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Abstract

The ocean circulation plays an essential role in our climate system. It redistributes heat, salt, carbon and other tracers across
the globe, making the climate of Earth more moderate. This thesis targets density differences that are driving the ocean
circulation. These differences are caused by changes in temperature and salinity. The analysis is based on the usage of
Lagrangian trajectories simulated with velocity fields from an Earth System Model. The Lagrangian approach opens up
for the possibility to follow specific water paths and water masses. The results herein provide a new insight to specific
circulation patterns in the ocean, and which regions that play an important role in controlling temperature and salinity
changes.

In the first two articles, the Lagrangian divergence is introduced. It shows the geographical distribution of heat and salt
changes of a simulated water mass. Using this, we are able to show that the northward flowing water in the Atlantic Ocean
cools and freshens in the North Atlantic Subtropical Gyre, the Gulf Stream and the North Atlantic Current. Similarly, we
show that the water flowing from the Drake Passage, following the Antarctic Circumpolar Current (ACC) and moving
northwards into the Atlantic, Pacific and Indian oceans, transforms from cold and fresh to warm and saline. This warming
and salinification are a result of, not only air-sea fluxes, but also interior mixing.

In the third study, we show that 70% of the water flowing northwards as part of the Atlantic Meridional Overturning
Circulation circuits the North Atlantic Subtropical Gyre at least once before it continues northwards. In the gyre, the water
spirals downwards as it gets denser, due to a combination of air-sea fluxes and interior mixing. These results bring a new
perspective on the Subtropical Gyre's role to the circulation patterns of the Atlantic Meridional Overturning Circulation.

In the last part of this thesis, the circulation in the North Atlantic Ocean is traced into four different pathways. The
pathways are visualised geographically together with their change in temperature, salinity and density. With this, we are
able to show that the northward flowing water in the Atlantic Ocean exchanges heat and salt with the colder and fresher
waters circulating the Subpolar Gyre.
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"The sea, once it casts its spell,
holds one in its nets of wonder forever"
- Jacques Cousteau






Abstract

The ocean circulation plays an essential role in our climate system. It re-
distributes heat, salt, carbon and other tracers across the globe, making the
climate of Earth more moderate. This thesis targets density differences that
are driving the ocean circulation. These differences are caused by changes in
temperature and salinity. The analysis is based on the usage of Lagrangian
trajectories simulated with velocity fields from an Earth System Model. The
Lagrangian approach opens up for the possibility to follow specific water paths
and water masses. The results herein provide a new insight to specific circu-
lation patterns in the ocean, and which regions that play an important role in
controlling temperature and salinity changes.

In the first two articles, the Lagrangian divergence is introduced. It shows
the geographical distribution of heat and salt changes of a simulated water
mass. Using this, we are able to show that the northward flowing water in
the Atlantic Ocean cools and freshens in the North Atlantic Subtropical Gyre,
the Gulf Stream and the North Atlantic Current. Similarly, we show that the
water flowing from the Drake Passage, following the Antarctic Circumpolar
Current (ACC) and moving northwards into the Atlantic, Pacific and Indian
oceans, transforms from cold and fresh to warm and saline. This warming and
salinification are a result of, not only air-sea fluxes, but also interior mixing.

In the third study, we show that 70% of the water flowing northwards as part
of the Atlantic Meridional Overturning Circulation (AMOC) circuits the North
Atlantic Subtropical Gyre at least once before it continues northwards. In the
gyre, the water spirals downwards as it gets denser, due to a combination of
air-sea fluxes and interior mixing. These results bring a new perspective on the
Subtropical Gyre’s role to the circulation patterns of the Atlantic Meridional
Overturning Circulation.

In the last part of this thesis, the circulation in the North Atlantic Ocean is
traced into four different pathways. The pathways are visualised geographically
together with their change in temperature, salinity and density. With this,
we are able to show that the northward flowing water in the Atlantic Ocean
exchanges heat and salt with the colder and fresher waters circulating the
Subpolar Gyre.



Sammanfattning

Havscirkulationen spelar en betydande roll for vart klimatsystem, bland annat
genom att omfordela varme, salt, kol och andra &mnen G6ver hela jorden och
dérav bidra till det klimat vi har idag. Havscirkulationen drivs av atmosfériska
vindar, samt av skillnader i densitet som uppstar da vattnets temperatur eller
salinitet férdndras. En férédndring av vattnets temperatur och salthalt kan ske
pa grund av ett virme- eller farskvattenflode genom havsytan. Det kan &ven
ske genom att is smélter eller att vatten fryser, genom farskvatten fran floder
som mynnar ut i havet eller genom omblandning.

I den hér avhandlingen ligger fokus pa temperatur- och salthaltsférandring-
arna som ger upphov till densitetsskillnaderna som i sin tur driver havscirkula-
tionen. Analysen baseras pa Lagrangeska trajektorier utrdknade med hjélp av
hastighetsféilt fran en jordsystemsmodell. En jordsystemsmodell &r en global
klimatmodell som &ven beskriver biologiska och kemiska processer. En global
klimatmodell beskriver klimatsystemet pa jorden, exempelvis atmosfiarens och
havets cirkulation. Den Lagrangeska metoden innebér att man foljer flera vat-
tenpaket som ror sig med havets cirkulation. En stor férdel med metoden &ar
att det &r mojligt att spara specifika cirkulationsmonster. Resultaten i denna
avhandling tillhandahéaller nya insikter om hur temperatur- och saltféréndring-
ar ar kopplade till cirkulationen. Vidare bidrar resultaten till en detaljerad bild
over omraden i havet som har stor betydelse for drivningen av den globala
havscirkulationen.

I de forsta tva artiklarna introduceras storheten Lagrangesk divergens, som
askadliggor den geografiska fordelningen av varme- och saltforandringar fér de
simulerade vattenmassorna. Vi visar att det nordgaende vattnet i Atlanten kyls
och blir sétare, och att det till storsta del sker i den Nordatlantiska Subtropiska
gyren, i Golfstrommen och lingst den Nordatlantiska strémmen. Vatten som
hérrér fran Drakes sund blir varmare och okar i salinitet medan det strémmar
norrut in i Atlanten, Stilla havet och Indiska oceanen. Vi visar ocksa att for-
dndringen av salinitet och temperatur sker genom en kombination av varme-
och farskvattenflédet genom ytan samt omblandning.

I den tredje artikeln visar vi att 70% av det nordgaende vattnet i Atlanten
cirkulerar i den Nordatlantiska Subtropiska gyren minst ett varv innan det
fortsatter norrut. I gyren ror sig vattnet nedat likt en spiral. Det beror pa att
vattnet blir tyngre, vilket sker pé grund av en kombination av omblandning
samt ett virme- och farskvattenflode genom ytan. Att den Subtropiska gyren
spelar en s& pass stor roll for den atlantiska meridionala cirkulationen (ofta
kallad AMOC) kan ha stora konsekvenser i ett fordndrat klimat, och det skulle
dérfor vara av stort intresse att fortsidtta underscka dess roll.



I den sista delen av avhandlingen delar vi upp cirkulationen i Nordatlanten i
fyra delar. De olika viagarna &r visualiserade med hjélp av olika stromfunktioner,
som visar att alla vigar pa olika sdtt bidrar till cirkulationen i basséngen. Vidare
visar vi att det nordgaende vattnet i Atlanten utbyter virme och salt med det
kallare och sotare vattnet som cirkulerar i den Nordatlantiska subpoldra gyren.
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1. Introduction

The ocean covers about 71% of the Earth’s surface. It plays a crucial role
in maintaining the Earth as we know it. The ocean has an essential role in
controlling our climate; with its circulation and mixing it transports heat across
the world making temperatures more moderate. Beyond that, the water itself
is an important resource for all living organisms on Earth. It serves as a home
for a large marine biodiversity, contributes to human livelihood and to human
activities such as trade and transport (Bindoff et al.l |2019).

Tens of thousands of years ago, the starting point for understanding the
ocean circulation was set when trading, travelling and new resources motivated
ventures from the coast out on the sea. However, it was not until 1872 that
one of the first large scientific expeditions to study the ocean took place. The
Challenger Expedition lasted over 1000 days and collected data of currents,
temperature, ocean floor deposits and water chemistry at 361 different places.
The journey resulted in a scientific report of the voyage covering 29,500 pages,
that took over 23 years to complete (Sverdrup et all 2005). The report is
thought of as one of the ground pillars for modern oceanography.

Numerical modelling of the ocean circulation became a topic during the
second half of the 20th century, and in 1969 the ocean circulation was for the
first time described in a coupled atmosphere-ocean system model (Bryan, 1969,
Manabe| [1969alb). Today, we are able to study the ocean circulation and its
transport of heat, salt, mass and nutrients using both numerical modelling and
different types of observations, such as satellites, buoys, moorings (Cunningham
et al,|2007), ship measurements and even with the help of seals (Fedak], [2004).

In 1990, the first Lagrangian trajectories simulated with data from an Ocean
General Circulation Model (OGCM) was developed (Van Sebille et al., [2018).
A Lagrangian trajectory can be thought of as the path of a water parcel in the
ocean. Imagine that, instead of the traditional view where we study a field,
the Lagrangian trajectories suddenly opened up a new perspective where the
flow is followed instantaneously. Further, it does not only follow the flow, but
can also be used to track heat, salt, and other tracers. Thus, the Lagrangian
perspective makes it possible to follow the ocean circulation and simultaneously
study its appurtenant transport of tracers (e.g. temperature or salinity). Today
there are multiple studies every year of the ocean circulation that are based on
Lagrangian trajectories (Van Sebille et al.l [2018]).

Even though our knowledge and methods to understand the ocean have
increased rapidly since the Challenger Expedition took place, there is still a
lot to learn. The aim of this thesis is to increase the knowledge of the ocean
circulation, with the main focus on temperature and salinity changes that give

13



rise to the density differences that drive the ocean circulation. To address this,
we simulate Lagrangian trajectories using data from the ocean component of
an Earth System Model (ESM). Below is a summary of the main results of the
papers included in this thesis:

14

In Paper I we show that the northward flowing water in the Atlantic
Ocean loses heat and freshens in the North Atlantic Subtropical Gyre,
the Gulf Stream and the North Atlantic Current.

Paper II focuses on the water flowing from the Drake Passage north-
wards into the Atlantic, Pacific and Indian Oceans. Here we show how
part of the increase in heat and salinity takes place below the mixed layer,
pointing to mixing as an important factor for changes. Further, we ex-
plore the role of the mixed layer seasonality on the changes in heat and
salt.

In Paper III we show that 70% of the water flowing northwards as part of
the Atlantic Meridional Overturning Circulation has to spiral downwards
in the North Atlantic Subtropical Gyre before it is sufficiently dense to
continue northwards.

In the final paper, Paper IV, we put the focus on the North Atlantic
Ocean, and separate the circulation into four different pathways. We
show that the pathways exchange heat and salt with each other, and
that they all are necessary for the heat and salt variations in the North
Atlantic Ocean.



2. The Ocean Circulation

The ocean circulation is often separated into two constituents that are driven
by different forcing mechanisms; the wind-driven circulation and the thermo-
haline circulation. However, these are intertwined and thus jointly drive the
circulation. Therefore, a change in the wind-driven system will alter the ther-
mohaline circulation, and a change in the thermohaline forcing will alter the
wind-driven currents. Figure shows a schematic of the global ocean circu-
lation, including both the formation of deep waters and the wind-driven gyres.

| ick Lumpkin (NOAAOML)
T T

T T T T T T T - T T
30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90°W 60°W 30°W 0° 30°E

Figure 2.1: The ocean circulation. Colours indicate depth of the circulation;
red — surface, green/yellow — intermediate, blue — deep. Figure from

209)

2.1 The wind-driven circulation

Surface currents are created as atmospheric winds "drag" the ocean surface.
Once the surface of the ocean is set into motion, a relatively constant surface
current circulation is created (Figure. This circulation pattern includes the
gyre circulations, which also encompass the western boundary currents. One
example of a western boundary current is the Gulf Stream. Figure [2.2] shows
five Subtropical Gyres and two Subpolar Gyres; one in the North Atlantic
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Ocean and one in the North Pacific Ocean. In the Southern Ocean, where no
continents block the ocean, the Antarctic Circumpolar Current (ACC) trans-
ports water around Antarctica (Figure . The Weddell and Ross Gyres are
also Subpolar Gyres, but not marked explicitly in Figure 2.2} but can be seen
as two re-circulations in the Southern Ocean.

| | |

| | |
Subtropical Gyres
Equatorial and Tropical Circulations

Intergyre and/or Interbasin Exchanges
p— Polar and Subpolar Current Systems e

Figure 2.2: The wind-driven circulation of the ocean, from . It
shows five Subtropical Gyres (STG; red arrows) with their western boundary
currents, three equatorial circulations (ECS; purple arrows), with their under-
currents, and three polar and subpolar currents (Subpolar Gyres - SPG and the
Antarctic Circumpolar Current - ACC; blue arrows). Finally, green arrows show
the inter—gyre circulation.

2.1.1 Ekman, Sverdrup, Stommel and Munk

The effect of the winds (called the wind stress) reaches only a few tens of metres
below the surface; namely through the Ekman layer. In the conceptual model
of the layer just below the surface is set into motion, but is
deflected to the right (in the Northern Hemisphere). This deflection results in
the Ekman spiral. The average flow of water over the spiral will move 90° to
the right (in the Northern Hemisphere) of the wind stress. At the base of the

Ekman layer, (1905)) described the vertical upwelling velocity as:
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TS
=k -Vx — .
WEE k-V pof, (2 1)
where f is the Coriolis parameter, pg is the density of sea water, k is the unit
vertical vector and 7g is the surface wind stress vector.
In 1947, |Sverdrup| (1947)) showed that the depth-integrated meridional ve-
locity was proportional to the wind stress curl, and created a conceptual model
of the gyre circulation, the Sverdrup Balance was thus derived as:

1
5/vdz =—k- -V xrg, (2.2)
Po

where £ is the variation with latitude of the vertical component of the planetary
vorticity and v is the meridional velocity.

Stommel| (1948]) further developed the gyre circulation solution by adding
a linear drag. This prohibited the input of vorticity by the surface wind stress
curl and allowed for the return flow of the western boundary current. This
was extended by [Munk| (1950), who added a no-slip boundary condition and a
lateral friction to the solution.

These theories set the base of the wind-driven ocean circulation, and are still
a ground pillar to our understanding of the circulation within gyres. There has
been tremendous work on the gyre circulations that has increased our knowl-
edge from these first studies, but as climate models evolve, and the observa-
tional data coverage increases we continue to learn.

2.2  The thermohaline circulation

The ocean circulation that is driven by differences in density is know as the
thermohaline circulation. As the name entails, the changes in density are con-
trolled by the changes in temperature and salinity. The density differences
caused by a change in temperature and/or salinity create an overturning cir-
culation. Waters that are cooled and/or salinified at the surface become dense
and sink (Sandstrom) {1908). Due to conservation of mass, this sinking water
will be replaced by new water transported in at the surface. Finally, deep water
upwells in other regions as a result of turbulence and winds, closing the over-
turning circulation. The thermohaline circulation is thus forced by turbulent
mixing and thermohaline forcing at the surface (Rahmstorf, [2003).

The sea surface temperature and salinity can be changed by heat or fresh-
water exchange with the atmosphere (e.g. evaporation or precipitation). The
formation and melt of sea ice, as well as river runoff, also change the tem-
perature and salinity distribution of waters, mainly though the exchange of
freshwater. The structure of the surface salinity and temperature is further
driven by vigorous surface mixing and advection. Below the surface layer, at
depths where the water no longer is affected by the atmosphere, interior mixing
causes changes in temperature and salinity.

The thermohaline circulation is sometimes confused with the Meridional
Overturning Circulation (MOC) of the ocean. However, the MOC is the zonal
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integral of the meridional and vertical circulation (Vallis, [2017)). This means
that both the thermohaline circulation and the wind-driven circulation con-
tributes to the total MOC. The MOC can be reduced to the Atlantic Meridional
Overturning Circulation (AMOC), which describes the overturning circulation
in the Atlantic Ocean. The AMOC is depicted in Figure as follows; surface
water is transported into the Atlantic Ocean from the Agulhas current system
and the Drake Passage. As the water crosses the equator and enters the North
Atlantic Ocean it cools and freshens. In the northernmost parts, the water is
dense and thus sinks. At depths it returns south towards the Southern Ocean,
where it upwells as a result of winds and turbulence (Lozier, [2012).

The AMOC transports large amounts of heat from low to high latitudes,
contributing to the relatively mild climate in Europe. It also acts as a reser-
voir for atmospheric COs, due to its uptake and ventilation of anthropogenic
greenhouse gases (Lozier| 2012)). Several studies have shown that the AMOC
has slowed down during the 20th century (Caesar et al.l 2021, | Rahmstorf et al.,
2015)), and is predicted to further do so, but to what extent, and what con-
sequences this may bring is yet not known (Bindoft et al., [2019, |Weijer et al.,
2020). In Paper I and Paper III the upper water flowing northwards as
part of the AMOC is studied, while in Paper IV waters in the North Atlantic
Ocean that are part of the AMOC are studied.

18



3. Modelling the Ocean
Circulation

General Circulation Models (GCM) or Earth System Models (ESM) are of
great importance for scientists to be able to predict and understand the Earth’s
climate. The difference between a GCM and an ESM is sometimes unclear, but
the general idea is that an ESM includes components covering biophysical and
biogeochemical processes, and often a more complex aerosol treatment. An
Ocean General Circulation Model (OGCM), is used to represent the ocean
and its behaviour. An OGCM consists of small boxes (grid boxes), in which
dynamical and physical processes of the ocean are represented. Processes that
are too small to scale into a grid box are usually parameterised, for example
eddies, internal waves, double-diffusion, turbulence. There are non-eddying,
eddy-permitting and eddy-resolving ocean models, depending on the horizontal
resolution, where the latter has such a fine resolution that the small-scale eddies
are resolved. The horizontal and vertical resolution of an OGCM are set by
the size of the grid boxes.

Over the past decades, climate modelling has evolved as the understanding
of the climate system has increased. The representation of processes improves
continuously as high-resolution models are developed and as parameterisation
schemes are improved. In the latest report from the Intergovernmental Panel of
Climate Change (IPCC) the ESMs applied to predict climate change mainly in-
clude ocean models that are non-eddying (Chen et al. [2021). However, there is
also a large community working on improving the resolution of ESMs, including
eddy-resolving ocean models (Fedakl 2004, |Haarsma et al., |2016]).

In Paper I and Paper II data from the ocean component Nucleus for
European Modelling of the Ocean (NEMO) of the ESM EC-Earth2 were used.
The resolution applied for NEMO is 1° with 42 depth levels and monthly mean
outputs, thus it is a non-eddying model. For Paper III and Paper IV the
ESM EC-Earth3 was integrated following the guidelines of the Coupled Model
Intercomparsion Project Phase 6 (CMIP6), and data from the ocean model
NEMO3.6 were used. This version of NEMO is still non-eddying, but has an
increased vertical resolution with 75 depth levels.

3.1 The Earth System Model EC-Earth

The following applies to EC-Earth3, but there are many similarities to EC-
Earth2. EC-Earth3 exists in different coupled configurations, and in this thesis
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the EC-Earth-Veg version 3.3.1.1 is integrated. EC-Earth3 follows the concept
"seamless prediction", which means that the atmospheric model used is adapted
from the European Centre for Medium-Range Weather Forecasts (ECMWF)
seasonal prediction system S4 (Doscher et al.l2021). The idea with this is to be
able to simulate climate predictions similarly as seasonal predictions, since the
difference between them mainly are the difference in time scales (Brunet et al.,
2010). The atmospheric model of EC-Earth3 is the Integrated Forecasting
System cycle 36r4 (IFS 36r4) from ECMWF. Further, EC-Earth3 uses the
surface module HTESSEL, the ocean model NEMO3.6 and the sea-ice module
LIM3. Variables are coupled with the OASIS3-MCT coupler. In EC-Earth-Veg
the extra interactive vegetation model LPJ-GUESS is active. The resolution
of the atmospheric model IFS 36r4 is T255L91 (=~ 80 km), while the ocean
resolution is ORCA1L75 (1° and 75 depth levels). The ORCA grid is tri-polar,
which means that it consists of three poles, resulting in a slightly varying
horizontal resolution. The time step used for each computation within a grid
box is 2700 seconds (Doscher et all, 2021)).

3.2 What is Lagrangian?

Imagine yourself at a football stadium, and your team gets a penalty. You are
sitting in the audience, watching how the penalty is taken by your favourite
player and you see how the ball ends up in the goal. You are thus watching
everything that happens from a fixed point in space (i.e. EulerianEI). Now,
instead imagine you are the ball (maybe hard to imagine, but let’s try!). As the
player kicks you (well, the ball) you fly away over the pith and into the goal, you
are thus seeing everything from the perspective of the ball (i.e. Lagmngianﬂ).
The path of the ball from the penalty point to the goal constitutes a Lagrangian
trajectory.

Now, let us translate this into the flow of waters. In the Eulerian framework
we could for example anchor a buoy in a specific location and observe how
temperature changes in time at its location. In the Lagrangian framework,
we would instead release a free-floating buoy and measure the temperature as
the buoy moves with the flow. The pathway of the buoy would then be the
Lagrangian trajectory.

We can hence describe a flow from two different viewpoints. But, why is this
of any interest? An advantage with the Lagrangian view is that it is possible
to follow parcels of particular interest, instead of looking at snapshots of fields.
It further makes it possible to select specific water masses or circulations to
study in detail, which is not as straight forward with the Eulerian view. The
results in this thesis are entirely originating from a Lagrangian viewpoint, where
Lagrangian trajectories are computed and used to understand different ocean
circulation patterns and their attributed heat and salt changes.

1From Leonhard Euler
2From Joseph Louis Lagrange
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3.3 The Lagrangian trajectory model TRACMASS

The Lagrangian trajectory model TRACMASS is used to calculate Lagrangian
trajectories. The TRACMASS scheme was originally introduced for stationary
velocity fields by [D6os| (1995)) and [Blanke & Raynaud (1997). Further on,
de Vries & Do0s| (2001) extended the scheme for time-dependent fields. The
main purpose with TRACMASS is to compute the path of a parcel. To do so,
the velocity field has to be known. As of today, TRACMASS can be used both
for the atmosphere and the ocean, either with different ESMs or satellite data
such as AVISO (TRACMASS, |2021). Most ESMs use some sort of curvilinear or
spherical grids, which means that their spherical coordinates will be functions
of locations, and thus vary zonally and meridionally. TRACMASS uses volume
transports, instead of velocities, to compute trajectory paths, and therefore
both curvilinear and spherical grids are represented in the scheme. At the
eastern and northern wall of a grid-box (i,j, k) at time step ¢, the volume
transport is given by:

Ui jkt = Wikt AYi j A% j kst (3.1)
Vijkt = Vit AL jAZ; j g1, (3.2)

where u; jr: and v; ;¢ are the zonal and meridional velocities through the
grid box (i, j,k), Ax;; and Ay, ; are the longitudinal and latitudinal grid
lengths, and Az; j i+ is the vertical level thickness. The vertical volume trans-
port through the upper face of grid box (4, j, k) can be computed by the vertical
velocity w; ; x:. However, as TRACMASS relies on volume continuity, and in
order to be certain to respect this volume conservation, it is more suitable
to compute the vertical volume transport from the continuity equation. The
vertical volume transport through the upper face of the grid box is:

Wi k=16 =Wijkt = Uijke — Uit e + Vit = Vij—1,5e+
Azt — A% j k-1
Atg

Axi,jAyi,j 5 (33)

where incompressibility is assumed. Atg is the time between two ESM fields.

There are two options of computing Lagrangian trajectories in TRAC-
MASS, either by a step-wise scheme or by a time-dependent scheme. The first is
mainly made for stationary fields, but can however be used for time-dependent
fields by assuming that the field is stationary between two time steps. The
latter instead takes into account the time-dependency of the fields, where a
differential equation is solved based on linear interpolation in both space and
time. [D60s et al.f (2017a) evaluated the schemes and showed a better accuracy
when using the time-dependent scheme compared to the step-wise. However,
if choosing long enough intermediate time steps, the step-wise solution will
converge towards the time-dependent.

TRACMASS is volume/mass conserving. This results from the fact that
transports only are linearly integrated between the grid box walls, and that
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Figure 3.1: Lagrangian trajectories computed with the TRACMASS scheme.
The trajectories start in the Drake Passage and end in the Atlantic, Pacific or
Indian oceans as they reach the 25°C isotherm. (a) A portion of the trajectories
reaching the 25°C isotherm, coloured according to their temperature. (b) Same
but coloured after salinity. Figure adapted from Paper II.

the transports are handled in the same manner as in an ESM. The latter refers
to that the TRACMASS scheme computes the vertical transport directly from
the continuity equation, which is the same approach applied in most ESMs.
That the scheme is mass conserving means that the sum of all trajectory fluxes
in and out of a grid box is exactly zero. This also prevents trajectories in
TRACMASS to cross any solid boundaries, such as a coast or the bottom of
the ocean.

As trajectories are integrated, temperature, salinity and density from the
ESM can be saved continuously. Similarly, any other tracer from an ESM can be
saved together with the trajectories. Tracers in TRACMASS are interpolated
in time between two Eulerian fields. If a tracer is saved on a grid wall it can
further be interpolated in space between the two nearest grid boxes.

Figure [3.I] shows a portion of the trajectories simulated in Paper II from
the Drake Passage until they reach the 25°C isotherm. They are coloured
according to their temperature and salinity.
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4. Stream Functions

Stream functions have been proved to be a valuable tool for scientists, mainly
as they can explain the complexity of a circulation system in a two dimensional
figure. The stream functions in this thesis are computed to describe volume
transports and are given in Sverdrup (1 Sv = 10° m? s71). A frequently used
stream function in oceanography is the meridional overturning stream function
2017), which shows the zonally integrated circulation across latitudes.
It is often used as a measure for the AMOC (Buckley & Marshall, [2016)), where
the maximum value sets the strength of the circulation.
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Figure 4.1: The thermohaline stream function adapted from Paper I. The
stream function constitutes three cells: The Tropical Cell, The Conveyor Belt
Cell and The Antarctic Bottom Water (AABW) Cell. The Conveyor Belt Cell
has a clockwise circulation, while the Tropical Cell and the AABW Cell are
anti-clockwise.

Different combinations of stream functions can give details of the flow in
different perspectives. An example of this is shown by|[D36s & Webb (1994) who
studied the Deacon Cell using stream functions in a latitude-depth, latitude-
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density and depth-density space. They showed that the Deacon Cell is mainly
an overturning cell in depth along density surfaces, thus in latitude-density
space it does not show up.

In 2012, D66s et al| (2012) and |Zika et al| (2012) introduced the ther-
mohaline stream function in two separate studies. The stream function con-
sists of two tracer coordinates, namely temperature and salinity.
further extended the stream function for moving isohalines and
isotherms. Since the ocean circulation is partly driven by differences in density,
arising from temperature and salinity changes, it is advantageous to study the
circulation from this perspective. The draw-back, on the other hand, is that
any connection to the geographical space is lost.

IDG6s et al(2012) showed that the stream function consists of three cells; (1)
The Conveyor Belt Cell, (2) The Tropical Cell and (3) The Antarctic Bottom
Water (AABWE Cell (Figure . Paper I and Paper II focus on the
Conveyor Belt Cell, which describes a clockwise circulation in temperature-
salinity space. It consists of one cooling and one warming branch. The former
is suggested by D60s et al.| (2012) to describe the upper branch of the AMOC,
where air-sea interaction cools and freshens the water. [Doos et al.| (2012))
further suggested the warming branch to include water moving with the Ekman
transport northwards in the Southern Ocean, warming and salinifying due to
heat and freshwater fluxes through the sea surface.

There are several studies that successfully have applied stream functions in
different coordinate systems to explain the ocean circulation (e.g./Aldama Campino]

2019)), [Aldama Campino et al. (2020),[D66s & Webb] (1994)), Doos et al.| (2012,
2017b)), (Groeskamp et al. (2014), Hieronymus et al| (2014), Nycander et al|
(2007), |Zika et al| (2012)).

4.1 Lagrangian stream functions

As the TRACMASS scheme is mass (or volume) conserving, it is possible to
compute Lagrangian stream functions from selected trajectories. This can be
done for any stream function, both geographically and with tracers, by using
the parcels volume transport. The concept of Lagrangian stream functions
were firstly introduced by [Blanke et al](1999), and has thereafter been applied
in many studies following (e.g. [Dd6s et al.| (2008), Drijfhout et al| (2003),
[Friocourt et al(2005), Thomas et al|(2015)).

Figure [£.2] schematically describes one trajectory n, with the volume trans-
port F,, passing through a grid box. All trajectories entering a grid box will
also leave it and each individual trajectory’s volume transport is conserved.
Due to that, the total transport field will exactly satisfy:

x T Yy Y z z —
s —Fije+E 0 —Fiiap i1 —Fijr=0 (4.1)

3 7

where F'*, 'Y and F'* are the zonal, meridional and vertical volume flux respec-
tively. This field can be integrated either vertically, meridionally or zonally to

1The Antarctic Bottom Water is a water mass formed in the Southern Ocean.
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Figure 4.2: One trajectory denoted n passing through a grid box with its
volume transport Fy,. The figure is adapted from [D&os et al.| (20174).

obtain a set of Lagrangian stream functions describing the flow of the selected
waters.

The Lagrangian barotropic stream function can be computed as follows:

Yig=Yi—15+ Z Z EY s (4.2)
k n

Gij =i — DY Flkn (4.3)
k n

where Fly] fon 18 the meridional volume transport of trajectory n and Fipnis
the zonal volume transport of trajectory n. i,j and k are the zonal, meridional
and vertical indices of the trajectory.

The Lagrangian meridional overturning stream function is computed as

follows:

Vik =ik + YD ks (4.4)
7 n

ik =bin-1— > D FYi, (4.5)
i n

where Fiyj g and F7, . are the meridional and vertical volume transport of
trajectory n.
If temperature and salinity are saved along the Lagrangian trajectories, it

is also possible to compute tracer-latitude stream functions as follows:
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"/}j,m = wjfl,m - Z Z FiT,nj,m,n7 (46)
i on
rm = Vim1 = 32D Fljumns (4.7)

y . - . m .
where F7, . is the meridional volume flux, while F} | . is the volume flux

across isolines of the tracer. m is the index of the isoline.
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Figure 4.3: One trajectory denoted n passing through a grid box with its vol-
ume transport F,. © denote isotherms which are coloured red, while S denote
isohalines and are coloured blue. (b) shows the same trajectory but only pro-
jected in temperature-salinity space. (c) A zoom-in on one temperature-salinity
grid box that the trajectory passes through. The flux through the isotherms are
here defined to be zero Ff’m = Fl(?m_l = 0, while the flux through the isohalines
are F) =F’ =F,.

I—1,m
Finally, trajectories can be used to compute the Lagrangian thermohaline

stream function. This is schematically described in Figure 4.3 The compu-
tation is performed by integrating trajectories in temperature-salinity space

(Figure [4.3)), as follows:

77Z1l,m = wl,m—l + Z F}?‘m,na (48)
Yim = Vtm = > s (4.9)

where Flsm , and Flem , are the volume transports at constant isohalines and
isotherms.
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5. The Lagrangian Divergence

The Lagrangian divergence of heat and salt was introduced in Paper I, and
further developed in Paper II for mixed layer depths, and applied to den-
sity (op) in Paper III. It ultimately describes changes in heat, salt or density
that results from horizontal diffusion, vertical diffusion or surface forcing (e.g.
evaporation, precipitation, heat flux).

pesssssnnrnnnrrnea————— Viik T o 1V, Wy
Tioyjk Uiy jk T, ik Ay Uijk Tiv1jik H Uimtjik Tk Az Wijk
le——Ax; N [e————Ax;; >
H v : v
............................. Vi1 - Wikt
Tij-1 H H T jks
--------------------------------- o LT T T P PP T T PR PP

Figure 5.1: Description of the discretisation of the tracer equation. Uj j i,
Vi,j,k and W; ;. are the zonal, meridional and vertical tracer fluxes across grid
walls. Adapted from |D6os et al.| (2021)

5.1 Theory

The Lagrangian divergence was developed from the Eulerian perspective of
the evolution of a tracer. The tracer conservation equation can be written as
follows:
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oT

ar "
where T is the tracer, DT is the horizontal and vertical diffusion, and V is
the three-dimensional velocity component (u,v,w). The local rate of change
of the tracer is set by 97/0t. FT is a surface forcing term, e.g. heat or fresh-
water fluxes through the sea surface, river runoff, the exchange of heat, salt
and freshwater with sea ice, or exchange through the sea floor. The most pro-
nounced source is the flux through the sea surface, whilst river runoff and the
ocean-sea-ice exchange can be regionally large.

If using an ocean model that is incompressible (e.g. NEMO), the following

is applicable for the continuity equation:

V.VT =DT + FT, (5.1)

V-V=—" =+ —=0. (5.2)

Equation (5.1) can, with the use of Equation (5.2, be re-written as follows:

oT

Fr e (VT)=DT + FT. (5.3)
The term V - (VT) now describes the the divergence of the tracer flux. By
assuming that the average rate of change of the tracer is much smaller than the
average divergence term over a long simulation (e.g. an historical simulation),

Equation (5.3) can be simplified to:

V.- (VT)~ DT+ FT. (5.4)

This means that the divergence of a tracer is approximately the sum of the
diffusion and surface forcing terms.

5.1.1 FEulerian discretisation

The discretisation of the divergence term is applied by looking at the sum of
all tracer transports in and out of a grid box and divide them by the volume
of the grid box (Figure|5.1]). The tracer flux across a grid wall is computed as
follows:

1

Uijkt = Uikt (Ti ot + Tit1,5ke,t) AYi jAZi j et (5.5)
1

Vigt = Vigkag (T + Tigeine) Aij Az, (5.6)
1

Wigmt = Wigas (L + Tig-1e) AijAyi g, (5.7)

where u; j k¢, Vij ket and w; jr: are the zonal, meridional and vertical veloc-
ities and t is the time-index. The divergence of tracer T is then discretised
accordingly:
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Uijkt = U1kt + Viggt — Vi +Wiik—1t— Wikt
~ Jrk,t i—1,5,k,t i,5,k,t i,j—1,k,t i,j,k—1,t i,k,t
VA (VT)i ke = :

Az jAY; jAZ gt
(5.8)
F,
out
i,j.k.n
A in
i,j.k.n

| =
Ayi,j
v gridbox(i, j, k) /

Ax; >

Az«, ;

A

Figure 5.2: A grid-box (i, 7, k) with a Lagrangian trajectory n passing through
with the volume transport F,. The entering wall of the trajectory is coloured
green, while the exit wall is coloured red. T;’;kn marks a tracer value at en-
trance (e.g. temperature or salinity), while T.Lm;tkn marks the tracer value as the
trajectory n leaves the grid box (i, j, k). Grey arrows indicate other trajectories

passing through the grid box.

5.1.2 Lagrangian discretisation

In the following section the Eulerian divergence in Equation is translated
into a Lagrangian view using Lagrangian trajectories and their volume trans-
port. The volume transport (F},) of a Lagrangian trajectory (n) in TRACMASS
is set by the velocity and area of the starting grid box. For example: A trajec-
tory starting at a latitudinal section will have a volume transport accordingly:

Fo =i j 51 A%; jAZ; j k.t linitial (5.9)

where v; 1+ is the velocity at the latitudinal section, Ax; ; and Az, j 5+ are
the longitudinal and vertical lengths of the grid box and ¢ is the time-step. The
volume transport is thus given in m? s~!. Since the TRACMASS scheme is
mass conserving, the trajectory will keep the same volume transport throughout
the simulation.
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As the trajectory is integrated in time it will pass through several grid boxes.
Now, imagine that the trajectory n passes through one grid-box (i, j, k), with
a volume transport F,, as illustrated in Figure 5.2} The temperature, salinity
and density of the trajectory are set by the Eulerian field. These tracers are,
however, well mixed in a grid box (stored on T-points on a C-grid as illustrated
in Figure . On the wall, the tracers are averaged between the two nearest
grid boxes in TRACMASS. Following the illustration in Figure[5.2] the change
in temperature, salinity and densityﬂ of the trajectory passing through the grid
box will be set by:

_ out n

AO; jkn =075k — O ks (5.10)
__ gqout in

ASi,j,k,n = Qi gkn T Pigkns (5-11)
_ _out mn

Apijgn = Pijkn — Pijkmns (5.12)

where @2”“”” Sj’;kn and pznjkn are the temperature, salinity and density of
the trajectory as it enters the grid box, and ©74", , S74 | and pfu" | are the
temperature, salinity and density of the trajectory when it leaves the box. The
trajectory’s temperature, salinity and density flux through the grid box can

thus be written as:

HY) ko = FulAOij ki, (5.13)
Hjhn = FnASijkn, (5.14)
HY ko = FalApijhn, (5.15)

where F), is the volume transport of trajectory n, set at start.

In the same grid box, several more trajectories will pass through, and the
total temperature, salinity and density flux in the box can be computed by
summing over all trajectories accordingly:

Hi(?j,k = ZFnA@i,j,k,na (5.16)
H o=  FulASijkn, (5.17)
Hfj = Falpijkn: (5.18)

Comparing Equations (5.16])-(5.18)) with Equation (5.8) reveal that the nu-
merator in Equation (5.8)), which describes the tracer flux in and out of a grid

box, can be translated to Equations (5.16])-(5.18) for Lagrangian trajectories.
Thus, by dividing Equations (5.16[)-(5.18]) with the volume of the grid box, one
will obtain the Lagrangian divergence:

1In this thesis og is used.
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F,AO;
He.  — n 254,k 5.19
nak Zn: Az jAy; A% jkm (519)

F,AS; i,
oS — 205 kin 5.20
nak zn: Az jAy; A% jkm (520)
Fulp; i
=S n2Pigkn 5.21
DIk Ay Ay A2k (521

Note that Az; j kn, which is the vertical thickness of the grid box, has an index
n. This is because the thickness varies in time, and will thus be different for
different trajectories that are passing through the grid box. Equations —
describe the Lagrangian divergence of temperature, salinity and density
and are directly comparable with the Eulerian divergence (Equation (5.8)).

The Lagrangian divergence can be expressed as a heat, salt and density flux
in a latitude-longitude perspective as follows:

POC
HO = 2P F,AO; i bn 5.22
1,] Azi,jAyi,j Z; Wik ( )

1
HY = F,A n 2

“3 = 7000 Aac”Ay” Z; S s (5.23)

1
H =—— FoAp; i oo 5.24
4, Azi,jAyi,j ;; Pij.k, ( )

where py = 1026 kg m™2 is the density of sea water and ¢, = 3992 J K~!
kg~! is the specific heat for water. The Lagrangian divergence of heat, salt
and density are now expressed as a heat, salt and buoyancy flux.
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6. A summary on the Lagrangian
perspective of the ocean
circulation

In this chapter follows a summary of the main results presented in this thesis.

6.1 The Lagrangian thermohaline stream function
(Paper I and Paper II)

The Conveyor Belt Cell in the Eulerian thermohaline stream function has a
warming and a cooling branch. But, where does this cooling and warming
mainly take place in the ocean? From an Eulerian perspective it is not straight
forward how to connect the stream function with specific geographical regions.
However, by tracing specific pathways with Lagrangian trajectories, the main
contributing regions can be found.

The northward flowing water in the Atlantic Ocean reflects large parts of
the cooling and freshening seen in the stream function (orange contours in Fig-
ure . Similarly, water originating from the Drake Passage, travelling with
the ACC and flowing northwards into the Atlantic, Pacific and Indian Oceans
mainly contributes to the warming and salinification seen in the thermohaline
stream function (blue contours in Figure .

There is a small discrepancy between the Eulerian and the Lagrangian
stream functions. A Lagrangian and Eulerian stream function will never match
perfectly due to the different time-averaging in the approaches. In the Eule-
rian computation, the field is averaged over a selected time period. For the
Lagrangian view, on the other hand, the time-scale varies for each trajectory,
since each trajectory has a different residence time.

Furthermore, there may be other water masses that contribute to the warm-
ing and cooling branches. However, it is clear that those waters play less of a
role than the water studied here.

6.2 Cooling and freshening
(Paper I)

The northward flowing water in the Atlantic Ocean is mainly cooling in the
Gulf Stream, in the northern flank of the Subtropical Gyre and in the North
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Figure 6.1: The Lagrangian thermohaline stream function for the northward
flowing water in the Atlantic Ocean (orange contours) and the northward flow-
ing water in the Southern Ocean (blue contours). The contour interval is 2 Sv,
starting from 1 Sv. Grey contours show the Eulerian thermohaline stream func-
tion. The contour interval for the Eulerian thermohaline stream function is 2
Sv, where positive contours start from 1 Sv. The figure is adapted from Paper
I and Paper II.

Atlantic Current (Figure ) Alongside a general cooling, a freshening is
seen in the northern flank of the Subtropical Gyre and the North Atlantic Cur-
rent (Figure [6.2b). Whether this cooling and freshening purely result from
air-sea interaction, or a combined effect of air-sea interaction and mixing, is
still unclear. However, some ideas are presented in Paper I. One represen-
tative trajectory indicates a downward spiralling pattern in the Subtropical
Gyre, suggesting ocean mixing as one reason for changes in heat and salt at
depths. Furthermore, water originating from the northern Atlantic Ocean (e.g.
Labrador water) is warming and getting more saline in the same regions as this
cooling and freshening is shown, which suggests a mixing between these water
masses.

6.3 Warming and salinification
(Paper 1II)

The water from the Drake Passage, that ends as 25°C in the Atlantic, Pacific
and Indian Oceans, is warming and salinifying along its path (Figure . A
combination of air-sea interaction, sea-ice-ocean interaction and internal mixing
cause this change in heat and salt. In the ACC, the water is cooling in the
mixed layer, while below it is warming (Figure . However, during Austral
spring and summer, the mixed layer is thin, while it increases in depth during
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Figure 6.2: (a) The Lagrangian divergence of heat for the northward flowing
water in the Atlantic Ocean. (b) The Lagrangian divergence of salt for the same
water. The figure is adapted from Paper 1.

Austral winter and fall. This contributes to a compensation of warming and
cooling between seasons, where parcels are warming below the thin mixed layer
and cooling in the deeper mixed layer. Similar results are found for salinity,
with the additional effect of sea-ice variations and transports.
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Figure 6.3: (a) The Lagrangian divergence of heat in the momentary mixed

layer. The momentary mixed layer depth is the mixed layer for the trajectory at
that specific point and time in the simulation. (b) The Lagrangian divergence of
salt in the momentary mixed layer. (¢) The Lagrangian divergence of heat below
the momentary mixed layer. (d) The Lagrangian divergence of salt below the
momentary mixed layer. Superimposed on (a)-(d) is the Lagrangian barotropic
stream function. (e) The zonally averaged Lagrangian divergence for heat in the
mixed layer (blue line) and below mixed layer (orange line). The dashed black
line shows the total zonally averaged Lagrangian divergence. (f) Same but for
salt. The figure is adapted from Paper II.

In the eastern flank of the Southern Hemispheric Subtropical Gyres and

along the equator, warming and salinification are mainly found at depth. Thus,
this leads to the conclusion that air-sea interaction play less of a role, while
internal mixing is the main contributor to changes in these regions.
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6.4 The role of the North Atlantic Subtropical Gyre
(Paper IIT)

The North Atlantic Subtropical Gyre (referred to Subtropical Gyre in this
section) plays a significant role for the AMOC. 70% of the water that flows
northwards as part of the AMOC circulates the Subtropical Gyre up to 14
times before it continues northwards, both denser and deeper compared to
when it entered. A mean trajectory, computed from several trajectories that
circuit the Subtropical Gyre, reveals that the water in the Subtropical Gyre
becomes denser and thus spirals downwards (Figure . A combination of
air-sea interaction and mixing is leading to cooling and freshening, making the
water denser for each circuit. These circuits are thus needed for the water to
become dense and deep before it continues northwards. These results point to
an important role of the Subtropical Gyre to the AMOC, which may be needed
to understand to fully predict the state of AMOC in a changing climate.
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Figure 6.4: A mean trajectory spiralling in the Subtropical Gyre. (a) 3D
visualisation of the trajectory with depth. (b) Same as in a but with the vertical
coordinate density oo. (c) The mean trajectory visualised in temperature-salinity
space. Gray shadings show isolines of 9. The figure is adopted from Paper
I11.

6.5 The North Atlantic Ocean circulation
(Paper IV)

The circulation in the North Atlantic Ocean are categorised by four different
pathways using Lagrangian trajectories, namely: (1) Water originating from
the equator that returns to the equator. (2) Water originating from the equator
that reaches the subpolar North Atlantic Ocean. (3) Water that originates from
the subpolar North Atlantic Ocean, and returns there. (4) Water originating
from the subpolar North Atlantic Ocean, that reaches the equator (Figure .
The circulation within the Subtropical Gyre mainly constitutes the northward
flowing water in the basin. The North Atlantic Deep Water is spread out in
the northern parts of the basin, but as it reaches south of 30°N it is confined
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along the deep western boundary current (Figure )

The northward flowing water in the basin is freshening and losing heat north
of 40°N, while the opposite is true for the water originating from the north (red
contours in Figure. Since this is happening in the same regions, it suggests
that there is an exchange of heat and salt between the waters.
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Figure 6.5: (a) The Lagrangian barotropic stream function computed for four
different pathways in the North Atlantic Ocean. (b) The Meridional overturning
stream function expressed with temperature as coordinate for the four pathways
in a. (c) Same as in b but with salinity as coordinate. The contour interval is 2
Sv. Solid contours are clockwise and start at 1 Sv, whereas dashed contours are
counter-clockwise and start at -1 Sv. The figure is adapted from Paper IV.
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7. Final remarks and Outlook

The results in this thesis bring new perspectives to ocean circulation patterns.
Figure [7.]] shows a schematic, summarising the pathways that are traced with
Lagrangian trajectories. The results provide a detailed picture of regions that
are important for heat and salt changes contributing to the changes in density
that are driving to the ocean circulation. It is clear that both in the Southern
and Northern Hemispheres, the Subtropical Gyres play an important role in
transporting water, but also in changing their water mass properties, such as
temperature and salinity.
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Figure 7.1: A schematic of the ocean circulation pathways that are traced with
Lagrangian trajectories. Paper I: The northward flowing water of the Atlantic
Ocean. Paper II: The northward flowing water originating from the Drake
Passage, flowing with the ACC ending in the Atlantic, Pacific and Indian Ocean
as 25°C. Paper III: The spiralling North Atlantic Subtropical Gyre. Paper
IV: Four pathways in the North Atlantic Ocean.

Below follows a list of possible continuations for the results provided in this
thesis:
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e Higher resolution. The ESMs used in the present thesis, the EC-

Earth2.2 and EC-Earth-Veg3.3.1.1, consist of the ocean model NEMO
with a horizontal resolution of 1°, 42 or 75 depth levels and monthly
means. The resolution implies that the model is non-eddying, which thus
puts some constrains on the realism of the simulation. For example,
the Gulf Stream is an eddying region, and low resolution models usually
have difficulties in both producing the right strength and placement of
it. Similarly, there is a large discrepancy among models to generate a
reasonable strength of the ACC through the Drake Passage. Therefore,
it would be beneficial to repeat the studies performed in this thesis with
a higher-resolution model, which is not only eddy-permitting but rather
eddy-resolving. However, performing climate run experiments with an
ESM is computationally expensive and not always run to equilibrium for
large parts of the ocean circulation. There is, on the other hand, an
increased use of nesting in ESMs, which means that the model explic-
itly can resolve eddies in specific regions, for example the Gulf Stream
(Matthes et al., |2020).

The study in Paper ITII would benefit from a high-resolution model, to
be able to understand how the Subtropical Gyre behave as eddies are
resolved. Is there a similar amount of transport still designated to circuit
the Subtropical Gyre in a high-resolution model?

We have performed a first analysis on this, with an ocean standalone run
using NEMO with a resolution of 1/12°, 75 depth levels and 5-daily time
means. This generated a similar spiral in temperature-salinity space as
that shown in Paper IIT (Figure . From a first glance, an increased
horizontal resolution does not affect the resulting spiral tremendously.
However, these questions need to be addressed in future studies, prefer-
ably with an ESM resolving eddies in the Gulf Stream.

The Lagrangian divergence. As described in Chapter bl and specifi-
cally Equation , the Lagrangian divergence is approximately in bal-
ance with the surface fluxes, lateral mixing and vertical mixing. These
types of fluxes are all output variables that can be saved in an ESM, usu-
ally referred to as tendencies or budget terms of heat and salt. Including
these fields in the Lagrangian trajectory code TRACMASS can poten-
tially provide the possibility to trace water and simultaneously study the
processes that cause changes in heat and salt. Implementing this type of
tracing would open up the feasibility to in detail study processes of water
mass transformation globally and regionally.

The studies performed in this thesis would benefit from this type of im-
plementation in TRACMASS. It would then be possible to distinguish
regions in the ocean that are more or less important for specific pro-
cesses causing the water mass transformation, and explicitly understand-
ing where mixing below the mixed layer plays an important role.

Future climates. The Subtropical Gyre plays a crucial role in re-
circulating and densifying the water flowing northwards as part of the
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Figure 7.2: (a) The mean trajectory of the Subtropical Gyre that were pre-
sented in Paper III where data from the ESM EC-Earth-Veg3.3.1.1 were used
with a resolution of 1° for the ocean. Figure adopted from Paper III. (b) The
same mean trajectory, but computed for an ocean standalone simulation using
NEMO with a resolution of 1/12°. Note that the temperature and salinity axes
span different values.

AMOC (Paper III). As climate is changing with the increase of anthro-
pogenic greenhouse gases, the circulation, temperature and salinity dis-
tribution in the Subtropical Gyre is expected to change
. What implications this would have on the downward spiralling
Subtropical Gyre and the related changes in temperature and salinity are
unclear. One can, however, expect that climate-related changes will have
an impact on the system. Therefore, performing a similar analysis as that
undertaken in Paper III for future scenarios would be interesting.

The role of ocean gyres. What role do other ocean gyres play for
the ocean circulation? There are several gyres that are not included in
the pathways of this thesis. It is clear from our results, that the North
Atlantic Subtropical Gyre consists of water moving northwards as the
upper branch of AMOC, while most other waters of the Atlantic Ocean
do not circulate the gyre. Similarly, other ocean gyres may transport
specific water masses. The water followed in the Southern Hemisphere
does not circulate in the Subtropical Gyres, but rather moves directly
northwards. Lagrangian trajectories could be used to trace water masses
that are circulating the ocean gyres, and potentially provide a new insight
to the gyre circulation.

The thermohaline stream function. As seen in Figure[6.1] some parts
of the thermohaline stream function are not covered within the studies
performed in Paper I and Paper II. Tracing the rest of the thermoha-
line circulation should probably be divided into different studies, since
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the circulation consist of different water masses and probably covers dif-
ferent geographical regions. The Tropical Cell is suggested to result from
the circulation in the Pacific warm pool (Doos et al.l 2012)), thus La-
grangian trajectories simulated through the Tropical Pacific Ocean may
bring clarity into this circulation pattern.

Further, closing the Conveyor Belt Cell at cold temperatures would be
beneficial to understand where the rest of the cooling and freshening
takes place. This could also bring clarity in how the warming and cooling
branch of the Conveyor Belt Cell are connected with each other. Finally,
it would provide an understanding to how deep water appears in the
thermohaline stream function.

Finally, water in the ACC is changing its temperature and salinity as
it travels around Antarctica, resulting in a thermohaline circulation in
the stream function. A water parcel can further circuit the ACC one
or several times, similar to the Subtropical Gyre circulation. This could
potentially lead to different thermohaline properties depending on the
amount of circuits performed. Thus, another way of understanding the
circulation in the ACC and its appurtenant temperature and salinity
changes are by tracing parcels that perform a different number of circuits.
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