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"One's never alone with a rubber duck."
 

      Captain of the Golgafrinchan Ark Fleet Ship B
       in The Restaurant at the End of the Universe
       by Douglas Adams





Abstract

The Atlantic Water in the Nordic Seas contributes to the mild climate of Northern
Europe and is the main oceanic source of heat for the Arctic. The northward bound
transport of the warm and saline Atlantic Water is mediated by a topographically con-
strained cyclonic boundary current along the Norwegian continental slope. The analy-
sis within this thesis is based on satellite observations of dynamic Sea Surface Heights
(SSH) from 1993 to the recent present, combined with both hydrographic observations
and modelling. It provides some new perspectives and results, as well as corroborates
the essential role of bottom topography for the circulation in the Nordic Seas.

In the first part of the thesis, the topographic constraint is used in the analysis
by examining the satellite-derived SSH along topographic contours. We find station-
ary along-contour anomalies that indicate deviations from strict topographic steering.
However, we show that these deviations are dynamically consistent with, and can be
explained by, potential vorticity conservation in an adiabatic steady-state model for
flow over a topographic slope. The analysis along topographic contours is further
developed to study northward-propagating, low-frequency ocean temperature signals.
These signals have an expression in the SSH and their propagation speed is remark-
ably slow compared to the current speed. We propose a conceptual model of shear
dispersion effects, in which the effective advection speed of a tracer is determined not
only by the rapid current core, but by a mean velocity taken over the cross-flow extent
of Atlantic Water. The model predicts a reduced effective tracer advection velocity,
comparable to the one observed.

The close connection between anomalies in SSH and heat content is further used
to study decadal variability in the Nordic Seas. There is a shift in decadal trends in
the mid-2000s, from a period of strong increase in SSH and heat content to a more
stagnant period. We find this variability to be forced remotely, rather than by local
air-sea heat fluxes. By developing a conceptual model of ocean heat convergence,
we are able to explain the broad features of the decadal changes with the temperature
variability of the inflowing Atlantic Water from the subpolar North Atlantic.

In the final part of the thesis, satellite-derived surface geostrophic velocity fields
are used as input to a Lagrangian trajectory model. Based on this, we study the frac-
tionation of the Atlantic Water in the Nordic Seas between the two straits towards the
Arctic Ocean: the Barents Sea Opening and the Fram Strait. This Lagrangian ap-
proach also provides insights on the origin of the water that reach the straits. We find
that it is the frontal current branch, rather than the slope current, that contributes to
the variability of the Barents Sea Opening inflow of warm Atlantic Water, and thus
potentially to the climate of the Barents Sea and its sea ice cover.





Sammanfattning

Till de Nordiska haven når strömmar med varmt och salt vatten från Nordatlanten.
Dessa varma havsströmmar bidrar till det relativt milda klimatet i norra Europa och
står för huvuddelen av värmetransporten till Norra ishavet. Studierna i denna avhan-
dling är baserade på satellitobservationer av havsnivåer sedan 1993, kombinerat med
hydrografiska observationer samt konceptuella och numeriska modeller. Avhandlin-
gen bidrar till förståelsen av havscirkulationen i de Nordiska haven och understryker
bottentopografins betydande roll.

Strömmarna i de Nordiska haven är bundna till den underliggande batymetrin. I
den första delen av avhandlingen nyttjas detta för att analysera havsnivåerna längs
med djupkonturer. Vi hittar stationära anomalier som tyder på avvikelser från den to-
pografiska styrningen, men visar att dessa dynamiskt överenstämmer med bevarande
av potentiell virvel för adiabatiskt, tidsoberoende flöde över en sluttande botten. Vi-
dare analyseras havsnivåerna längs med djupkonturer för att studera propagerande,
lågfrekventa temperatursignaler, som ger avtryck i havsnivån genom vattnets termiska
expansion. Dessa signaler, på väg mot Norra ishavet, är förvånande långsamma i jäm-
förelse med de uppmätta strömhastigheterna. Vi utvecklar en konceptuell modell som
förklarar de låga observerade hastigheterna med hjälp av dispersionseffekter associer-
ade med skjuvning. Den effektiva advektionshastigheten beror, enligt modellen, på
medelhastigheten tvärs strömmarna i hela Atlantvattnet, och inte bara på hastigheten i
strömkärnan.

Kopplingen mellan anomalier i värmeinnehåll och havsnivå används vidare för att
studera variabiliteten över tid i de Nordiska haven. Under de decennier som satelli-
tobservationerna täcker finns en period av stigande havsnivåer följt av en period med
nästan oförändrade nivåer. Denna förändring i trend verkar inte vara orsakad av lokala
värmeutbyten med atmosfären, utan snarare av avlägsna förändringar i värmeinnehåll
som sedan förts med strömmarna till de Nordiska haven. Med en enkel konceptuell
modell av värmekonvergens i havet kan vi beskriva de generella dragen hos utvecklin-
gen av värmeinnehållet i de Nordiska haven, med enbart temperaturvariabiliteten hos
det inkommande Atlantvattnet som ingående variabel.

I den sista delen av avhandlingen går vi över från det eulerska perspektivet till
det lagrangeska och använder de satellitobserverade strömhastigheterna som input till
en lagrangesk trajektoriemodell. Med den studerar vi fraktioneringen av Atlantvat-
tnet mellan de två passagerna från de Nordiska haven till Norra ishavet: Barents
hav-passagen och Framsundet. Den lagrangeska metoden gör det möjligt att spåra
ursprunget till vattnet som når passagerna. Vi ser att det är den svagare, yttre ström-
grenen, snarare än den starka, inre huvudströmgrenen, som bidrar till variabiliteten i
inflödet i Barents hav-passagen, och i förlängning till klimatet och havsisen i Barents
hav.
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1. Introduction

It has been said that we know more about space than the oceans. Although this could
be debated, it reflects the grand size, extreme depths, stormy nature and inaccessibility
of the world oceans. People have always studied the oceans and it has for the most part
been a comfortless undertaking of seafarers. Under more unusual circumstances, the
oceans have also been studied with rubber ducks. In January 1992, a container vessel
crossing the North Pacific Ocean was caught in a storm and the cargo was washed
overboard; among it a container filled with 28,800 plastic bathtub toy animals. A few
months later, rubber ducks began to show up on beaches, and over time they spread
wide over the World Oceans. The locations of landfall of the rubber ducks, in relation
to where they first made contact with the ocean, were later used by oceanographers to
aid in modelling of the ocean currents (Ebbesmeyer and Ingraham Jr, 1994).

Although modern physical oceanography still relies on in situ data of the ocean,
new technology has also allowed for remote measurements with higher resolution in
time and space. Since the early 1990s, or since the rubber ducks were lost at sea,
satellites have been making global observations of sea surface height. From them,
we can learn about the surface currents of all open oceans. This thesis makes use
of a now more than 25 year long record of daily satellite altimetry observations to
study the circulation, dynamics and variability of the ocean, specifically in the Nordic
Seas. The ocean basins that constitute the Nordic Seas lie between Greenland and
Scandinavia. In the south, they border on the North Atlantic Ocean and in the north on
the Arctic Ocean. The North Atlantic is home to the Atlantic Meridional Overturning
Circulation (AMOC). It is a global scale ocean circulation and entails deep currents
from the Northern Hemisphere to the Southern, upwelling from the deep ocean to the

Figure 1.1: In 1992, 28,800 bathtub toys were lost from a container vessel in the North
Pacific Ocean. The drift of the rubber ducks (and turtles, beavers and frogs) has been
used to learn about ocean currents (Ebbesmeyer and Ingraham Jr, 1994). Image credit:
National Geographic and NordNordWest.
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surface, surface currents back from the Southern Hemisphere to the Northern and,
finally, deepwater formation where waters become dense and sink, thus closing the
loop (Kuhlbrodt et al., 2007, and references therein). The Arctic Ocean has turned
out to be very sensitive to climate change, experiencing amplified warming compared
to the planetary average (Comiso and Hall, 2014, Screen and Simmonds, 2010) and
losing sea ice at a high rate (Comiso et al., 2008, Stroeve et al., 2012). Thus, the
Nordic Seas lie in between two neighbours that play important roles in the global
climate system and in the global warming of the last century.

The Nordic Seas are not a passive intermediate to these two giants in the climate
system, but is the mediator of warm Atlantic surface waters from the North Atlantic to
the Arctic Ocean as well as a provider to the deep limb of the AMOC. The former con-
stitutes the main oceanic heat source for the Arctic, which is achieved by a northward
boundary current along the Nordic Seas’ eastern margin. This heat transport is pro-
jected to increase with global warming (Koenigk and Brodeau, 2014). For the latter,
deepwater formation is required, which is achieved by cooling, i.e. densification, of
water masses so that it sinks. In the Labrador Sea, an area normally recognized for its
deepwater production (Killworth, 1983), the deep convection reaches down to 2000 m
depth. In the Nordic Seas, on the other hand, the deepwater produced has to flow over
one of the sills of the Greenland–Scotland Ridge (see Fig. 1.2) to reach the deep limb
of the AMOC. These sills are only about 600–800 m deep, and hence deep convection
down to these depths is sufficient (Meincke et al., 1997), which would seem to facil-
itate deepwater formation in the Nordic Seas compared to the Labrador Sea. Chafik
and Rossby (2019) suggest that it is the Nordic Seas, and not the Labrador Sea, that
are key to the state of the AMOC since the major part of the heat loss occurs there.
In addition to open ocean convection, studies have found that the boundary currents
also contribute to the deepwater and is dynamically linked to deep convection (Elde-
vik et al., 2009, Mauritzen, 1996, Spall, 2004, Straneo, 2006). The northward heat
transport of the boundary currents and the deep overflows are thus not only essential
as individual parts, but also depend on each other.

In addition to the local importance for ecosystems, fisheries etc., it is therefore
also important to study the dynamics and variability of the Nordic Seas to understand
its neighbours. The focus of this thesis is on the northward bound, warm and saline
water from the North Atlantic and its fate in the Nordic Seas before it reaches the
Arctic Ocean. The analysis is mainly based on satellite altimeter observations of sea
surface heights.
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Figure 1.2: Map of the Nordic Seas with bottom topography [depth in m] in shading.
The pathways of the main currents are indicated, including the Norwegian Atlantic Slope
Current (NwASC), the Norwegian Atlantic Front Current (NwAFC) and the East Green-
land Current (EGC). The hydrographic section in Svinøy and the Greenland–Scotland
Ridge are also indicated, together with: 1: Fram Strait. 2: Barents Sea Opening (BSO).
3: Lofoten Basin (LB). 4: Norwegian Basin. 5: Greenland Sea. 6: Denmark Strait. 7:
Faroe–Shetland Channel. Bottom topography from Becker et al. (2009).
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2. The Nordic Seas

The Nordic Seas is the collective name for the ocean basins between Iceland, Green-
land, Svalbard and Norway, see Fig. 1.2. It can also be described as the ocean region
north of the Greenland–Scotland Ridge and south of the Greenland–Svalbard–Norway
intersection. The Nordic Seas connect the North Atlantic Ocean to the Arctic Ocean;
warm and saline waters of Atlantic origin occupy the eastern half, where heat is trans-
ported northward, while cold and fresh water of Arctic origin fill up the western half
which feeds the overflow of dense water to the deep Atlantic.

The area of the Nordic Seas is about 4.1 million km2 and the water volume about
4.5 million km3, which amounts to 1% and 0.3% of the World Ocean area and volume
respectively (Jakobsson, 2002). Despite the modest size, the Nordic Seas’ role in the
global climate system is important enough. Firstly, it constitutes the main oceanic
heat source for the Arctic Ocean, thus affecting one of the largest bodies of sea ice
on the planet. The northward transport of warm water from the North Atlantic keeps
large parts of the Nordic Seas ice-free all year round, in contrast to the central Arctic
Ocean with its multiyear ice. The same water mass contributes to Northern Europe’s
and Scandinavia’s relatively mild climate, considering their northern latitudes. Due
to heat loss to the atmosphere, the water flowing through the Nordic Seas gradually
becomes denser, eventually leaving the Nordic Seas as dense overflow water to feed
the deep limb of the AMOC (Mauritzen, 1996).

In this section, I will describe the circulation in the Nordic Seas, with emphasis on
the eastern part and the northward transport of Atlantic Water towards the Arctic.

2.1 Atlantic Water in the Nordic Seas

Considering the hydrographic properties of the Nordic Seas, it can be divided into an
eastern, warm and saline half and a western, cold and fresh half. The front between
the two water masses largely follows the north–south topographic ridge in the middle
of the Nordic Seas. The warm and saline water, in the eastern half, is of Atlantic
origin and is therefore referred to as the Atlantic Water. It is often defined as water
above 3◦C and with a salinity above 35 (Skagseth et al., 2008). This is seen, for
example, in the sea surface temperature and salinity fields, shown in Fig. 2.1, where
the 3◦C isotherm and 35 isohaline, drawn in black, are good indicators of the location
of the front between the two water masses. The definition holds also in depth, and the
Atlantic Water occupies a slab-like volume stretching out from the Norwegian coast,
with its deepest section in the Lofoten Basin. The cold and fresh water, in the western
half, is of Arctic origin.

15
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Figure 2.1: Surface properties in the Nordic Seas. a) Sea surface temperature [◦C]. b)
Sea surface salinity. In black are the contours of the 3◦C isotherm and 35 isohaline,
respectively, which approximately outlines the extent of the Atlantic Water. Data from
World Ocean Atlas 2018 (Locarnini et al., 2018, Zweng et al., 2018). Grey contours are
bottom topography (Becker et al., 2009).

2.2 General circulation

Already in 1909, Helland-Hansen and Nansen produced a figure of the surface circula-
tion in the Nordic Seas, see Fig. 2.2. It depicts the primary features of the circulation:
a general cyclonic circulation around the periphery with a northward current from the
North Atlantic, along the Norwegian coast, splitting between the Barents Sea and the
Fram Strait and eventually reaching the Arctic Ocean, and a southward current from
the Arctic Ocean along Greenland, lastly spilling over into the North Atlantic.

The underwater ridge that runs from Greenland, through Iceland and over to Scot-
land, called the Greenland–Scotland Ridge, has a mean depth of about 500 m. The
ridge makes up a natural border between the North Atlantic and the Nordic Seas. Two
of the deeper sections, where much of the water mass exchange between the ocean
basins takes place, are the Faroe–Shetland Channel and the Denmark Strait, see Fig.
1.2. The former holds one of the main inflows of warm and salty Atlantic Water, while
the latter is a key location for the dense overflows.

The volume inflow of Atlantic Water to the Nordic Seas includes the Iceland–Faroe
inflow of 3.8 Sv1 and the Faroe–Shetland inflow of 2.7 Sv, which comes to a total of
6.5 Sv (Østerhus et al., 2019). The northward flow of Atlantic Water continues in a
two-branch structure (Mork and Skagseth, 2010, Orvik and Niiler, 2002): one along
the continental slope called the Norwegian Atlantic Slope Current (NwASC) and one
further offshore called the Norwegian Atlantic Front Current (NwAFC), see Fig. 1.2.
The NwASC is a topographically constrained cyclonic boundary current, with its core
along the steepest part of the continental slope. The slope is steepest outside the

11 Sv (Sverdrup) is equivalent to 106 m3s−1.
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Figure 2.2: One of the first modern, systematic drawings of the circulation in the Nordic
Seas, published by Helland-Hansen and Nansen (1909) and based on their observations.

Lofoten Islands. Here, the current speeds up and becomes unstable, shedding eddies
that drift into the deep Lofoten Basin, possibly maintaining the permanent anticyclone
that resides there (Rossby et al., 2009a, Søiland and Rossby, 2013, Spall, 2010, Volkov
et al., 2013, and others). The NwASC is close to equivalent barotropic, i.e. the velocity
does not change direction with depth (e.g. Chafik et al., 2015, Killworth, 1992), and
the Atlantic Water layer stretches all the way to the bottom. The NwAFC, on the other
hand, is baroclinic in its nature and follows the front where the Atlantic Water layer
outcrops.

The currents are associated with a northward heat transport. Since estimating
heat transport poses a challenge, propagation of temperature anomalies has often been
studied as a proxy for the heat transport variations. That temperature anomalies propa-
gate from the subpolar North Atlantic and through the Nordic Seas towards the Arctic
Ocean is a robust feature, both in observations and models. For example, propagation
speeds have been inferred from hydrographic stations by observing the delay between
the recording of an anomalous event at two separate stations (Furevik, 2001). From
satellite-observed sea surface temperatures, the propagation through the Nordic Seas
has been estimated by analysing a lag in correlation between locations along the trans-
port path (Chepurin and Carton, 2012). In Paper II, we show that this method can also
be used on sea surface heights to estimate propagating low-frequency temperature sig-
nals.

The dense overflow in the Denmark Strait, feeding the deep limb of the AMOC, is
about 3 Sv (Jochumsen et al., 2017). The strongest current contributing dense water
to the Denmark Strait is the East Greenland Current (EGC), which flows southward

17



from the Fram Strait along the Greenland shelfbreak (Harden et al., 2016, Rudels
et al., 2002). The waters transported by the EGC are partly of Arctic origin, but has
also been found to largely consist of Atlantic origin water (Håvik et al., 2019) that has
circulated around the Nordic Seas.

2.2.1 Potential vorticity and topographic steering

As the previous section suggests, the bottom topography, or bathymetry, plays an
essential role in the circulation in the Nordic Seas. Even the surface currents generally
trace the underlying topography to a large extent (Rossby et al., 2009b, Søiland et al.,
2008). The physical reason for this behaviour is conservation of potential vorticity.
The development of the theory of potential vorticity was an important step in modern
meteorology and gave a new approach for understanding fluid motions in both the
atmosphere and the oceans. This section will cover the theoretical base of conservation
of potential vorticity of shallow water in a rotating system.

Following Vallis (2006), we consider a shallow water system, which means we
consider a thin layer of constant density fluid, for which the momentum equation is

Du
Dt

+ f×u =−g∇η (2.1)

where u = iu+ jv is the horizontal velocity, f = k f is the Coriolis parameter, g is
the gravitational acceleration and η is the free surface height. i, j and k are here the
unit vectors in the horizontal and vertical directions, respectively. The shallow water
vorticity is defined as the curl of the horizontal velocity field and, since the vertical
gradient of the horizontal velocity is zero, only the vertical component of the vorticity
is non-zero. We can write

∇×u = k
(

∂v
∂x
− ∂u

∂y

)
= kζ (2.2)

where ζ is the relative vorticity. The momentum equation, Eq. 2.1, may also be written
as

∂u
∂ t

+(kζ + f)×u =−∇

(
gη +

1
2

u2
)
. (2.3)

Taking the curl of Eq. 2.3 gives the vorticity equation

∂ζ

∂ t
+(u ·∇)(ζ + f ) =−(ζ + f )∇ ·u. (2.4)

This is the equation of motion for the absolute vorticity kζ + f, i.e. for the sum of the
relative vorticity of the fluid element and the vorticity due to the background rotation
of the Earth. Given conservation of mass,

Dh
Dt

+h∇ ·u = 0, (2.5)

where h is the height of the water column, the vorticity equation (Eq. 2.4) gives the
potential vorticity equation

D
Dt

(
ζ + f

h

)
= 0. (2.6)
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Thus, the potential vorticity in a rotating shallow water system, (ζ + f )/h, is con-
served following a fluid element.

The interpretation of Eq. 2.6 is that a column of water that increases its absolute
vorticity, either through increasing its relative vorticity or by moving northward to
where the Coriolis parameter is greater, has to stretch its height h to conserve its
potential vorticity. Considering a column for which the height is constrained by the
presence of a rigid bottom, an increase in its vorticity would force it to move to a
deeper location in order to stretch. This is the mechanism behind the topographically
constrained cyclonic boundary current and several other features of the Nordic Seas’
circulation. Since the gradient in planetary vorticity is weak in high latitudes and
the Nordic Seas are weakly stratified, a reasonable zeroth-order approximation to the
circulation in the Nordic Seas is one of flow along contours of constant depth h.
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3. Satellite altimetry

With the satellites came the possibility of global observations of the oceans, which dra-
matically increased our understanding of ocean circulation. The first artificial satellite
was launched in 1957 and the first satellite altimeter about 20 years later. As more
satellite altimeters were launched, the observations could be combined into data sets
with high resolution in time and with global coverage. With it, it is possible to, for ex-
ample, estimate global sea level rise as well as observe El Niño and La Niña events. In
this thesis, I use a set of global observations of sea surface height that have been com-
bined from several satellite missions. This particular data set starts 1 January 1993,
just a year after the rubber duck spill (see Chapter 1), and is regularly updated with
new time steps as new observations have been processed. The time resolution is daily
and the horizontal resolution is 1/4◦. In the northern latitudes of the Nordic Seas, this
resolution ranges between 5 and 13 km.

I will here give a short introduction to the principle behind satellite altimetry and
some of its specific usages relevant to this thesis.

3.1 Principles of altimetry

Satellite altimetry is a technique for measuring a satellite’s height above the Earth’s
surface. The height is retained by measuring the travel time of a short electromagnetic
pulse from a radar instrument on the satellite down to the surface and back again. The
result is a very accurate measurement of the surface topography along the satellite’s
path, from which several different parameters can be inferred, including time-varying
sea surface height, land topography, lateral extent of sea ice, significant wave heights
and even surface currents and sea floor topography. The measurements are made from
satellites on non-synchronous orbits, see Fig. 3.1. The orbits are designed to cover
large parts of the Earth’s surface, passing over the same point at regular intervals. As
opposed to geosynchronous orbits, which have a period equal to the average rotational
period of Earth, the non-synchronous orbit used for altimeters has a shorter period and
circles the Earth several times before it flies over the same point again.

A schematic of the principle behind sea surface height observations is found in Fig.
3.2. To obtain the sea surface height (SSH) one needs to know the satellite’s height
above a reference ellipsoid, i.e. the satellite altitude, and make various adjustments to
environmental conditions, such as ionospheric, wet and dry tropospheric corrections
as well as account for the inverse barometer effect and tides. The satellite measures
the distance to the sea surface, called the range, and the SSH is then given by

SSH = Satellite altitude−Range−Corrections. (3.1)
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Figure 3.1: The sea surface height anomaly [cm] along the satellites’ tracks. The obser-
vations are here made by two satellites, Jason-3 and SARAL, during ten days (2019-11-09
to 2019-11-19). Image credit: NASA

The sea level anomaly (SLA) is obtained by subtracting a long time mean (denoted
<>) from the SSH, i.e.

SLA = SSH−< SSH > . (3.2)

The SLA is thus the anomaly around the time-mean and gives, for example, a clear
picture of the time-varying surface eddy field in the ocean (Fig. 3.3a).

The Geoid is a surface of constant potential energy relative to Earth’s gravity field,
corresponding to the surface of an ocean with no motion. The departure of the ocean
surface from the Geoid is thus the result of motion from currents, tides and waves.
Accordingly, subtracting the Geoid from the SSH gives information on the ocean dy-
namics and the result is called Absolute Dynamic Topography (ADT)1

ADT = SSH−Geoid. (3.3)

The ADT gives a time-varying picture of the ocean dynamics and the surface currents
can be directly inferred from it, which will be discussed in more detail in the next
section. Shown in Fig. 3.3 is a snapshot of the SLA and ADT, together with the time-
mean ADT (cf. <SSH>).

The satellite altimetry gives a very accurate measure of the sea surface height.
As an example, errors in the long-term trend signal have been estimated to be lower
than 0.5 mm/year at global scale2. Volkov and Pujol (2012) show, when assessing the
quality of satellite altimetry in the Nordic Seas, that the altimetry is in good agreement
with tide gauge measurements. The data are also continuously improved, and errors
have recently been reduced by 3–4% (Taburet et al., 2019).

1The ADT is the data used throughout this thesis, but, for convenience, it is often referred to as sea
surface height.

2Quality Information Document (CMEMS-SL-QUID-008-032-062)
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Figure 3.2: Schematic of the principle of satellite altimetry. The Absolute Dynamic
Topography (ADT) is the sea surface height due to the motion of the ocean.

3.1.1 Geostrophic currents

Through geostrophic balance of low Rossby number flows, i.e. an assumption of a bal-
ance between the pressure gradient force and the Coriolis force, the sea surface height
gives the geostrophic surface velocities. A velocity in geostrophic balance is directed
along the lines of constant pressure, or isobars, which for the surface geostrophic cur-
rents is the same as the lines of constant sea surface height, see Fig. 3.3d. Given the
satellite-observed dynamic sea surface height ADT, the geostrophic surface velocity
components ug and vg can accordingly be written

ug =−
g
f

∂

∂y
ADT (3.4)

vg =
g
f

∂

∂x
ADT. (3.5)

The boundary currents in the Nordic Seas are good candidates for being studied
with satellite altimetry, since the vertical structure of the velocity is barotropic in its
nature (Orvik et al., 2001). Furthermore, the gridding and resolution in time and space
allow the geostrophic surface velocities to be used as input to a Lagrangian trajectory
model, where simulated water parcels can be tracked as they are iterated through the
velocity field to compute trajectories. This method is used in Paper IV and will be
further discussed in Chapter 4.

3.2 Bottom pressure and topographic steering

In this section I will describe the decomposition of the sea surface height, into a steric
height component and a bottom pressure component. This can be a dynamically re-
vealing decomposition, since bottom velocities are essential in the Nordic Seas’ cir-
culation (Aaboe and Nøst, 2008, Nøst and Isachsen, 2003). The decomposition is
developed in Paper I, but its implications are also used in Paper II and III.
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Figure 3.3: a) Snapshot, from 2017-07-18, of Sea Level Anomaly (SLA) [m]. b) Time-
mean Absolute Dynamic Topography (ADT) [m], averaged over the period 1993–2018
(cf. <SSH>). c) Snapshot, from 2017-07-18, of Absolute Dynamic Topography (ADT)
[m]. d) Time-mean geostrophic velocity [cm s−1], which is the geostrophic velocity in-
ferred from the mean ADT in b). Data retrieved from Copernicus Marine Service Infor-
mation.
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The buoyancy, or density, of a water column is determined by the salinity and
temperature profile in the column. Warm water is lighter, or more buoyant, than cold
water and fresh water is lighter than saline water. Buoyancy will also contribute to
the sea surface height as, for example, a column of water expands as it gets warmer,
resulting in a higher sea surface height. This contribution is called the steric height.

Given the satellite derived sea surface height η , we can write

η = ηS +ηB (3.6)

where ηS is the steric height and ηB is the contribution from the dynamic bottom
pressure, i.e. the pressure due to the mass anomaly in the water column.

To go into more detail, we start by considering a flow in hydrostatic balance, i.e.
a flow for which the pressure is due to the weight of the water above it. We write the
density field ρ as

ρ = ρ0 +ρ
′ (3.7)

where ρ0 is a reference density and ρ ′ a density anomaly. Further, we write a buoyancy
anomaly as

b≡−g
ρ ′

ρ0
. (3.8)

The hydrostatic equation governing the flow is given by

∂φ

∂ z
= b (3.9)

where φ is a dynamic pressure. We now integrate the hydrostatic equation vertically,
using the linearized boundary condition that the pressure at the surface (z = 0) is given
by the sea surface height,

φ(z = 0) = gη . (3.10)

Thus, the integration gives

φ(x,y,z, t) = gη−
∫ 0

z
bdz, (3.11)

which means that the pressure at a depth z is given by the sea surface height and the
weight of the integrated buoyancy above z.

To reach the decomposition in Eq. 3.6, we follow the procedure by Fofonoff (1962)
and define a dynamic bottom pressure as

φB(x,y, t)≡ φ(x,y,z=−H, t) = gη−
∫ 0

−H
bdz (3.12)

where H is the bottom depth. Using this, the dynamic pressure in Eq. (3.11) can be
rewritten as

φ(x,y,z, t) =
∫ z

−H
bdz+φB. (3.13)

Thus, the pressure at a depth z is given by subtracting the weight of the integrated
buoyancy in the layer between the bottom and z from the bottom pressure. With
the introduction of the bottom pressure in Eq. 3.12, the sea surface height can be
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Figure 3.4: Time-mean ADT as observed by satellites, steric height calculated from hy-
drographic observations (Locarnini et al., 2013, Zweng et al., 2013) and the bottom pres-
sure resulting from their difference. Grey contours are bottom topography (Becker et al.,
2009). Figure from Paper I.

decomposed according to Eq. 3.6, where the steric height contribution ηS is defined
as

ηS ≡
1
g

∫ 0

−H
bdz, (3.14)

and the contribution related to the dynamic bottom pressure ηB is

ηB ≡
1
g

φB. (3.15)

The sea surface height can be decomposed into its steric and bottom pressure com-
ponents not only in theory but also in practice. Figure 3.4 (from Paper I) shows the
bottom pressure obtained by taking the difference between the satellite-derived ADT
and the steric height calculated from hydrographic observations of temperature and
salinity. As discussed in Chapter 2, the circulation in the Nordic Seas is steered by the
bottom topography and even the surface currents trace bathymetric contours. That the
surface knows about the structure of the ocean floor tells us that the bottom velocity is
non-zero. Specifically, the bottom velocity, and thus the bottom pressure, is also ex-
pected to be aligned with the bathymetric contours (Aaboe and Nøst, 2008, Nøst and
Isachsen, 2003). In Paper I we construct a bottom pressure, shown in Fig. 3.4, which
is found to be better aligned with the topography than the ADT and steric height.
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4. Lagrangian trajectories

To dig even deeper into the potential of the satellite altimetry, we can step into the
satellite-observed geostrophic velocity field and trace a water parcel through it with
a Lagrangian trajectory code. In the Eulerian frame of reference, which applies to
the previous chapters, we observe the fluid motion by focusing on a specific location
in space as the fluid flows through it in time. In the Lagrangian frame of reference,
we instead analyse the circulation by following a fluid element as it moves through
space and time. This would compare to sharing the point of view of the rubber ducks
mentioned previously. In this case, we follow a simulated particle as it is iterated
through the geostrophic velocity data. Tracing its pathway results in a trajectory that
reveals the route of the simulated particle and, by releasing many particles, we can
obtain statistics on the trajectory pathways.

65°N

70°N

75°N

10°W 0° 10°E

Figure 4.1: Simulated particle trajectories in the satellite-derived geostrophic velocity
field. Particles are seeded at 65◦N and stopped between Greenland and Svalbard and
between Norway and Svalbard. In grey shading is the bottom topography (Becker et al.,
2009).
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Figure 4.2: Schematic of the TRACMASS trajectory model. The box represents a grid
box, seen from above, with dimensions ∆x and ∆y. In red is a trajectory with transport Fn

crossing the grid box, passing the walls (i−1, j,k) and (i, j,k). U and V are the transports
in the x and y directions, respectively, located at the wall the trajectory crosses. Image
adapted from Berglund et al. (2017).

Other Lagrangian methods in oceanography include surface drifters, which are
buoys that float with the surface currents, and floats, that drift with the subsurface
currents. By transmitting their positions to satellites, they give information on the
ocean current’s velocities and, in some cases, also the ocean temperature and salinity
(see e.g. Riser et al., 2016, Rossby et al., 1986). These devices are often deployed from
ships, sometimes in remote locations. They can break, be lost or treated as disposable,
since recovering them is too expensive. Simulated Lagrangian particles, on the other
hand, are inexpensive, numerous, do not break and are not more difficult to deploy in
remote locations than anywhere else. By running the Lagrangian trajectory code with
observed velocities we also do not completely step into the modelled ocean, but keep
a foot in observations.

In Fig. 4.1 are some example trajectories from simulated particles in the satellite-
derived geostrophic velocities that are used in Paper IV. The particles are released in
a section at 65◦N, close to the Svinøy section. Wherever the velocity is northward in
this section, particles are seeded and advected northward by the velocity field. They
are stopped at sections drawn between Greenland – Svalbard and Svalbard – Norway.
The trajectories in Fig. 4.1 are released at different times in the time-evolving velocity
field.

4.1 TRACMASS Lagrangian trajectory model

In Paper IV, a Lagrangian trajectory model is run with the satellite-derived geostrophic
velocity data as input. The model used is the TRACMASS Lagrangian trajectory
model v6.0 (Döös et al., 2017), which is mass conserving in the sense that every water
parcel keeps the same mass throughout the simulation and cannot leave the domain.

Figure 4.2 is a schematic of the TRACMASS trajectory calculations. The trajec-
tory code iteratively calculates the new position of a particle given the velocity field,
which, when run with the satellite-derived velocities, is updated with a time step of 1
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day. The velocity data comes on a two-dimensional grid in latitude and longitude, and
each grid box has the sidewall lengths ∆x and ∆y. The velocity at a grid wall, say ui, j,
gives a volume transport Ui, j according to

Ui, j = ui, j∆yi, j∆z. (4.1)

∆z is, in this case, set to a constant depth since the satellite-observed velocity is hori-
zontal. The transport at any (non-dimensional) position r ≡ x/∆x along a grid wall is
then given by linear interpolation,

U(r) =Ui−1, j +(r− ri−1, j)(Ui, j−Ui−1, j). (4.2)

A particle released at any given position and time is given a volume transport, by Eq.
4.2, and keeps that volume transport throughout the simulation. The position of the
particle at a later time step is calculated by iteratively solving differential equations
for the trajectory path in each grid box, where the velocity field is linearly interpo-
lated in both space and time. As opposed to schemes of forward integration in time
with small time steps, like the Runge-Kutta method, the TRACMASS scheme uses
analytical solutions to the differential equations. The solution is thus unique, and can,
consequently, be integrated both forward and backward in time, arriving at the exact
same location again, making it possible to trace the origin of a particle.
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5. Main results and outlook

5.1 Summary of main results

Here follows a summary of the papers included in this thesis and the main results pre-
sented therein.

In Paper I the time-mean circulation is analysed with special emphasis on the to-
pographic alignment of the pressure field, both at the surface and at the bottom. Previ-
ous studies have shown that the bottom velocity, and by extension the bottom pressure,
is aligned with topographic contours and that models along closed depth contours can
capture the fundamental dynamics of the circulation in the Nordic Seas (Aaboe and
Nøst, 2008, Nøst and Isachsen, 2003). We make a decomposition of the time-mean
sea surface height into a steric height and a bottom pressure, see Chapter 3.2 and Fig.
3.4. The steric height reflects the depth-integrated buoyancy anomaly, which means
it decreases northward, along the flow, as the water loses heat to the atmosphere. By
taking the difference between the sea surface height and the steric height, we produce
a bottom pressure which is, in fact, better aligned with the bathymetric contours than
the sea surface height. To further examine the topographic steering of the slope current
(NwASC), we analyse the time-mean pressure along the 500 m depth contour and find
some stationary local maxima along the continental slope of Norway. The question
arises whether this is due to errors in the data, for example from uncertainties in the
estimate of the Geoid. We find, however, that the local maxima can be explained by
along-isobath variations due to compensation for changes in the flow’s relative vortic-
ity in order to conserve its potential vorticity (see Chapter 2.2.1). These along-isobath
anomalies can be predicted with an adiabatic steady-state model of a cyclonic strati-
fied boundary current over a topographic slope in the limit of small Rossby numbers.

In Paper II we move on from the time-mean to time series analysis, while keep-
ing the focus on topographic alignment from Paper I. In order to study the prop-
agation of anomalies towards the Arctic, we make a lagged correlation of the sea
surface height along a carefully selected topographic contour on the Norwegian con-
tinental slope. The resulting propagation velocity of 2 cm s−1 is in agreement with
previous estimates from hydrographic measurements and sea surface temperature data
(Årthun et al., 2017, Chepurin and Carton, 2012, Furevik, 2000, Sundby and Drinkwa-
ter, 2007), indicating that the satellite altimetry captures propagating low-frequency
ocean temperature signals. What is intriguing is that this speed is slow compared to the
average current velocity. We propose a conceptual model of shear dispersion effects,
in which the effective advection speed of a tracer is determined by a mean velocity
taken over the whole Atlantic Water domain and not only the rapid current core. The
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model predicts an effective tracer advection velocity of the same order of magnitude
as the observed.

In Paper III we further explore the time series of satellite data, but now on longer
timescales. We find significant variability on interannual to decadal timescales, with
a rapid increase in sea surface heights from the early 1990s up to the mid-2000s, fol-
lowed by a decade of more stagnant values. The variability is most prominent in the
Atlantic Water layer. Similar to Paper II, we find that the signal in the sea surface
height is strongly connected to temperature and heat content. Previous studies on
the variability in the Nordic Seas, on different time-scales, have raised the question
whether the source of the variability is local, e.g. from net surface heat flux, or remote
and advected into the Nordic Seas (e.g. Asbjørnsen et al., 2018, Carton et al., 2011).
We find that the decadal variability is of remote origin, connected to the southern in-
flow of Atlantic Water. We construct a conceptual model of ocean heat convergence,
in which the only input is the temperature of the inflow to the Nordic Seas. The model
is able to reproduce key features of the observed decadal variability of the Atlantic
Water in the Nordic Seas. The results are discussed in relation to coincident decadal-
scale changes in the Subpolar Gyre in the North Atlantic (Piecuch et al., 2017, Robson
et al., 2016, Ruiz-Barradas et al., 2018), as a possible source of variability.

In Paper IV we take a Lagrangian approach on the surface flow of Atlantic Water
towards the Arctic. By running simulated particles in a Lagrangian trajectory model
(see Chapter 4 and Döös et al. (2017)), we analyse the fractionation between the two
Arctic gateways in the Nordic Seas, namely the Barents Sea Opening and the Fram
Strait. The fractionation have previously been studied by e.g. Lien et al. (2013) and
Chafik et al. (2015). However, running Lagrangian trajectories in the satellite data in
the Nordic Seas has, to the authors’ knowledge, not been done before. The method
is evaluated by comparing the resulting transit time through the Nordic Seas with
estimates from drifters (Koszalka et al., 2013), which agrees well. An interesting
result is that a large amount of particles that are seeded west of the Lofoten Basin
end up in the Barents Sea Opening, indicating that the outer, frontal current (NwAFC)
seems to contribute significantly to the Barents Sea Opening inflow and potentially to
the Barents Sea climate.

5.2 Outlook

The variability of the AMOC and its role in the inevitable climate change we are facing
will continue to be a subject for future research, as will the fate of the Arctic and its
sea ice. The Nordic Seas, as an important factor for both of these areas, will therefore
also continue to be of great interest. In Paper III we discuss recent decadal changes
in the North Atlantic, with large scale cooling of the subpolar gyre, and its impact on
the northward ocean heat transport towards the Arctic. How this phenomenon will
develop is intriguing, and will be revealed by the extended time series of continued
observations over the coming years.

In Paper III we also note that the warming of the Atlantic Water in the Nordic
Seas, registered since the early 1990s, is most pronounced in the Lofoten Basin. The
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Figure 5.1: Lagrangian trajectories seeded in the Svinøy section and stopped west and
east of the Lofoten Basin, located in the NwASC and NwAFC respectively. a) Example
trajectories. Grey shading is bottom topography (Becker et al., 2009). b) Number of
particles stopped in the west of the Lofoten Basin every year.

associated changes in steric height suggest an anticyclonic flow anomaly from the
slope current to the front current and into the Lofoten Basin. Using the Lagrangian
methods developed in Paper IV, I conducted an experiment with a release of particles
in the Svinøy section, and analysed the division of these particles between the seaward
(NwAFC) and coastward (NwASC) pathways around the Lofoten Basin in their north-
ward advection, see Fig. 5.1. The development in time of the division of the particles
each year indicates a slight increase of particles in the seaward intercept, which would
corroborate the changes in flow patterns suggested by the anticyclonic flow anomaly
during the period of warming. Together with the main result in Paper IV, i.e. a signif-
icant contribution to the Barents Sea Opening from the NwAFC, a picture emerges in
which the recent decades have led to a reorganisation of the circulation; an enhanced
NwAFC, with return-flow towards the slope current and the Barents Sea north of the
Lofoten Basin, which makes the route and transit times longer than if the route had
been along the continental slope. These thoughts will be further developed in future
work.

From Paper IV we conclude that there is a low surface connection along the con-
tinental slope in the Barents Sea Opening, in the sense that few Lagrangian particles
travel along it to the Fram Strait. This path is classically thought to be the main route
of the slope current (Orvik and Niiler, 2002, Skagseth et al., 2004). The question
arises whether the somewhat surprising result is robust or only found in the simu-
lated particles in the satellite-derived velocities. In their study of sea-surface height
transport proxy, Chafik et al. (2015) found a drop in correlation along the continental
slope around the BSO, in support of the low surface connection. To investigate if it
is robust also in other surface observations, the study could be extended to surface
drifters, such as The Poleward data (Global Drifter Program1). Another possible ex-
tension of the analysis is to analyse subsurface pathways along the BSO. The satellite
data is limited to the surface of the ocean, does not fully resolve meso-scale activity
and does not include wind-induced Ekman flow. Therefore, it could be instructive

1https://www.aoml.noaa.gov/phod/gdp/index.php
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to run a corresponding Lagrangian trajectory experiment with more comprehensive,
three-dimensional velocity fields from an ocean general circulation model, such as
Nemo1.

Last, but not least, the time series of satellite altimetry observations are continu-
ously improved and extended. When this thesis is printed, the time series is 26 years
long. Within the next decade, the time series will be long enough to draw conclusions
about the climatology of modern sea surface heights. Hopefully, there are still many
scientific studies to come from the satellite altimetry.

1https://www.nemo-ocean.eu/

34



References

Aaboe, S., and O. A. Nøst, 2008: A diagnostic model of the Nordic Seas and Arctic Ocean circulation: Quantifying the
effects of a variable bottom density along a sloping topography. Journal of Physical Oceanography, 38 (12), 2685–
2703, doi:10.1175/2008JPO3862.1. 23, 26, 31

Årthun, M., T. Eldevik, E. Viste, H. Drange, T. Furevik, H. L. Johnson, and N. S. Keenlyside, 2017: Skillful prediction of
northern climate provided by the ocean. Nature communications, 8, 15 875. 31

Asbjørnsen, H., M. Årthun, Ø. Skagseth, and T. Eldevik, 2018: Mechanisms of ocean heat anomalies in the Norwegian
Sea. Journal of Geophysical Research: Oceans, 124 (4), 2908–2923. 32

Becker, J., and Coauthors, 2009: Global bathymetry and elevation data at 30 arc seconds resolution: SRTM30_PLUS.
Marine Geodesy, 32 (4), 355–371. 13, 16, 26, 27, 33

Berglund, S., K. Döös, and J. Nycander, 2017: Lagrangian tracing of the water–mass transformations in the Atlantic Ocean.
Tellus A: Dynamic Meteorology and Oceanography, 69 (1), 1306 311. 28

Broomé, S., L. Chafik, and J. Nilsson, 2019: Mechanisms of the time-varying sea surface height and heat content trends in
the eastern Nordic Seas. Ocean Sci. Discuss., doi:10.5194/os-2019-109. 32

Broomé, S., and J. Nilsson, 2016: Stationary Sea Surface Height anomalies in cyclonic boundary currents: Conservation
of potential vorticity and deviations from strict topographic steering. Journal of Physical Oceanography, 46 (8), 2437–
2456, doi:10.1175/JPO-D-15-0219.1. 23, 26

Broomé, S., and J. Nilsson, 2018: Shear dispersion and delayed propagation of temperature anomalies along the Norwegian
Atlantic Slope Current. Tellus A: Dynamic Meteorology and Oceanography, 70 (1), 1–13, doi:10.1080/16000870.2018.
1453215. 17, 23, 31, 32

Carton, J. A., G. A. Chepurin, J. Reagan, and S. Häkkinen, 2011: Interannual to decadal variability of Atlantic Water in
the Nordic and adjacent seas. Journal of Geophysical Research: Oceans (1978–2012), 116 (C11). 32

Chafik, L., J. Nilsson, Ø. Skagseth, and P. Lundberg, 2015: On the flow of Atlantic water and temperature anomalies
in the Nordic Seas toward the Arctic Ocean. Journal of Geophysical Research: Oceans, 120 (12), 7897–7918, doi:
10.1002/2015JC011012. 17, 32, 33

Chafik, L., and T. Rossby, 2019: Volume, Heat, and Freshwater Divergences in the Subpolar North Atlantic Suggest the
Nordic Seas as Key to the State of the Meridional Overturning Circulation. Geophysical Research Letters, 46 (9),
4799–4808. 12

Chepurin, G. A., and J. A. Carton, 2012: Subarctic and Arctic sea surface temperature and its relation to ocean heat content
1982–2010. Journal of Geophysical Research: Oceans, 117 (C6). 17, 31

Comiso, J. C., and D. K. Hall, 2014: Climate trends in the Arctic as observed from space. Wiley Interdisciplinary Reviews:
Climate Change, 5 (3), 389–409. 12

Comiso, J. C., C. L. Parkinson, R. Gersten, and L. Stock, 2008: Accelerated decline in the Arctic sea ice cover. Geophysical
research letters, 35 (1). 12

Döös, K., B. Jönsson, and J. Kjellsson, 2017: Evaluation of oceanic and atmospheric trajectory schemes in the TRACMASS
trajectory model v6.0. Geoscientific Model Development, 10 (4), 1733–1749. 28, 32

Ebbesmeyer, C. C., and W. J. Ingraham Jr, 1994: Pacific toy spill fuels ocean current pathways research. EOS, Transactions
American Geophysical Union, 75 (37), 425–430. 11

Eldevik, T., J. E. Ø. Nilsen, D. Iovino, K. A. Olsson, A. B. Sandø, and H. Drange, 2009: Observed sources and variability
of Nordic seas overflow. Nature Geoscience, 2 (6), 406–410. 12



Fofonoff, N., 1962: Dynamics of ocean currents. Physical Oceanography, M. N. Hill, Ed., The sea – Ideas and Observa-
tions on Progress in the Study of the Seas, Vol. 1, 323–395. 25

Furevik, T., 2000: On anomalous sea surface temperatures in the Nordic Seas. Journal of Climate, 13 (5), 1044–1053. 31

Furevik, T., 2001: Annual and interannual variability of Atlantic water temperatures in the Norwegian and Barents
Seas: 1980–1996. Deep Sea Research Part I: Oceanographic Research Papers, 48 (2), 383 – 404, doi:10.1016/
S0967-0637(00)00050-9. 17

Harden, B. E., and Coauthors, 2016: Upstream sources of the Denmark Strait Overflow: Observations from a high-
resolution mooring array. Deep Sea Research Part I: Oceanographic Research Papers, 112, 94–112. 18

Håvik, L., M. Almansi, K. Våge, and T. W. Haine, 2019: Atlantic-origin overflow Water in the East Greenland Current.
Journal of Physical Oceanography, 49 (9), 2255–2269. 18

Helland-Hansen, B., and F. Nansen, 1909: The Norwegian Sea - its physical oceanography based upon the Norwegian
researches 1900-1904. Report on Norwegian Fishery and Marine Investigations, 11. 16, 17

Jakobsson, M., 2002: Hypsometry and volume of the Arctic Ocean and its constituent seas. Geochemistry, Geophysics,
Geosystems, 3 (5), 1–18. 15

Jochumsen, K., M. Moritz, N. Nunes, D. Quadfasel, K. M. Larsen, B. Hansen, H. Valdimarsson, and S. Jonsson, 2017:
Revised transport estimates of the Denmark Strait overflow. Journal of Geophysical Research: Oceans, 122 (4), 3434–
3450. 17

Killworth, P. D., 1983: Deep convection in the world ocean. Reviews of Geophysics, 21 (1), 1–26. 12

Killworth, P. D., 1992: An equivalent-barotropic mode in the Fine Resolution Antarctic Model. Journal of Physical
Oceanography, 22 (11), 1379–1387. 17

Koenigk, T., and L. Brodeau, 2014: Ocean heat transport into the Arctic in the twentieth and twenty-first century in
EC-Earth. Climate Dynamics, 42 (11-12), 3101–3120. 12

Koszalka, I., J. LaCasce, and C. Mauritzen, 2013: In pursuit of anomalies—Analyzing the poleward transport of Atlantic
Water with surface drifters. Deep Sea Research Part II: Topical Studies in Oceanography, 85, 96–108. 32

Kuhlbrodt, T., A. Griesel, M. Montoya, A. Levermann, M. Hofmann, and S. Rahmstorf, 2007: On the driving processes of
the Atlantic meridional overturning circulation. Reviews of Geophysics, 45 (2). 12

Lien, V. S., F. B. Vikebø, and Ø. Skagseth, 2013: One mechanism contributing to co-variability of the Atlantic inflow
branches to the Arctic. Nature Communications, 4 (1488). 32

Locarnini, R. A., and Coauthors, 2013: World Ocean Atlas 2013, Volume 1: Temperature. S. Levitus, Ed., A. Mishonov,
Technical Ed.; NOAA Atlas NESDIS 73, 40 pp. 26

Locarnini, R. A., and Coauthors, 2018: World Ocean Atlas 2018, Volume 1: Temperature. A. Mishonov, Technical Ed.;
NOAA Atlas NESDIS 81, 52 pp. 16

Mauritzen, C., 1996: Production of dense overflow waters feeding the North Atlantic across the Greenland-Scotland Ridge.
part 1: Evidence for a revised circulation scheme. Deep Sea Research Part I: Oceanographic Research Papers, 43 (6),
769–806. 12, 15

Meincke, J., B. Rudels, and H. Friedrich, 1997: The Arctic Ocean–Nordic Seas thermohaline system. ICES Journal of
Marine Science, 54 (3), 283–299. 12

Mork, K. A., and Ø. Skagseth, 2010: A quantitative description of the Norwegian Atlantic Current by combining altimetry
and hydrography. Ocean Science, 6, 901–911, doi:10.5194/os-6-901-2010. 16

Nøst, O. A., and P. E. Isachsen, 2003: The large-scale time-mean ocean circulation in the Nordic Seas and Arctic Ocean
estimated from simplified dynamics. Journal of Marine Research, 61 (2), 175–210. 23, 26, 31

Orvik, K. A., and P. Niiler, 2002: Major pathways of Atlantic water in the northern North Atlantic and Nordic Seas toward
Arctic. Geophysical Research Letters, 29 (19), 2–1. 16, 33

Orvik, K. A., Ø. Skagseth, and M. Mork, 2001: Atlantic inflow to the Nordic Seas: current structure and volume fluxes from
moored current meters, VM-ADCP and SeaSoar-CTD observations, 1995–1999. Deep Sea Research Part I: Oceano-
graphic Research Papers, 48 (4), 937 – 957, doi:10.1016/S0967-0637(00)00038-8. 23

Østerhus, S., and Coauthors, 2019: Arctic mediterranean exchanges: A consistent volume budget and trends in transports
from two decades of observations. Ocean Science, 15, 379–399, doi:10.5194/os-15-379-2019. 16



Piecuch, C. G., R. M. Ponte, C. M. Little, M. W. Buckley, and I. Fukumori, 2017: Mechanisms underlying recent decadal
changes in subpolar North Atlantic Ocean heat content. Journal of Geophysical Research: Oceans, 122 (9), 7181–7197.
32

Riser, S. C., and Coauthors, 2016: Fifteen years of ocean observations with the global Argo array. Nature Climate Change,
6 (2), 145–153. 28

Robson, J., P. Ortega, and R. Sutton, 2016: A reversal of climatic trends in the North Atlantic since 2005. Nature Geo-
science, 9, 513–517. 32

Rossby, T., D. Dorson, and J. Fontaine, 1986: The RAFOS system. Journal of atmospheric and oceanic technology, 3 (4),
672–679. 28

Rossby, T., V. Ozhigin, V. Ivshin, and S. Bacon, 2009a: An isopycnal view of the Nordic Seas hydrography with focus on
properties of the Lofoten Basin. Deep Sea Research Part I: Oceanographic Research Papers, 56 (11), 1955–1971. 17

Rossby, T., M. Prater, and H. Søiland, 2009b: Pathways of inflow and dispersion of warm waters in the Nordic seas.
Journal of Geophysical Research: Oceans, 114 (C4). 18

Rudels, B., E. Fahrbach, J. Meincke, G. Budéus, and P. Eriksson, 2002: The East Greenland Current and its contribution
to the Denmark Strait overflow. ICES Journal of Marine Science, 59 (6), 1133–1154. 18

Ruiz-Barradas, A., L. Chafik, S. Nigam, and S. Häkkinen, 2018: Recent subsurface North Atlantic cooling trend in context
of Atlantic decadal-to-multidecadal variability. Tellus A: Dynamic Meteorology and Oceanography, 70 (1), 1–19. 32

Screen, J. A., and I. Simmonds, 2010: Increasing fall-winter energy loss from the Arctic Ocean and its role in Arctic
temperature amplification. Geophysical Research Letters, 37 (16). 12

Skagseth, Ø., T. Furevik, R. Ingvaldsen, H. Loeng, K. A. Mork, K. A. Orvik, and V. Ozhigin, 2008: Volume and heat
transports to the Arctic Ocean via the Norwegian and Barents Seas. Arctic–Subarctic Ocean Fluxes, Springer, 45–64.
15

Skagseth, Ø., K. A. Orvik, and T. Furevik, 2004: Coherent variability of the Norwegian Atlantic Slope Current derived
from TOPEX/ERS altimeter data. Geophysical Research Letters, 31 (14). 33

Søiland, H., M. Prater, and T. Rossby, 2008: Rigid topographic control of currents in the Nordic Seas. Geophysical
Research Letters, 35 (18). 18

Søiland, H., and T. Rossby, 2013: On the structure of the Lofoten Basin Eddy. Journal of Geophysical Research: Oceans,
118 (9), 4201–4212, doi:10.1002/jgrc.20301. 17

Spall, M. A., 2004: Boundary currents and watermass transformation in marginal seas*. Journal of Physical Oceanogra-
phy, 34 (5), 1197–1213. 12

Spall, M. A., 2010: Non-local topographic influences on deep convection: An idealized model for the Nordic Seas. Ocean
Modelling, 32 (1), 72–85. 17

Straneo, F., 2006: On the connection between dense water formation, overturning, and poleward heat transport in a con-
vective basin. Journal of Physical Oceanography, 36 (9), 1822–1840. 12

Stroeve, J. C., M. C. Serreze, M. M. Holland, J. E. Kay, J. Malanik, and A. P. Barrett, 2012: The Arctic’s rapidly shrinking
sea ice cover: a research synthesis. Climatic Change, 110 (3-4), 1005–1027. 12

Sundby, S., and K. Drinkwater, 2007: On the mechanisms behind salinity anomaly signals of the northern North Atlantic.
Progress in Oceanography, 73 (2), 190–202. 31

Taburet, G., A. Sanchez-Roman, M. Ballarotta, M.-I. Pujol, J.-F. Legeais, F. Fournier, Y. Faugere, and G. Dibarboure,
2019: DUACS DT2018: 25 years of reprocessed sea level altimetry products. Ocean Science, 15 (5), 1207–1224. 22

Vallis, G. K., 2006: Atmospheric and Oceanic Fluid Dynamics. Cambridge University Press, Cambridge, U.K., 745 pp. 18

Volkov, D. L., T. V. Belonenko, and V. R. Foux, 2013: Puzzling over the dynamics of the Lofoten Basin – a sub-Arctic hot
spot of ocean variability. Geophysical Research Letters, 40 (4), 738–743. 17

Volkov, D. L., and M.-I. Pujol, 2012: Quality assessment of a satellite altimetry data product in the Nordic, Barents, and
Kara seas. Journal of Geophysical Research: Oceans, 117 (C3). 22

Zweng, M., and Coauthors, 2013: World Ocean Atlas 2013, Volume 2: Salinity. S. Levitus, Ed., A. Mishonov Technical
Ed.; NOAA Atlas NESDIS 74, 39 pp. 26

Zweng, M. M., and Coauthors, 2018: World Ocean Atlas 2018, Volume 2: Salinity. A. Mishonov, Technical Ed.; NOAA
Atlas NESDIS 82, 50 pp. 16





Acknowledgements

First, I would like to thank my supervisors. Johan Nilsson for continuous support,
interesting scientific ideas and guidance, not suggesting too many changes to my writ-
ings, unannounced dynamic equations on the white board and for being a good office
neighbour. Jonas Nycander for excellent proof-readings and for the hospitality in
Princeton. Léon Chafik for stepping in when Johan was in another time-zone, good
scientific discussions and for the hospitality in Washington, D.C.

A big thanks to all the PhD students, that have come and gone, during my years
at MISU. I really appreciate your travel company, lunches (especially the Swedish
lunches), the beers and social activities. I would like to mention some in particular.
First Malin, my Phd sister and unwavering office mate. I truly appreciate our time
together at MISU, I could not have found a better person to share it with. We’ve had
a lot of fun and I appreciate all your support, even the one from the white board at the
end. Our defences marks the end of an era. I love you! Sara, I am so glad for the years
together as fellow PhD students, but maybe even more glad for our coincident time
on parental leave (and labour, basically). You made the parental leave fun and easy
and I hope Vilgot and Alex will stay friends (which means we have to see each other
regularly, mind you). Special thanks also to my office mates during the years: Malin,
Evelyne, Friederike, Eva and, for a short while, Aitor. You have all made the office
a better place to spend my days! Filippa, for great company on the ocean, among
other things. Henrik, for being a great mentor. Koen, for beer tastings and sharing the
experience of becoming parents. Special thanks also to Etienne, Kerstin, Cian, Erik
and many others not named.

I would also like to thank all other colleagues at MISU! Kristoffer Döös, for giving
me a hint of where there was money for a PhD so that I could choose a master project
wisely. Linda and Frida, for the first and very supportive committee meetings (and for
being such good role models). Linda stayed as a faithful member of the committee,
but thanks also to Fabien and Léon for joining later. Anna, for coffee, tomato seeds
and for continuously making MISU a great work place. Peter, for all the books and
for the dinner with Thomas and your wife. Susanne, for all the Seinfeld references
and administrative help. The MISU-baby crew of 2017, i.e. Friederike, Cecilia, Su-
sanne, Jonas and Sara, also deserves a special mention, since you made pregnancy and
maternity leave a lot more fun and social.

Some people from outside MISU have also contributed particularly to this thesis
and the working hours put in to it. Tobias, for all the fikas, at Café Ruben and else-
where. It’s been nice to have a PhD student at "the other side" to compare and discuss
with. Pricken, Emmy and Selin for the hours at kåren and SNNC. Johan, for the op-
portunity to visit University of Oxford. I would also like to thank Thomas Rossby,
for the great hospitality in his home in Rhode Island, for teaching me how to eat a



grapefruit properly and, maybe most of all, for arranging for me and Filippa to board
Håkon Mosby to experience the real ocean. Thanks also to Henrik Søiland for letting
me and Filippa tag along on the boat. I would also like to thank the Bolin Centre (es-
pecially Alasdair, without whom the Bolin Centre would not be the same) for travel
grants, dinners, networking, ceilidhs, poster competitions and board meetings.

Lastly, thank you Erik, my husband and best friend, for the love and support. And
thanks to Vilgot, for giving me perspective on the importance of things. I love you
both!


