordic Seas is highly variable and de-
pends on where the particles leave the basin. The median travel time is given in Figure
4.5 for the particles that enter and leave the Nordic Seas within the time interval of 6 years
(section 4.2.2). The shortest residence times of ∼1 year are found for particles taking a
short path crossing the Greenland-Scotland Ridge, whereas the particles that follow the
path along the rim of the Nordic Seas take ∼ 4 years to do so. On average, the travel time
towards Fram Strait is one year shorter in POP than in MOM, which indicates that the
particles flow much faster from the Lofoten Islands to Fram Strait in POP than in MOM.

In order to distinguish between the different paths, particles are selected based on
which exit they take out of the Nordic Seas. This particle categorization process is il-
lustrated in Figure 4.6a. Furthermore, a selection is made based on whether particles
enter the interior of the Nordic Seas, or stay close to the boundary with respect to the
coastlines of Iceland, Norway, Svalbard and Greenland. Although the categorization is
sensitive to the choice of the transects shown in Figure 4.6a, inspection of the individ-
ual particle trajectories indicates that the transect locations used in this study lead to a
meaningful separation.

The result of this categorization process is summarized by Figures 4.6b and 4.6c. In
both models, most of the NIIC watermass leaves the Nordic Seas toward the Atlantic
Ocean by crossing the Greenland-Scotland Ridge (66.7% in MOM and 42.5% in POP). A
smaller fraction of the NIIC watermass flows into the Arctic via Fram Strait or the Barents
Sea (14.3% in MOM and 27.3% in POP). The part of the NIIC water that takes longer than
6 years to leave the Nordic Seas (19% in MOM and 30.2% in POP) is found mostly in the
interior of the basin (not shown). A much longer advection time would be needed to
advect all of the originally seeded NIIC particles out of the Nordic Seas.

The particles leaving the Nordic Seas through Denmark Strait can do so following
different paths as indicated in Figures 4.6b-c; via a short loop north of Iceland (the DSs,
short, path), via the rim of the Nordic Seas (the DSl, long, path), via the interior of the
Nordic Seas (the DSm, middle, path) and via the coastal shelf area of Greenland (the
DSc, coastal, path). As the connection of the NIIC to the overflow is the main interest
of this study, the remainder of this chapter is focused on the NIIC water returning to the
Atlantic Ocean. Although the sea-ice cover, the mixed layers, and the transport of the
NIIC show a seasonal dependence in the two model simulations, the pathways of the
NIIC watermass are not sensitive to the time of release of the particles.
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Figure 4.6: (a) Example of 63 randomly chosen particle trajectories from both MOM and POP and their cat-
egorization (color coding). DSs (Denmark Strait short, pink) are particles that leave the Nordic Seas crossing
transect 1, without crossing transect 5. IFS particles (Iceland-Faroe-Shetland, purple) are particles that leave
by crossing transect 2. BS (Barents Sea, orange) are particles that travel into the Barents Sea crossing transect
3. FS (Fram Strait, brown) are particles that travel into the Arctic Ocean by crossing transect 4. DSl (Denmark
Strait long, blue) are particles that travel along the rim of the Nordic Seas, crossing transects 5 and 1. DSc (Den-
mark Strait coast, red) are particles that follow the same route as DSl, but travel on the shelf region of Greenland
crossing transect 7. DSm (Denmark Strait middle, green) are particles that enter the interior of the Nordic Seas
indicated by box 6 and leave the Nordic Seas through transect 1. (b-c) The black arrows indicate the paths of
the NIIC water in the Nordic Seas where the percentage gives the distribution of the NIIC watermass over the
different pathways. The total fraction of the NIIC watermass that leaves through each exit is given in red. 19%
(30.2%) of the particles are still in the Nordic Seas after 6 years in MOM (POP).

Both models show the existence of a short loop along the inflowing NIIC back to Den-
mark Strait (the DSs path). At first sight, this path seems similar to the hypothesized path
of Våge et al. (2011). However, only 13% of the volume that entered the Nordic Seas in the
NIIC is taking this path in both MOM and POP, in contrast to the fast one-to-one con-
nection between the NIIC and the NIJ proposed by Pickart et al. (2017). Furthermore, in-
vestigation of the particles’ depth is needed in order to see whether this outward branch
is actually part of the NIJ. To this end, the vertical distribution of the in- and outflow-
ing branches of the different pathways at the Kögur section are visualised in Figures 4.7a
and 4.7b. To derive this figure, the particles crossing this transect are mapped on a 0.1◦x
10m longitude-depth grid. Only the contour that encompasses more than 80% of the
particles is shown to highlight the main position of each pathway in the watercolumn.

In both models, most of the DSs watermass originates from the upper 100m of the
NIIC (solid pink contour in Figures 4.7a-b), and this path is therefore shallower than
the other paths. The particles follow the shelf break of Iceland and turn northwards at
Kolbeinsey Ridge. In MOM, the particles return to Denmark Strait following the 1000m
isobath along the Icelandic slope. In POP, some particles circulate in the Bloseville Basin
(Figure 4.1) as well. On their outward journey, there is no indication in MOM that the
DSs particles are connected to the NIJ, since the returning particles are all located in the
upper 100m of the water column (pink dashed line in Figure 4.7a). In POP, however, there
is a clear signal of outward flowing particles between 200m and 400m depth close to the
Icelandic slope (pink dashed line Figure 4.7b), showing that in this model the outward
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branch is part of the NIJ. This indicates that the watermass transformation of the parti-
cles following the DSs path is different in both models. This will be further discussed in
section 4.5.

As only 13% of the NIIC watermass takes the DSs path, the majority of the water
is transported by other paths. A significant fraction of the NIIC watermass leaves the
Nordic Seas between Iceland and the Shetland islands in both models (the IFS path, 13%
in MOM and 20% in POP). In POP, all of the IFS particles leave the Nordic Seas between
Iceland and the Faroe Islands (the IF path), whereas in MOM the majority of the IFS
particles (>60%) leaves through the deeper channel between the Faroe Islands and Scot-
land (the FaS path). Again, the vertical distribution of the pathways is investigated by
mapping the particles on a 0.1◦x 10m latitude-depth grid of a transect east of Iceland
(Figure 4.7c and 4.7d). Clearly, the IFS particles (purple color in Figure 4.7c-d) are lo-
cated deeper in the water column than the particles of the other pathways. In MOM,
the particles leaving between the Faroe Islands and Scotland are located slightly farther
offshore. Therefore, they follow the 1000m isobath to the Faroe-Shetland Channel. The
possible connection of the IFS path to the Iceland Scotland Overflow Water (ISOW) will
be discussed in section 4.5.

Investigation of the vertical distribution of the pathways at the Kögur section and the
transect east of Iceland gives insight into why some particles flow south (the IFS path)
and why some flow northward east of Iceland (the BS, FS, DSm, DSl and DSc paths). At
the start of their trajectory, the maximum concentration of the particles that do not take
the DSs path is found at 200m depth in both models (see triangles in Figures 4.7a and
4.7b). However, east of Iceland, the particles that continue their journey north are all
shifted upwards in the water column, whereas most particles that flow south are found
below 200m depth (compare the purple and gray contours to the other colors in Figure
4.7c and 4.7d). The upper part of the water column east of Iceland is characterized by
the Atlantic Water flowing north in the NwAC. Particles that are located near the surface
are therefore likely to mix with the inflowing Atlantic Water and flow north, whereas the
deeper particles follow the topography to the south.

These results indicate that processes that take place between the two investigated
transects are crucial for setting the ratio of the southward and northward flowing frac-
tion of the NIIC. The instability of the NIIC in this region (see Figure 4.3c-d) could pro-
vide one possible mechanism for setting these pathways apart. The generation of eddies
coincides with local up- and downward movement of isopycnals and this process could
separate particles in depth (Ypma et al., 2016). Another possible mechanism is that the
particles are set apart in depth by local mixing within the mixed layer, which influences
their density. It is beyond the scope of this study to determine the dominant processes
in this region that are important for the transformation of the NIIC watermass. However,
it is likely that the ratio of the southward and northward flowing fraction of the NIIC is
subject to interannual variability.

The particles that flow north in the NwAC can take different routes. They either flow
into the Barents Sea, flow through Fram Strait or return south along Greenland to Den-
mark Strait. One of the main differences between MOM and POP is that more than half of
the NIIC watermass leaves through Denmark Strait in MOM, where most particles take
the long way around (along the DSl and DSm paths). In POP, only 23% leaves through
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Denmark Strait, which may be explained by the weak EGC in POP and the long resi-
dence time of the particles in the Greenland Basin. Using a longer advection time of the
particles would possibly increase the fraction of the NIIC watermass leaving the Nordic
Seas through Denmark Strait in POP.

In summary, according to the two model simulations investigated in this study the
connection between the NIIC and the NIJ is either weak (in POP) or non-existent (in
MOM). Furthermore, the model simulations suggest a possible connection between the
NIIC and the ISOW.

4.5. WATERMASS TRANSFORMATION ALONG THE PATHWAYS

In order to investigate the watermass transformation along the pathways of the NIIC
water in the Nordic Seas, the temperature and salinity are traced for each particle. As an
example, Figure 4.8a shows the trajectory of one of the particles that takes the DSl route
in POP. Along this path, a net cooling and freshening of 7◦C and 0.13 psu is seen (Figure
4.8b), leading to an increase in density of 0.68 kg/m3. The transformation predominantly
takes place at times when the particle is located inside the mixed layer (shaded periods
in Figures 4.8b and 4.8c). Note that the magnitude of the cooling that takes place is not
necessarily related to the depth of the mixed layer, neither to the strength of the heat flux
at the surface. As seen in Figure 4.8b between location 1 and 2, the particle changes its
thermohaline properties to a warmer and saltier watermass, while traveling to a location
with a deeper mixed layer and a stronger atmospheric cooling. Most likely, the warming
and increase in salinity is a result of mixing with Atlantic Waters that enter the Nordic
Seas east of Iceland. Two periods of strong cooling along the path of the particle can be
distinguished. The cooling that takes place north of Iceland (upstream of number 1 in
Figure 4.8a) at the start of the trajectory coincides with a reduction in salinity. This could
indicate another mixing process with cold and fresh waters from the north. The second
cooling event takes place when the particle is south of Svalbard (between location 6 and
7 in Figure 4.8a). During this cooling event, the salinity change is rather small and the
particle is close to the sea surface, indicating that the reduction in temperature is most
likely due to atmospheric cooling.

Note that not only this particle, but all particles change their density predominantly
when they are located within the mixed layer. This is because diapycnal mixing below
the mixed layer is small (e.g. Ledwell et al., 1993). In the model simulations, diapycnal
mixing originates from the vertical background diffusion and in case of steep fronts from
horizontal biharmonic diffusion. In addition to diapycnal mixing, there can be isopyc-
nal mixing (mixing of temperature and salinity without a change in density) either by
the explicitly resolved eddies or by horizontal diffusion. However, the effect of isopycnal
mixing on temperature and salinity is much smaller than the diapycnal and diabatic wa-
ter mass transformation within the ocean mixed layers. This is evident in Figure 4.8b-c
from the much smaller temperature and salinity changes when the particle is below the
mixed layer.
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Figure 4.8: (a) Example trajectory of a DSl particle in POP that is part of the DSOW. The line is red where the
particle is traveling inside the mixed layer, the line is black outside the mixed layer. (b) Temperature (solid
black line, left axis) and salinity (dashed black line, right axis) along the path of the particle trajectory shown in
panel a. (c) Depth of the particle (in black), the mixed layer depth along the trajectory (in red) and the heat flux
at the sea surface along the trajectory (in blue, negative means cooling). The shaded orange periods in (b-c)
indicate when the particle is in the mixed layer. The numbers along the time axis of panel b and c correspond
to the numbers in panel a, showing the particle location at the specified time.

4.5.1. CONTRIBUTION OF THE NIIC WATER TO OVERFLOW WATERS

The investigation of this single particle pathway already elucidates many aspects of den-
sity changes that can occur in the Nordic Seas. To analyze the watermass transformation
of the NIIC and its contribution to the overflows, all particles need to be taken into ac-
count. The change in temperature and salinity of the particles is visualized in the T-S
diagrams in Figures 4.9a and 4.9b, where T-S properties of the particles that enter the
Nordic Seas (in green) are compared to the T-S properties of the particles that exit the
Nordic Seas at either Denmark Strait, crossing the Iceland-Scotland Ridge, into the Bar-
ents Sea or through Fram Strait (in purple). The temperature and salinity of the particles
is gridded on a ∆T = 0.1◦C and ∆S = 0.05 psu temperature-salinity grid. In both models
a clear shift to lower temperatures is seen (∆T ∼ 4-7◦C) and little change in salinity.

Using the thermohaline properties of the particles, an estimate can be made to what
extent the NIIC watermass contributes to the overflow waters in both models. Figures
4.9c and 4.9d show the mean volume transport of all the water crossing Denmark Strait
as a function of temperature and salinity for MOM and POP, derived from the Eulerian
mean velocity fields. The thick density contour shows the minimum density of the over-
flows defined in section 4.3.3. The same contour is also shown in Figures 4.9a and 4.9b.
Using this threshold density, 27% (14.7%) of the water transported by the NIIC reaches a
density that is larger than 27.8 kg/m3 (28.0 kg/m3) when leaving the Nordic Seas in MOM
(POP).

To investigate along which paths this dense water is transported, the outflow tem-
perature and salinity of the particles is split over five T-S categories, indicated by the
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gray lines in Figures 4.9a-b. The categories are based on whether the density along the
pathway increased sufficiently to resemble the overflow (category 1), whether both tem-
perature and salinity decreased (category 2), whether mainly the salinity decreased (cat-
egory 3), whether the temperature increased (category 4), or whether the thermohaline
properties of the particles remained roughly similar (category 5).

Applying this categorization process to each pathway (Figure 4.10) directly reveals
along which pathways the dense water that eventually contributes to the overflows is
transported (blue color in Figure 4.10). In MOM, the NIIC water that contributes to
DSOW is transported mainly via the DSl and DSm path (18.2%, 0.20 Sv). In POP, 10.8%
(0.19 Sv) of the NIIC water reaches Denmark Strait as DSOW, which is mainly transported
via the DSs pathway and partly by the DSm path.

The NIIC watermass is also connected to the overflow between Iceland and Scotland
(ISOW) in both models via the IFS path, and this connection is stronger in MOM than
in POP (7.8%, 0.09Sv in MOM and 2.1%, 0.04Sv in POP). In MOM, the majority of the IFS
particles are transformed to the overflow density (blue color Figure 4.10), whereas in POP
most particles have T-S properties that are similar to those at entering the Nordic Seas
(gray color Figure 4.10). However, just before entering the Iceland-Faroe Channel (at the
transect shown in Figures 4.7c-d), the T-S properties of the particles in POP are very sim-
ilar to those in MOM (not shown). A possible explanation for the sudden decrease in
density is the slightly deeper mixed layer depths in the Iceland-Faroe Channel found in
POP, making the IFS watermass more prone to mixing with the warm and salty Atlantic
Water layer. This is linked to the fact that the IFS particles in MOM leave mainly through
the deep channel east of the Faroe Islands, whereas the IFS particles in POP leave west
of the Faroe Islands (section 4.4). In both models the isopycnal that serves as the up-
per threshold for the overflow waters is located at ∼500m depth at the Iceland-Scotland
Ridge. As the channel between Iceland and the Faroe Islands is only 500m deep, most of
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the ISOW has to leave east of the Faroe Islands, where the channel is 1100m deep.
Most of the particles that flow into the Barents Sea show either similar temperatures

or an increase in temperature with respect to their original properties when flowing into
the Nordic Seas. As a result, both simulations show only few particles with an overflow
density entering the Barents Sea and the Arctic Ocean (1% in MOM and 1.8% in POP). It
is likely that a part of the watermass that enters the Barents Sea and the Arctic Ocean will
transform to denser waters further north, but this is outside the scope of this study.

4.5.2. LOCATION OF WATERMASS TRANSFORMATIONS

To shed more light on the differences and similarities between the two model simula-
tions regarding the watermass transformation along the paths, the location of the ther-
mohaline changes along the pathways is investigated (Figure 4.11). The rate of change
of temperature and salinity is determined and spatially binned on a 0.5◦x 0.5◦ latitude-
longitude grid. Next, this rate of change is multiplied by the residence time of the par-
ticles at each gridbox, to obtain the total change in temperature and salinity that the
particles undergo at each location. Then, the results are averaged at every gridbox when
the particle number in the gridbox exceeds 100 particles.

The watermass transformation along the DSs path displays the largest difference be-
tween the two simulations. In MOM, the majority of the particles change their ther-
mohaline properties to a fresher watermass (purple area Figure 4.10), whereas in POP a
strong transformation to a cold and salty watermass takes place (blue area Figure 4.10).
Figures 4.11a-b show the temperature change for the particles that leave the Nordic Seas
as DSOW. Both simulations show strong cooling. In MOM, this cooling is confined to the
region just north of Iceland, whereas in POP the water flowing along the DSs path cools
over the entire area between Iceland and Greenland.

The differences between both model results become more apparent in Figures 4.11c-
d, where the salinity change is shown for the particles that change their thermohaline
properties to a colder and fresher watermass (T-S category 2, purple area Figure 4.10).
Where in MOM the strongest cooling is found directly at the release location of the parti-
cles (66◦N, Figure 4.11a), the strongest freshening takes place further downstream (∼68◦N,
Figure 4.11c). In POP, the reduction in salinity is significantly smaller and takes place
closer to the Greenland coast (Figure 4.11d). The total density change along the DSs
pathway (Figures 4.11e-f) indicates that the decrease in salinity in MOM outweighs the
temperature decrease and most of the DSs particles become lighter along this path. In
POP, the salinity decrease is small and most of the particles become denser along the DSs
path (Figure 4.11f). This explains why the DSs particles are found at the surface in MOM
and at depth in POP, when flowing south through Denmark Strait (Figures 4.7a-b).

The changes seen in the particles’ properties along the DSs path can be related to
the location of the sea ice (Figures 4.3a-b). As the maximum sea-ice edge extends to the
center of Denmark Strait in MOM, cooling by the atmosphere is confined to the region
close to Iceland as seen in Figure 4.11a. In POP, the region between Iceland and Green-
land is ice free year-round, and atmospheric cooling is not blocked by sea ice. Further,
it is likely that mixing takes place with the cold and fresh waters that flow south along
the Greenland coast. In MOM, the salinity gradient in the Denmark Strait region is much
larger than in POP (see Figures 4.2e-f). The fresher surface waters seen in MOM may be
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Figure 4.11: Temperature change per 0.5x0.5◦ lon-lat gridbox (a-b, g-h), salinity change per 0.5x0.5◦ lon-lat
gridbox (c-d, i-j) and total density change (e-f, k-l) along the DSs path (a-f) and the DSm path (g-l). The upper
row shows the temperature change of the particles that have a density larger than 27.8 (28.0) kg/m3 at leaving
the Nordic Seas (T-S category 1, see Figures 4.9 and 4.10). The middle row shows the salinity change of the
particles that have temperature and density properties smaller than respectively 2◦C and 27.8 (28.0) kg/m3

at leaving the Nordic Seas (T-S category 2, see Figures 4.9 and 4.10). The third row shows the distribution of
the total density change of each particle along the pathway (positive indicates a density increase), with the
particles that connect to the DSOW (T-S category 1) in blue and the particles that leave the Nordic Seas with
the T-S properties of T-S category 2 in purple.
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a result of ice melt, but also due to the different surface freshwater boundary conditions.
Therefore, similar mixing will lead to a stronger freshening in MOM than in POP.

The pathway along which the total density change is similar in both simulations is
the DSm path (Figures 4.10 and 4.11k-l). However, the locations where the thermohaline
changes take place are different. In MOM, the strongest cooling is found just north of
Iceland, similar to the DSs path (Figure 4.11g), while in POP, cooling is also seen along
the shelfbreak of Greenland and in the interior of the Nordic Seas (Figure 4.11h). Both
models show freshening along the Greenland coast, where the water mixes with the Polar
Water of the EGC (Figures 4.11i-j). In MOM, freshening is also seen just southeast of the
Greenland Basin.

Both MOM and POP display local maxima of watermass transformation in the in-
terior of the Nordic Seas (cooling in POP and freshening in MOM, Figures 4.11h-i). As
seen in Figures 4.2h-i, the flow speed is significantly lower in the interior of the Nordic
Seas than at the boundaries and therefore the local maxima seen in Figures 4.11h-i are
a result of the larger residence time of the particles in these areas. Similar to the DSs
path, the atmospheric cooling is limited by the sea-ice extent over the western side of
the Nordic Seas in MOM as seen in Figure 4.11g and the freshening southwest of the
Greenland Basin is likely a result of ice melt. The model simulations show an increase
in both temperature and salinity southeast of Iceland. This transformation is a result of
mixing with the Atlantic Water that flows into the Nordic Seas east of Iceland (Figure 4.1).
The location of watermass transformation along the other pathways was investigated as
well, but did not differ substantially from the watermass transformation along the DSm
path shown in Figure 4.11g-j.

In summary, both simulations show a similar contribution of the NIIC to the DSOW
of 0.2 Sv. However, the pathways along which the transformation takes place differ. This
is a result of the differences in sea-ice cover in the Nordic Seas, and likely due to the
different freshwater boundary conditions of the model simulations. As hypothesized
in section 4.4, investigation of the thermohaline properties of the particles elucidated a
weak connection between the NIIC and the ISOW.

4.6. DISCUSSION AND CONCLUSIONS
In this chapter Lagrangian particles have been used to investigate the pathways and the
watermass transformation of the North Icelandic Irminger Current (NIIC) in the Nordic
Seas in two ocean models. The volume of the NIIC water along each pathway and the
contribution of the NIIC watermass to Denmark Strait Overflow Water (DSOW) and Ice-
land Scotland Overflow Water (ISOW) have been quantified. Further, the locations of the
watermass transformation have been studied to investigate their relation to the location
of the convection regions within the Nordic Seas.

Based on observations, some studies propose a strong connection between the NIIC
and the DSOW, where the NIIC watermass is transformed northwest of the Iceland gyre
and flows back into the Atlantic Ocean via the North Icelandic Jet (NIJ) through Denmark
Strait (Våge et al., 2011; Pickart et al., 2017). The indication that both currents carry a
similar volume transport and the assumption that the EIC does not contain a large part
of the NIIC watermass, led to a suggested one-to-one connection between the NIIC and
the NIJ (e.g. Pickart et al., 2017). The results from this study provide a different view
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than has been deduced from the observations. The models suggest that the inflowing
NIIC watermass is divided over several pathways in the Nordic Seas, and that only 13%
of the NIIC watermass flows until Kolbeinsey Ridge to follow the short suggested loop.
The region north of Iceland seems to play a crucial role in diversifying these pathways.
The connection from the NIIC to DSOW via the NIJ has only been found in POP, since in
MOM strong freshening takes place near the surface.

As was shown in Figure 4.7, the particles that follow the short DSs path originate from
the upper 100m of the NIIC, whereas the deeper part of the NIIC flows farther east along
Iceland. This could explain why Valdimarsson and Malmberg (1999) concluded that the
DSs path was the main route for the NIIC, since this was the only path they could observe
using surface drifters. Jónsson (1992) observed the NIIC watermass at the northeast cor-
ner of Iceland, slightly deeper in the watercolumn. In light of the results of our study, it
is possible that he measured the fraction of the NIIC watermass that eventually leaves
between Iceland and Scotland (the IFS path). Both models used in this study show a
very strong watermass transformation north of Iceland. Therefore it is possible that ob-
servations underestimate the Atlantic Water originating from the NIIC east of Iceland.
Also, the part of the NIIC water that travels offshore of Iceland is indistinguishable from
the EIC. Therefore, this study fits well with previous work that concluded that the EGC is
most likely not the only source for the EIC (e.g. Logemann et al., 2013).

The results of this study strongly indicate that the DSs path is topographically con-
trolled and that the fraction of the NIIC water following this path is set by the vertical
structure of the current. Our results indicate that the path itself is not sensitive to sea-
ice cover and atmospheric conditions and hence it is likely that similar conclusions can
be drawn when repeating this research in models with interannually varying forcing.
Further, as the instability of the NIIC is only slightly underestimated in the model sim-
ulations presented in this study, it is not expected that a fully eddy-resolving simulation
would show a significantly stronger connection between the NIIC and the NIJ.

Both models display only 0.2 Sv NIIC contribution to the Denmark Strait Overflow
Water, although the paths along which this water is transported back to Denmark Strait
differ. This means that in these models the NIIC can not be the main source for the NIJ
watermass. This is in line with the Lagrangian analysis conducted previously by Behrens
et al. (2017), who found that only a small part of the DSOW originated from the NIIC.
Note that as their study concerned only backtracking of the DSOW, no statement could
be made on what fraction of the NIIC watermass contributes to the overflow as is done
in this study.

Interestingly, both MOM and POP show a small contribution of the NIIC watermass
to the ISOW of 7.8% respectively 2.1%, which is a weak connection that might be hard
to detect by observations (e.g. Stefánnson, 1962; Perkins et al., 1998). Part of the Modi-
fied East Icelandic Water originates from the North Icelandic Shelf and is formed during
winter convection and is modified due to strong mixing with surrounding watermasses
(Stefánnson, 1962; Read and Pollard, 1992). It is likely that the IFS path found in the
models resembles this contribution.

The model simulations used in this study show agreement on both the pathways of
the NIIC watermass and the contribution to the overflows, regardless of the large dif-
ferences in the sea-ice cover, the hydrography and the circulation patterns between the
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simulations. This gives confidence that the conclusions drawn from the simulations re-
garding the NIIC pathways are not a model artifact, but apply to actual processes in the
Nordic Seas.

The models do show some differences regarding the pathways along which DSOW is
created. The agreement between the models in the NIIC contribution to DSOW of 0.2
Sv could therefore be a pure coincidence. In MOM, a mean freshening is seen along the
DSs path and dense water is only transported to Denmark Strait along the deeper part
of the EGC by the DSl and DSm paths. In POP, the EGC is weak and is only reached by a
limited number of particles (2.2%). However, since the DSs path in POP does not display
a strong decrease in salinity, this pathway serves as the main connection between the
NIIC and the DSOW in this model.

The models have a very different approach regarding the sea ice, which might ex-
plain why the watermass transformation to DSOW is different. The sea-ice cover in MOM
between Greenland and Iceland is substantial and in POP non-existent (see black lines
Figures 4.2b and 4.2c). Therefore, the strong freshening seen in MOM along the DSs
path could be a result of sea-ice melt northwest of Iceland. Also the strength of the EGC
seems to be affected by the location of the sea ice. It could be that a reduction in the
sea ice in MOM would lead to a smaller decrease in salinity along the DSs path, leading
to a larger contribution to DSOW. At the same time, the reduction in sea ice might lead
to a stronger cooling of the EGC by the atmosphere which could resolve into a reduc-
tion of this current as is seen in POP. These relations are hypothetical and require further
research outside the scope of this chapter. What this study does show is that while the
DSOW transport might be well captured by ocean models, the path of the dense water to
Denmark Strait is highly sensitive to the hydrographic properties of the modeled ocean
circulation.

In conclusion, this chapter has shown that the connection between the North Ice-
landic Irminger Current and the Denmark Strait Overflow Water in MOM and POP is not
as strong as proposed by observations. Furthermore, this chapter confirms that the NIIC
is connected to the Iceland Scotland Overflow Water as well. The watermass transfor-
mations taking place north of Iceland and the vertical structure of the NIIC play a crucial
role in setting the future pathways of the NIIC watermass. The pathways along which the
dense water is formed are different between the two models, highlighting the sensitivity
to the model’s representation of the hydrography and circulation in the Nordic Seas.
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In summary, this thesis has provided new insights into the watermass transformation of
Atlantic Water in the Nordic Seas. As such, it has improved our understanding of Nordic
Seas dynamics and has elucidated the importance of asymmetries in the Nordic Seas
for the dense water overflows, and hence the Atlantic Meridional Overturning Circula-
tion. In this thesis, it has been shown that conceptual models are powerful tools to study
asymmetries and eddy heat fluxes in a marginal sea such as the Nordic Seas. Moreover,
Lagrangian methods have been shown to be an essential tool to examine flow connec-
tivity and to provide insight into where and how watermass transformation takes place.
In this final chapter, a short discussion is provided on each chapter (section 5.1-5.3) and
on the implications of the various findings presented in this thesis (section 5.4). Finally,
recommendations for further research are provided in section 5.5.

5.1. ASYMMETRY IN A TWO-BASIN MARGINAL SEA
”How are the dynamics, circulation and mean hydrography controlled in a two-basin

marginal sea subject to buoyancy loss such as the Nordic Seas?”

One of the key characteristics of the Nordic Seas is the hydrographic asymmetry be-
tween east and west. This asymmetry is the result of the difference in dynamics between
the Lofoten Basin and the Greenland Basin. The Lofoten Basin is in a so-called eddy-
dominated regime. Here, the increased lateral eddy heat flux from the Norwegian At-
lantic Slope Current near the Lofoten Islands can efficiently compensate for the surface
heat loss to the atmosphere and as a result variations in atmospheric buoyancy forcing
play a less dominant role. In the Greenland Basin, the East Greenland Current is not as
unstable, and therefore the basin is more sensitive to changes in atmospheric buoyancy
forcing. To investigate how these dynamical differences impact the hydrography and
circulation in the Nordic Seas, a conceptual model was derived in chapter 2.

So far, conceptual models of a one-basin domain have proven valuable for under-
standing the buoyancy budget in a marginal sea like the Labrador Sea. Here, a frame-
work is developed by applying a heat and volume budget to two basins, in which a front
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𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦
𝑓𝑜𝑟𝑐𝑖𝑛𝑔

ΔTeast > Δ𝑇𝑤𝑒𝑠𝑡 Δ𝜌 Ψ𝑓𝑟𝑜𝑛𝑡

Ψ𝑓𝑟𝑜𝑛𝑡Δ𝜌ΔTwest > Δ𝑇𝑒𝑎𝑠𝑡

Ψ𝑖𝑛𝑓𝑙𝑜𝑤

ΔΨ𝑠𝑙𝑜𝑝𝑒 < ΔΨ𝑖𝑛𝑓𝑙𝑜𝑤

ΔΨ𝑠𝑙𝑜𝑝𝑒 > ΔΨ𝑖𝑛𝑓𝑙𝑜𝑤

Figure 5.1: Schematic of the response of the temperature difference between the eastern and western basins
(∆ρ) and the transport of the inflow (Ψi n f l ow ), slope current (Ψsl ope ) and front current (Ψ f r ont ) to an in-
crease in atmospheric buoyancy forcing in a two-basin marginal sea. The blue (orange) boxes show the re-
sponse of the marginal sea when the atmospheric forcing is relatively strong (weak).

current is added and the temperature of the mean flow decreases linearly. Results from
this two-basin conceptual model show much better agreement with the characteristics
of the Nordic Seas than the one-basin framework. The results presented in chapter 2
elucidate the inter-dependence of the hydrography and circulation in the Lofoten Basin
and the Greenland Basin as they are connected via the front current and the slope cur-
rent. Not surprising, the hydrography of the Greenland Basin depends on the dynamics
of the upstream Lofoten Basin. Counter-intuitively, the two-basin framework indicates
that the opposite is true as well. As the strength of the front is set by the temperature dif-
ference between the two basins, the lateral eddy heat flux from the front to the eastern
interior (the Lofoten Basin) as well as the strength of the slope current indirectly depend
on the hydrography of the western basin interior (the Greenland Basin).

Furthermore, we show that the dynamical differences between east and west have a
profound impact on the sensitivity of the marginal sea to changes in atmospheric buoy-
ancy forcing (see schematic 5.1). The difference in eddy efficiency between east and
west leads to a non-uniform response of the interior basin temperature. When the atmo-
spheric buoyancy forcing is relatively weak (orange boxes in Figure 5.1), a small increase
in forcing will lead to a stronger cooling of the interior basin in the west than in the east,
as the efficient eddy heat flux in the east can compensate most of the heat loss. When
the atmospheric forcing is relatively strong (blue boxes in Figure 5.1), a small increase in
forcing will lead to a stronger cooling of the interior basin in the east instead. This is be-
cause the surface heat flux over the western basin is minimal as the ocean temperature
is already similar to the atmospheric temperature, while the eddy heat flux in the east is
no longer sufficient to compensate the additional atmospheric cooling.

It is not only the hydrographic properties, but also the circulation that responds in
a non-linear way to changes in atmospheric buoyancy forcing. When assuming a buoy-
ancy driven flow, increased cooling over a marginal sea leads to a stronger inflow into
the basin (gray box in Figure 5.1). The inflow separates into a slope current and a front
current. Therefore, the transport along the slope current (Ψsl ope in Figure 5.1) does not
only depend on the total heat loss to the atmosphere, but also on the temperature dif-
ference between the two interior basins. The latter is important for the strength of the
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front current (Ψ f r ont in Figure 5.1). As discussed in the previous paragraph, when the
atmospheric forcing is weak, small changes in forcing lead to an increased temperature
difference between the eastern and western basins and therefore to a stronger front cur-
rent. The opposite is true when the atmospheric forcing is strong. In order to predict the
response of a two-basin marginal sea to changes in atmospheric buoyancy forcing, it is
therefore essential to know whether the system is in a weak-forcing or in a strong-forcing
regime.

5.2. THE NORWEGIAN ATLANTIC FRONT CURRENT

”How does the front current along the Mohn- and Knipovich Ridges affect the pathways
and watermass transformation of Atlantic Water in the Nordic Seas?”

The results from the two-basin conceptual framework presented in chapter 2 high-
light the important role of the front current in determining the heat and volume budget
in the Nordic Seas. Observations have provided estimates of the strength of the front cur-
rent and of the lateral heat fluxes from the front to the surroundings. However, little was
known about the connection between the flow along the Mohn Ridge and the Knipovich
Ridge and whether the transformation of the Atlantic Water along the front would be dif-
ferent from the transformation along other pathways. In chapter 3 the connectivity of
the frontal flow along the Mohn and Knipovich Ridges and its watermass transformation
was studied in detail using observations and two model simulations.

The analyzed trajectories of surface drifters, ARGO floats and numerical particles in
the regional model configuration indicate that the connection between the front current
along the Mohn Ridge and the front current along the Knipovich Ridge is much weaker
than implied by general schematics (see Figure 1.1). Of the observational drifters and
floats near the mid-ocean ridges, only 8% followed the frontal pathway to the north.
In corroboration with the observational data set, the trajectories from the realistic nu-
merical simulations elucidate the various possible pathways emanating from the front
along the Mohn Ridge; towards the slope current, along the eastern or western flank of
the Knipovich Ridge, and across the ridge following the Greenland Fracture Zone. Sub-
stantial flow exchange between the front current and the slope current was seen, with
a cross-basin exchange region following the 2500 m isobath at 72◦N. Further north, the
observed trajectories indicated multiple crossings from the slope current to the front
current and vice versa, most likely steered by eddies.

Apart from the various pathways along the mid-ocean ridges, cross-ridge exchange
was observed connecting the Lofoten and the Greenland Basins. Investigating the hy-
drographic changes along the various trajectories in the realistic numerical simulation
in addition to an idealized simulation, we showed that the freshest and coldest water-
masses are formed along the front, due to the frontal current instability. The results in-
dicate that watermass transformation of Atlantic Water depends on the pathway that it
takes through the basin.
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5.3. THE NORTH ICELANDIC IRMINGER CURRENT
”Which pathways does the Atlantic Water that enters the Nordic Seas west of Iceland take

and where is this watermass transformed?”

The dependence of the Atlantic watermass transformation on its pathways through
the Nordic Seas is further investigated in chapter 4, but now for the pathways of the
Atlantic Water that enters the Nordic Seas through Denmark Strait via the North Ice-
landic Irminger Current (NIIC). Based on hydrographic transects, it has previously been
hypothesized that the NIIC transforms on the Icelandic Plateau to form the recently dis-
covered North Icelandic Jet (NIJ), and therefore provides the densest watermasses to the
Denmark Strait Overflow Water (DSOW). In chapter 4 this hypothesis is tested by trac-
ing the NIIC watermass in two model simulations; MOM and POP. The results indicate
that only a small part of the NIIC is connected to the DSOW and only in one of the two
models does this connection occur via the NIJ. So, according to these model simulations
the NIIC does not form a one-to-one connection with the NIJ.

Results presented in chapter 4 indicate that the fate of the NIIC watermass is deter-
mined by its vertical distribution at the inflow and by watermass transformation pro-
cesses north of Iceland. The surface layer of the NIIC inflow is most likely to follow a
short loop through the Icelandic Plateau that eventually exits through Denmark Strait.
North of Iceland, transformation processes separate the remaining NIIC watermass in a
deep (dense) and shallow branch, where the former contributes to the Iceland Scotland
Overflow Water and the latter follows the branches of the Norwegian Atlantic Current
through the eastern basin of the Nordic Seas.

The extensive model validation presented in chapter 4 highlights the differences be-
tween the two model simulations. These differences most likely arise from a different
sea-ice configuration and surface restoring used in these simulations. Although both
models compare differently to observations, they are still valuable. By careful analysis
one can hypothesize how these model differences are related to the NIIC pathways and
watermass transformation. There are two NIIC pathways that can be linked to the sea-
ice extent in each model. We hypothesize that the connection from the NIIC to the NIJ is
missing in MOM due to the fresh bias of MOM at the surface in this region, therefore pro-
hibiting the upper layer of the NIIC to become dense. Furthermore, the East Greenland
Current is much stronger in MOM than in POP. This is likely related to the fact that the
East Greenland Current is directly in contact with the atmosphere in POP, but isolated
from the atmosphere by sea ice in MOM.

5.4. OVERARCHING CONCLUSIONS AND DISCUSSION
This thesis explored the circulation in the Nordic Seas, the importance of the hydro-
graphic asymmetry in the Nordic Seas and the watermass transformation of Atlantic Wa-
ter. Here, the implications of these findings are discussed.

5.4.1. REVISED CIRCULATION SCHEME OF THE NORDIC SEAS

Chapter 3 and chapter 4 investigated pathways of Atlantic Water through the Nordic
Seas using a Lagrangian approach. Doing so, knowledge on the circulation in the Nordic



5.4. OVERARCHING CONCLUSIONS AND DISCUSSION

5

107

0 km

1 km

2 km

3 km

depth 

40°W 30°W 20°W 10°W 0°E 10°E 20°E
60°N

64°N

68°N

72°N

76°N

80°N

Greenland

Iceland

Norway

Svalbard

B
aren

ts Sea

Arctic Ocean

Atlantic Ocean

EGC

NIJ

NIIC

ISOW

NwASC

NwAFC

Figure 5.2: Revised circulation scheme of the Nordic Seas. The inflow of warm and saline Atlantic Water and
the subsequent pathways are colored red and orange (North Icelandic Irminger Current, NIIC, Norwegian At-
lantic Slope Current, NwASC, Norwegian Atlantic Front Current, NwAFC). The East Greenland Current (EGC)
is represented by the blue path. In black, the circulation at mid-depth is schematized, as derived from the re-
sults presented in chapter 3 and chapter 4 (North Icelandic Jet, NIJ, Iceland Scotland Overflow Water, ISOW).
Dashed lines indicate weak connections between different flow branches.

Seas has been advanced as schematized in Figure 5.2. The main differences with the
schematic overview provided in the introduction (Figure 1.1) are the pathway of the NIIC
and the pathway of the NwAFC. In the revised circulation map, the main pathway of the
NIIC continues to the east to join the NwAC, instead of terminating north of Iceland. The
connection from the NIIC to the DSOW and ISOW is denoted by small arrows leaving
this main branch. The continuation of the NwAFC from the Mohn Ridge northward is
schematized in more detail as well, indicating the cross-basin exchange region at 72◦N.

These results were obtained by applying a Lagrangian approach and using a numer-
ical simulation, highlighting the value of Lagrangian simulations. As discussed in chap-
ter 3, previous schematics of the two-branch structure of the NwAC were based on only
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7 observed trajectories along the Mohn and Knipovich Ridges. It is important to under-
stand how to interpret Lagrangian data when it is used to derive Eulerian properties of a
region. Deriving mean velocities from observed float trajectories can provide a valuable
addition to observations taken at fixed locations. However, once these gridded products
are derived, all information about connectivity is lost and care should be taken regarding
the statistical significance of the results when the number of floats is limited.

However, it is of utmost importance to know how the different flow branches are con-
nected, if one wants to understand how anomalies propagate through basins. The re-
vised circulation scheme in Fig. 5.2 therefore shows a combination of both the Eulerian-
mean circulation as the connections between different branches due to Lagrangian pro-
cesses like eddy advection. Both the observed trajectories as well as the numerical tra-
jectories analyzed in chapter 3 and chapter 4 show significant variability. Regions with
strong eddy activity could delay anomalies from propagating further north or south and
even diminish correlations between different regions. This is not only true for the Nordic
Seas, the entire AMOC is known for regions where the main transport is not carried by
the mean flow, but by eddies instead (Bower et al., 2019). Therefore, Lagrangian studies
are a powerful means with which to address flow connectivity.

5.4.2. THE IMPORTANCE OF THE HYDROGRAPHIC ASYMMETRY

The variability in the hydrographic asymmetry of the Nordic Seas plays an important
role for the circulation. Results presented in chapter 2 conclude that due to the different
dynamics in the eastern and western basins, the basins will respond differently to the
same change in forcing. It is very likely that the density gradient across the Mohn and
Knipovich Ridges is not constant, as the atmospheric forcing across the Nordic Seas is
not uniform and the hydrography in the Lofoten and Greenland Basins is sensitive to
anomalies in the Atlantic Ocean and the Arctic Ocean. On decadal timescales, this vari-
ation in the density gradient across the mid-ocean ridge can impact the strength of the
front current. If the warming across the Arctic region continues as predicted, both the
density gradient across the mid-ocean ridge and the baroclinic component of the front
current are expected to weaken. Our results suggest that this variability will also be re-
flected in the strength of the slope current and in the overall inflow into the Nordic Seas
as schematized in Figure 5.1.

The conclusions drawn on the importance of the hydrographic asymmetry for the
circulation are not only based on the conceptual framework and idealized model sim-
ulation, but also on the more realistic MOM and POP simulations analyzed in chapter
4. A cold bias of the Lofoten Basin was seen in the POP simulation, whereas in MOM
the basin temperature compared better to observations. As the wind forcing in these
simulations was identical, the resulting southward (instead of northward) flow along the
Mohn Ridge in POP can be attributed to the anomalously weak density gradient across
the ridge. This highlights that in order to gain further insight in Atlantic Water pathways
in the Nordic Seas, it is of utmost importance to correctly capture the hydrography and
dynamics of this region.
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5.4.3. THE IMPORTANCE OF THE FRONT CURRENT INSTABILITY
As discussed in the previous section, the hydrographic asymmetry impacts the front cur-
rent strength, and therefore also the instability of the front current along the mid-ocean
ridge. This has several implications for the watermass transformation of Atlantic Water
that takes the frontal pathway. The particle trajectories from the idealized simulation
in chapter 3 elucidate how water transforms when transported by eddies from the front
to the west. This process is very similar to the process discussed by Brüggemann and
Katsman (2019). When a water parcel is captured by the instability of the front current,
its propagation to the north is delayed. Therefore, the water will be exposed to the at-
mospheric cooling longer (while it is in the mixed layer). Through mixing with the cold
and fresh surroundings this water parcel can also experience freshening. Most of these
particles stay close to the front current, and return to their path northward within the
front current; notably, now within a different density class deeper in the water column
than before.

The modeled trajectories analyzed in chapter 3 show that a stronger cooling and
freshening takes place along the front current if Atlantic Water is steered towards the
western basin by meandering of the flow or by eddies as described above. This could be
one of the reasons why multiple fronts have been observed along the Knipovich Ridge
(e.g. van Aken et al., 1995). The water that transforms along a continuous pathway by
gradual atmospheric cooling will obtain different hydrographic properties than water
that is fluxed away from the mean flow towards a colder and fresher basin before return-
ing to the main front current. Furthermore, the trajectories in the realistic simulation
MOM in chapter 4 indicate cooling and freshening along the frontal pathway as well
(the DSm path).

The instability of the front current is different from the instability of the slope current
near the Lofoten Islands. There, large anticyclonic eddies are shed that travel through
the entire domain of the Lofoten Basin. As far as one can tell using the idealized and
realistic simulations, the instability of the front current is mainly confined to the frontal
region itself. Observational trajectories and the trajectories in the realistic simulation
presented in chapter 3 show that the number of floats that do travel into the Greenland
Basin is limited. Therefore, the instability of the front current might be more important
for the watermass transformation of Atlantic Water in the Lofoten Basin, than for the
convection processes in the Greenland Basin. However, as the total number of observed
floats near the mid-ocean ridge in the Nordic Seas is limited as well, further research is
needed to address these questions.

5.5. OUTLOOK
The Nordic Seas remain a challenging region to fully understand. It is of global inter-
est to be able to predict how the Nordic Seas will change in the future and how this will
impact the overflows and hence the Atlantic Meridional Overturning Circulation. There-
fore, it is necessary to quantify environmental changes that are expected to occur regard-
ing atmospheric warming, increased sea-ice melt and freshwater runoff. Furthermore,
the impact of these changes on Nordic Seas processes, like Greenland Basin convection
and overflow variability, needs to be studied. This is only possible if one understands
which process is dominant where. To help reach more consensus on the sensitivity of
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the Nordic Seas to a changing climate, three recommendations will be provided based
on the results presented in this thesis.

The first recommendation concerns the conceptual model presented in chapter 2,
which can provide future predictions of the changing hydrography and circulation in the
Nordic Seas. So far, this theory has only been tested against idealized model simulations
of the Nordic Seas. A next step would be to look for correlations between various diag-
nostics on decadal time scales using observations or more realistic simulations. Based
on the research presented here, sensible suggestions are the density gradient across the
mid-ocean ridges, transport estimates of the front and slope currents and atmospheric
temperatures across the eastern and western basins of the Nordic Seas. These results
would provide insight in the importance of the hydrographic asymmetry for the Nordic
Seas system in relation to for example wind forcing.

The second recommendation is that research in general could benefit from a closer
collaboration between people who obtain ocean observations and people who model
the ocean system. The ocean modeling community uses observational data sets to val-
idate their simulations. However, the results obtained from model studies can also be
beneficial for pointing out where additional observations are needed. In case of the
Nordic Seas and results presented in this thesis, an increase in the number of surface
drifters and RAFOS floats near the mid-ocean ridges could help to gain better under-
standing of the Atlantic Water pathways through the Nordic Seas (chapter 3). Further-
more, if there is only a weak connection between the North Icelandic Irminger Current
and the North Icelandic Jet (as discussed in chapter 4), the North Icelandic Jet might
originate from a flow along the Jan Mayen Ridge coming from the Greenland Basin. Hy-
drographic transects across this ridge could provide more insight regarding this potential
pathway.

Last, the watermass transformation of Atlantic Water studied in this thesis shows a
dependence on the pathway the Atlantic Water takes through the Nordic Seas. There-
fore, in order to fully understand the cycle from Atlantic Water inflow to dense water
overflow, the distribution of Atlantic Water across these possible pathways needs to be
quantified. This would require additional Lagrangian analysis in ocean models that cap-
ture the asymmetry and dynamics of the Nordic Seas as discussed in this thesis and that
are eddy resolving at high latitudes. Furthermore, as the watermass transformations
at different locations take place on different timescales and are controlled by different
mechanisms, they will not respond equally to a changing climate. Although a challenge,
improving our knowledge on Atlantic Water pathways and its transformation will help
the scientific community to gain a better understanding of overflow variability and its
response to anthropogenic forcing.
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