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Abstract

The Global Meridional Overturning Circulation (GMOC) is a global ocean circulation that
redistributes heat, freshwater and nutrients around the globe. It plays an important role in
climate, biogeochemical cycling and marine ecosystems. This thesis investigates the effect of
Antarctic meltwater runoff in the Southern Ocean on the Meridional Overturning Circulation
in the Atlantic basin with a global ocean model, the Nucleus for European Modelling of the
Ocean (NEMO). We find a weakening of the Antarctic Bottom Water (AABW) circulation and
an increase in the North Atlantic Deep water circulation. Moreover, we find that the abyssal
ocean is warming. Lastly, we find important sea surface temperature and sea surface salinity

signals in the North Atlantic, North Pacific and the El Nifio region.

Résumé

La circulation méridienne globale de retournement est une circulation océanique globale qui
redistribue la chaleur, 1’eau douce et les nutriments autour du globe. Elle joue un role
important dans le climat, les cycles biogéochimiques et les écosystemes marins. Ce mémoire
étudie I’effet du ruissellement des eaux de fonte de 1’ Antarctique dans I’océan Austral sur la
circulation méridienne de retournement dans le bassin de I’ Atlantique a I’aide d’un modele
océanique global, le Nucleus for European Modelling of the Ocean (NEMO). Nous constatons
un affaiblissement de la circulation des eaux de fond de I’ Antarctique (AABW) et un
augmentation de la circulation des eaux profondes de 1’ Atlantique Nord. En outre, nous
constatons un réchauffement de 1’océan abyssal. Enfin, nous trouvons d’importants signaux de
température et de salinité de surface de la mer dans I’ Atlantique Nord, le Pacifique Nord et la

région El Nifo.
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1 Introduction

Ocean currents play a critical role in the Earth’s climate. However, as a result of anthropogenic
forcing, the ocean currents are altered, which exerts further pressure on the global climate.
These currents are intrinsic to a fluid on a rotating, spherical body, such as the Earth. As a
result of the spherical shape of the Earth, there is differential heating of the Earth’s surface
by the sun, with the equator receiving more heat compared to the poles. This uneven heating
drives the meridional (north-south) heat transport in the ocean through global ocean circulation,
known as the Global Meridional Overturning Circulation (GMOC). This is a large-scale circu-
lation, which transports the excess heat together with carbon, freshwater and nutrients around
the globe, affecting the climate (Lynch-Stieglitz,[2017; Rahmstorf,[2023; Svendsen et al.,[2014)

and marine ecosystems (Sarmiento et al., 2004)).

Furthermore, the Earth’s rotation generates a Coriolis force that deflects currents westward
(Reid, 1994 Stommel, 1958)). Lastly, the gravitational field of the Earth induces stratification
within the ocean, i.e. a vertical layering of the ocean, where lighter water masses float on top of
heavier water masses. The transition of temperatures between these warm surface waters and
cold deep water is called the thermocline, which is a permanent feature of the ocean. At the
equator, where solar radiation is most intense, the thermocline is more pronounced compared

to polar regions.

In more detail, the drivers of the GMOC are the thermohaline differences and wind-stress
curl, specifically in the Southern Ocean (SO) (Section [2.2). Thermohaline differences refer
to the variations in temperature and salinity, which influence the density of water. This density
difference controls the rising and sinking of water, which plays a key role in the overturning
circulation. The poles play a crucial part in generating these thermohaline differences. In the
North Atlantic Ocean, cold air temperatures generate cooling of the sea surface. As a result
of an increase in density, the surface water sinks into the ocean’s interior, a process known as
deep water formation. Unlike in the northern Atlantic Ocean, deep water formation does not
occur in the North Pacific (Warren, |[1983)). This is due to the lower salinity surface water, which

leads to strong stratification which prohibits sinking to depth. The deep water formation in the



North Atlantic and the Southern Ocean results in deep currents, which together with the surface

currents close the GMOC (see Section[2.3)).

The GMOC can be divided per ocean basin, where the most frequently studied one is the MOC
in the Atlantic basin, commonly known as AMOC (Ditlevsen and Ditlevsen, 2023} Kim et al.,
2022; Sinet et al., 2023 van Westen et al., 2024). The AMOC is identified as a tipping point
in Earth’s climate (Lenton et al., 2008]), which means that under slow forcing it can undergo a
relatively rapid substantial change. For the AMOC, this forcing results from the surface warm-
ing and freshening of the Labrador, Irminger, and Greenland-Iceland-Norwegian Seas (Cheng
et al., 2013; Weaver et al., 2012; Weijer et al., 2020). However, the influence of the Southern
part of the GMOC does not receive the same attention. Nonetheless, under global warming
the surface waters of the SO are also freshening (Bintanja et al., 2013; Swart et al.,|2018; The
IMBIE team, 2018), due to an increase in meltwater from runoff, ice melt, glacial melt and
precipitation. This could have profound effects on the GMOC. We will therefore study the
influence of the addition of freshwater in the Southern Ocean on Meridional overturning circu-
lation in the full Atlantic Basin (Atlantic and Southern Ocean). We can define the objectives of

the thesis as follows:

* The first objective is to determine if the Meridional Overturning Circulation in the At-
lantic Basin is influenced by the freshening of surface water due to increased meltwater

around Antarctica.

» The second objective is to assess whether the sea surface temperature (SST), sea surface
salinity (SSS), sea bottom temperature, and downward heat flux are altered by increased
meltwater around the Antarctic continent. This analysis will be conducted for both the

Southern Ocean and the Global Ocean.

* The third objective is to examine the influence of freshwater on the sea ice formation in

the Southern Ocean.

In order to address these questions, we will solely rely on a configuration of the model frame-
work, Nucleus for European Modelling of the Ocean (NEMO). We will have a control config-

uration and a configuration where we add freshwater (see Figure [2).
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(a) Control configuration. (a) Additional freshwater input.

Figure 2: (a) shows the control configuration. (b) shows the configuration with an increase
in freshwater run-off compared to the control configuration. Figure adapted from Bronselaer
et al.,[2018|

The thesis is structured as follows: the first chapter is dedicated to the necessary background,
including an in-depth explanation of the Meridional Overturning Circulation (see Section
and its drivers (see Section [2.2)). Following this, we will introduce the Meridional Overturning
Circulation, specifically in the Atlantic Basin (see Section [2.3)). Next, we focus on the Merid-
ional Overturning Circulation in the Southern Ocean. This chapter concludes with a section
about the Southern Ocean, where we explain the importance of the Southern Ocean for the
global ocean in terms of marine ecosystems, biogeochemistry and climate (Section [2.4.3). We
introduce the effects of climate change (Section [2.4.4) and the challenges concerning observa-

tions in the Southern Ocean (Section [2.4.5)).

In order to determine the effect of freshwater around the Antarctic continent on the meridional
ocean circulation in the Atlantic basin, we use the global circulation model Nucleus for Euro-
pean Modelling of the Ocean (NEMO), which is explained in Section[3.1] We will explain some
details regarding the mathematical formulation (Section of the model and the meridional
overturning streamfunction. We made two different simulations, one control configuration and
one with additional freshwater input. This will be explained in the Methodology (Section [3.4)).
The following chapters consist of the results of the model (Section ), the discussion (Section

[3) and the conclusion (Section [6)).



2 Background

2.1 The Global Meridional Overturning Circulation

The Global Meridional Overturning Circulation is a global ocean circulation that redistributes
heat, salt, nutrients, O and CO, around the globe (Atamanchu, [2021). In the North Atlantic
it is responsible for heat transfer at the rate of one petawatt, which is 50 times the energy use
of humankind (Rahmstorf, 2023} Trenberth et al., [2019). It influences climate globally, such
as for example temperature and precipitation in Europe (Sutton and Hodson, 2005). It can also
control Sahel rainfall (Martin et al., |2014)) and affects the mean position of the intertropical
convergence zone (Marshall et al., 2014} Orihuela-Pinto et al., 2022). Moreover, it impacts
climate on interannual and decadal timescales (Orihuela-Pinto et al., 2022) and has caused
abrupt climate change in the past (Rahmstorf, 2002). In addition, it could be linked with El

Nino-Southern Oscillation (Orihuela-Pinto et al., [2022)

Schematically, the GMOC consists out of 4 layers: the upper ocean/thermocline layer, an inter-
mediate layer, a deep layer and a bottom layer (Talley, 2013). The schematics of this circula-
tion are shown in Figure[3] The ocean in the Atlantic basin is characterized by two overturning
cells: the North Atlantic Deep Water cell and the Antarctic Bottom Water cell, which are con-
nected by the Southern Ocean. In the North Pacific, there is a weak overturning cell, which is
only weakly connected to the overturning cells found in the Atlantic. Next to the NADW and
AABW, the other deep water masses are Pacific Deep Water and Indian Deep Water. These
water masses are formed from AABW and NADW, due to the fact that they are not connected
by surface waters, they have a low oxygen and high nutrient content (Talley, 2013). In the
Southern Ocean, there is another deep water mass, Circumpolar Deep Water. This circumpolar
deep water (CDW) forms from NADW, IDW and PDW (Talley,|2013). CDW consists of lower
circumpolar deep water (LCDW) and upper circumpolar deep water (UCDW).



Figure 3: Global overturning circulation. Purple indicates the upper ocean and thermocline.
The red colours show the denser thermocline and intermediate water. Orange is the Indian
Deep Water IDW) and Pacific Deep Water (PDW). Green displays the North Atlantic Deep
Water (NADW). Blue shows the Antarctic Bottom Water (AABW). Gray is the Bering Strait
components and Mediterranean and Red Sea inflows. Figure taken from Talley, 2013



2.2 Drivers of Meridional Ocean Circulation

The large-scale ocean circulation is driven by thermohaline and wind-driven dynamics. These

are not isolated processes, but they work simultaneously to drive the ocean circulation.

2.2.1 Thermohaline dynamics
2.2.1.1 Deep water formation at high latitudes

At high northern latitudes, deep water is formed in the Labrador, Irminger, Greenland and Ice-
land seas (Killworth, 1983 Petit et al., [2020), which results in ventilation of the ocean. This
means that there is contact with the atmosphere. Around the Antarctic continent, deep water is
formed in the Weddell Sea (Foster and Carmack, [1976), Ross Sea (Jacobs et al.,|1970), off the
Adélie Coast (Williams et al.,|2008) and in the Cape Darnley (Ohshima et al., 2013)).

Deep water formation occurs in two main forms: continental shelf slope convection and open
ocean convection (Killworth, [1979; Rudels and Quadfasel, [1991). This process leads to buoy-
ancy loss, resulting in diapycnal downwelling. During diapycnal downwelling, water sinks
vertically, crossing different isopycnals. Continental shelf slope convection is typical for deep
water formation around the Antarctic continent. Here, dense water is formed on the conti-
nental shelves due to brine rejection of the ice formation in polynyas and cooling by strong
cold katabatic winds. This induces a vertical movement with accompanying entrainment of the

surrounding water. Once a critical density is reached, the water cascades into the abyssal ocean.

Open ocean convection occurs mainly in the Labrador and Greenland seas, and was once ob-
served in the irregular Weddell Polynya (Gordon, |1982). During winter, strong surface cooling
causes an increase in density, which causes unstable stratification. If the density of the surface
water exceeds the density of the underlying water layer, a downward flow is established, which

forms a chimney (Killworth, 1979; Wadhams et al., [2002).

2.2.1.2 Diapycnal upwelling at low latitudes

At low latitudes, water rises due to turbulence caused by increased temperatures, resulting in

diapycnal upwelling. Diapycnal upwelling occurs when water is drawn up vertically, crossing

6



isopycnals by mixing. This process happens as the ocean’s interior slowly warms from the heat
received at the sea surface, which then diffuses to warm the ocean’s interior. The diapycnal
upwelling at low latitudes in the Pacific and Indian Ocean plays an important role in the Merid-

ional Overturning Circulation in the Atlantic basin (see[2.3)) (Talley, [2013).

The diapycnal upwelling depends on the eddy diffusivity (k) (Robinson and Stommel, [1959)
which is maintained by small-scale turbulence. The value is 10~* ms? (Munk, 1966).

2.2.2 Wind-driven dynamics

The Deacon cell (Speer et al., , which is the wind-driven circulation, is caused by the wind
stress curl of the strong eastward flowing winds in the Southern Ocean. This generates adiabatic
upwelling of Lower Circumpolar Deep Water (LCDW), which is North Atlantic Deep Water
(NADW) that has been modified as a result of mixing with other locally deep water masses
(Talley,2013). The upwelling results in sloping isopycnals, which are unstable. This baroclinic
instability tends to flatten out the isopycnals, which release the available potential energy (Gill
et al., Vallis, [2019). This results in highly energetic eddying motions, which transport
water masses towards Antarctica (Marshall and Speer, [2012). As a result of the Deacon cell,

the temperature and salinity profiles are sloping towards Antarctic, as can be seen in Figure 3]

Depth (km)
Depth (km)

65°S  60°S 55°S 50°S 45°S  40°S 35°S 65°S  60°S 55°S 50°S 45°S 40°S 35°S
Latitude Latitude

(a) Temperature profile in the Southern Ocean. (a) Salinity profile in the Southern Ocean.

Figure 5: Temperature and salinity sections. Figure taken from Marshall and Speer, 2012



2.3 The Meridional Overturning Circulation in the Atlantic Basin

2.3.1 Schematic representation

The Meridional Overturning Circulation (MOC) in the Atlantic basin is an interhemispheric
ocean circulation in the meridional vertical plane situated in the Atlantic Basin. The Atlantic
Meridional Overturning Circulation (AMOC) is located in the Atlantic Ocean, the Southern
Ocean Meridional Overturning Circulation (SMOC) is located in the Southern Ocean. This
circulation transports heat and salt around the globe in deep and surface currents, which affects

the climate globally (Talley, 2013).

This circulation consists of two meridional cells (see Fig. [6|for a simplified view). The upper
cell is driven by dense water formation, in open ocean and on the shelves, caused by buoy-
ancy loss at high northern latitudes. This North Atlantic Deep Water (NADW) is transported
southward at mid-depth towards the Southern Ocean. At the Antarctic convergence, NADW
resurfaces as CDW by upwelling induced by the ACC. Due to Ekman transport, the AAIW,
formed through CDW, is advected toward the equator, which closes the upper cell. The lower
cell consists of Antarctic Bottom Water (AABW) formed by deep water formation, mainly on
the shelves. AABW sinks to the abyss of the ocean, where it flows towards the equator. Due to
warming at low latitudes, it rises and mixes with the southward-flowing water. As a result of

upwelling in the ACC, the water resurfaces and flows to the south due to baroclinic eddies.

In reality, the circulation is more complex, since the circulation in the Atlantic basin is in
contact with the Indian and Pacific basins connected by the ACC. One part of the NADW en-
ter the Indian Ocean, while another part forms AABW. As a result of diapycnal diffusion the
AABW, which enters the Indian and Pacific Ocean, forms Pacific Deep Water (PDW) and In-
dian Deep Water (IDW) (Gordon, 1986)). This can only happen in the Indian and Pacific Ocean
since enough heat enters the deep ocean. The ACC then draws up the PWD and IDW to the
surface, which flows northward due to Ekman transport (Speer et al., 2000). In the ACC there

is also diapycnal mixing, but this is lower than isopycnal mixing (Garabato et al., 2016).
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Figure 6: The meridional overturning cells. The upper cell (in purple) is
rotating in a clockwise direction: the surface current is transporting heat
and salt northwards, while the deep currents transport cold, dense water
(NADW) toward the south. The lower cell, or the Deacon cell, (in blue) in
rotating anticlockwise, transporting AABW toward the north. Figure taken

from Vallis, @
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Figure 7: General view of the Meridional Overturning Circulation, includ-
ing the thermohaline and wind-driven drivers. This includes the role of the
diapycnal diffusion in the Indian and Pacific Ocean, which plays an impor-
tant role in closing the overturning circulation in the Atlantic basin. Figure

taken from Talley, 2013



2.4 The Southern Ocean

2.4.1 Description

The area south of 35°S is defined as the Southern Ocean (Chapman et al., |2020) and encom-
passes the Antarctic continent. It includes the Weddell and the Ross sea, two big incisions in the
Antarctic continent (see Fig. [8). The Southern Ocean is not enclosed by any continent, which
results in the exchange of water masses between the Atlantic, Pacific and the Indian Ocean
through the ACC. The narrowest point of the Southern Ocean is the Drake Passage, which
measures 1000 km between Cape Horn and the Antarctic peninsula. The Antarctic continental
shelf has a mean depth of 500 m with a variable distance from coastline to shelf break, ranging
from 10 km to 100 km in the Weddell and Ross Sea. Outside the continental shelf, the depth
increases to 4 km. The Southern Ocean is characterized by various abyssal plains, ridges and
fracture zones (Dorschel et al., 2022)), such as the Kerguelen Plateau, Campbell Plateau and the
East Pacific Rise.

Between 30°S and 60°S the Southern Ocean is characterized by strong eastward flowing winds,
which induce the Antarctic Circumpolar Current (ACC). Due to the absence of continents, this
eastward wind-driven current forms the largest current on Earth. The ice sheets covering the
Antarctic continent cause cooling of air, which results in high pressure. However, the coastal ar-
eas are characterized by low pressure. This induces strong winds, which follow the topography
over the continent toward the ocean. These winds are deflected by the Coriolis force, which re-
sults in a westward flowing wind around the Antarctic continent (Parish and Bromwich, [1997),

which induces a coastal current, east wind drift, in the same direction (see Fig. @)

The Southern Ocean is characterized by extensive sea ice, which reaches a peak during the
end of the austral winter, in September. The expansion is limited by the ACC. The sea ice,
which is mostly first year sea ice, can freely expand due to the absence of continental bor-
ders. The sea ice cover can be interrupted by polynyas, large open areas which acts as sea ice

factories, caused by strong katabatic winds which pushes sea ice away from the continent.
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Figure 8: The Antarctic Circumpolar Current (ACC) and the westward flowing wind around
the Antarctic continent. Figure taken from Thompson et al., 2018

The water masses of the Atlantic, Pacific and Indian Ocean outflow in the Southern Ocean.
Under the influence of the ACC this results in different fronts i.e. boundaries of water masses
with different properties (see Figure [9). Important dynamical fronts related to the ACC are
the Subantarctic Front (SF), Polar Front (PF), Southern ACC Front (SACCF) and the Antarctic
Slope Front (ASF).

Continental ~ Subpolar Southern Antarctic Polar Frontal Subantarctic
Zone Region Zone Zone Zone Zone
ASF  SB SACCF PF SAF STF

| | |
—

== |SAMW \SASWe=p STSWV

SAMW
Antarctic Intermediate
Water

Upper Circumpolar Deep Water

Lower Circumpolar Deep Water ——

Antarctic Bottom Water

[ 4000 m

Antarctic Circumpolar Current
to east (toward reader)
over most of depth

Figure 9: Transect of the Southern Ocean with the different water masses: Antarctic Bottom
Water (AABW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep, Conti-
nental Shelf Water (CSW), Antarctic Surface Waters (AASW), Antarctic Intermediate Water
(AAIW), Subantarctic Mode Water (SAMW), Subantarctic Surface Water (SASW), Subtrop-
ical Surface Water (STSW) and the different fronts: Antarctic Slope Front (ASF), Southern
Boundary (SB), Southern ACC Front (SACCF), Polar Front (PF), Subantarctic Front (SAF),
Subtropical Front (STF). Figure taken from Talley, 2011
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2.4.2 Antarctic Bottom Water

Antarctic Bottom Water (AABW) plays a crucial role in the climate system, since it influences
the atmospheric carbon dioxide over periods of centuries and millennia (Marzocchi and Jansen,
2019; Sigman and Boyle, 2000). The reason for this is the sinking of extremely cold and salty
waters after contact with the atmosphere. As a result, it allows the ventilation of the abyssal
ocean (Johnson, 2008), supplies oxygen (Gordon, 2009), and can hold heat and carbon (de
Lavergne et al., 2017) at depth for centuries. Additionally, it plays an important role in the
global primary production, since nutrients that are not used by marine organisms, due to iron or

light limitations, are sinking to depth. This then affects the biological carbon pump (Marinov

et al., [2006).

A diagram of the formation of AABW is displayed in Figure An important role in the
formation of AABW is played by the ice formation in polynyas. Due to the brine rejection
and heat loss, the water becomes extremely cold and salty, known as high-salinity shelf wa-
ter. Next, this water is further cooled, resulting in supercooled water, which is colder than the
freezing point of the water at the surface (< —2°C), known as Ice Shelf Water. These dense
shelf waters then cascade into the abbysal ocean, where it mixes with other water masses such

as circumpolar deep water, forming Antarctic Bottom Water.
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Figure 10: Schematic overview of the formation of Antarctic Bottom Water. Figure taken from

Silvano et al., @

2.4.3 Importance

The Southern Ocean plays an important role in reducing global warming. This is due to the
strong upwelling zones; the upwelled water from the deep ocean is very cold and low in COs.
Due to contact with the atmosphere, it takes up large amounts of heat and CO, (Khatiwala et
al., Manabe et al., Mikaloff-Fletcher et al.,[2006), which end up in the ocean’s in-
terior. Thus, it acts as a sink for anthropogenic CO; and heat. From 1861 to 2005, the Southern
Ocean below 30° S accounted for 43 % of anthropogenic CO» uptake and 75 % of heat uptake
(Frolicher et al., of the excess heat and CO» which the ocean absorbs.

The Southern Ocean also plays an important role in the biological productivity at low latitudes.
This is because Subantarctic Mode Water (SAMW), rich in nitrate formed in the Southern
Ocean, spreads throughout the Southern Hemisphere and the North Atlantic Ocean providing
nutrients for the thermocline in the entire Southern Hemisphere and the North Atlantic Ocean
(Sarmiento et al., @f{) Moreover, it takes up carbon, as it brings carbon from the surface
ocean to the abyssal ocean. It also plays a role in the biogeochemical cycling of nitrate and

phosphate. From a biological perspective, the Southern Ocean is rich in various ecosystems
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due to the many fronts (Chapman et al., 2020). Figure [LT] gives an overview of the interaction

between the physical, chemical and biological processes which occur in the SO.

Physical and biological Sea ice majorly impacts Home to unigue and
processes remove carbon on air-sea fluxes, and is a vulnerable species,
from the atmosphere and unique ecological habitat some of which are

control global climate commercially exploited

luid

Ice shelffocean
" interaction controls
deglaciation and

Figure 11: Overview of the interactions between physical and biological processes. Figure
taken from Meredith et al., 2013

2.4.4 Climate Change and the Antarctic Ice Sheet

Global warming accelerates the mass loss of the Antarctic Ice sheet (Konrad et al., @; Paolo
et al., Wouters et al., 2015). This mass loss is driven by melting of ice shelves due to
warmer ocean waters (Pritchard et al., 2012), as a result the Southern Ocean is freshening, as
shown by observations (de Lavergne et al., [@]‘, Durack and Wijffels, @; Durack et al.,
Skliris et al.,[2014). The meltwater induces subsurface warming, which leads to further
ice-sheet and ice-shelf melt (Bronselaer et al.,[2018). The increase of meltwater increases sea
ice (Bintanja et al.,[2013). The freshening of surface water increases the stratification and thus

decreases the mixed layer.
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2.4.5 Challenges

The observations in the Southern Ocean are sparse due to its remoteness and harsh conditions,
particularly in winter. This leads to extremely sparse surface observations of Antarctic sea
ice thickness (Worby et al., 2008)), snow thickness on sea ice, ocean temperature and salinity.
Moreover, observations of currents, especially under the sea ice and in ice shelf cavities, are

also sparse.

Due to the important role of the Southern Ocean on the Meridional Overturning Circulation,
the Earth’s heat and freshwater balances, and the stability of the Antarctic ice sheet, efforts are
made to increase the measurements in the Southern Ocean. An example of such an initiative is
the Southern Ocean Observing System (Meredith et al., 2013). In addition to this, autonomous
instruments such as Argo buoys (Dong et al., 2008)) and elephant seals (Mirounga leonina)

(Charrassin et al., 2008) are used to increase the in-situ observations.
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3 Material and methods

3.1 Model description

In order to assess the influence of freshwater around the Antarctic continent on the meridional
overturning circulation in the Atlantic basin, SST, SSS and sea ice formation, we have chosen
to use the Nucleus for European Modelling of the Ocean (NEMO). This is a state-of-the-art
modelling framework in which one can model the ocean dynamics, the sea ice and the biogeo-
chemistry and their interaction. This framework is written in FORTRAN and has three ma-
jor components:NEMO-OPA (ORCA) (Madec et al., 2023), NEMO-SI? (Vancoppenolle et al.,
2023) (ICE), NEMO-TOP (Tracer in the Ocean Paradigm)(Group, 2018) (PISCES). NEMO-
OCE is the physical ocean component of the model, which models the ocean dynamics and
thermodynamics. NEMO-SI? models the sea-ice dynamics and thermodynamics. NEMO-TOP

models the biogeochemistry.

We used ORCA2-ICE-PISCES, a global ocean configuration which is run together with the
SI3 model and the PISCES biogeochemical model. The ORCAZ2 grid is a tripolar, which al-

lows the construction of a global orthogonal curvilinear ocean mesh (see Figure [I2) with no

singular points (Madec et al., 2023).

NEMO-ORCA2

(km?)
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70000
60000
50000
40000
36000
32000
28000
24000
20000
16000
12000
8000

4000

Figure 12: ORCAZ2 grid. Colors indicate the surface per grid cell. Figure taken from Sepulchre

et al.,
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3.2 Model initialization

Initially, the model assumes an ocean at rest, i.e. the surface height is zero everywhere. After
the first model run, the model uses the state of the ocean as the initial condition of the coming
year. The model has a horizontal resolution of 2° and has z-coordinates in the vertical direction.
The vertical coordinate system is the most important choice in an ocean’s model (Barth, 2022;
Chassignet and Malanotte-Rizzoli, |2000), since this choice is linked to the resolving of ocean
processes (Griffies et al., 2000). Z-coordinates are the simplest choice for the vertical coor-
dinate system. It divides the depth into a fixed amount of horizontal layers, where the upper
ocean has typically a higher resolution than the abyssal ocean. Z-coordinates have difficulties
when there is a sloping topography (see Figure [I3). The model that we used had a total of 31
levels in the vertical direction. The first 15 levels increase every 10 meters, after which the

resolution becomes coarser.

We did not discriminate between leap years and non-leap years. The time step for the ocean

dynamics is 90 minutes, and we took 5840 steps. This results in 365 days.

In the model, we used the Equation of State of Seawater 1980 (EOS-80) (Fofonoff and Millard,
1983). This links the density to temperature, salinity and pressure and thus plays an important

role in the Meridional Overturning Circulation in the Atlantic basin.

The atmospheric forcing used in the model is derived from the CORE II atmospheric forc-

ing(Large and Yeager, 2009).
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Figure 13: The left figure indicates z-coordinates. The right figure indicates sigma coordinates.
Figure taken from Barth, 2022
3.3 Mathematical formulation

3.3.1 Ocean circulation

The large-scale ocean dynamics can be modelled using the Navier-Stokes equations, which are
partial differential equations. However, these equations are a priori not solvable and need to be

simplified using additional assumptions.

The first assumption is the near incompressibility of water; this results in the Boussinesq equa-
tions. The Boussinesq equations exploit the fact that the density variations as a result of com-
pression, thermal expansion and haline contractions, are small. The derivation (based on Vallis,
2017) goes as follows. We can write the density as the sum of a constant density (pg) and a

variation in density (8p(x,y,z,1)):
P =po-+ 5P(x,y,z,t)-
Since the density variations are small, we can write:

16p| << po.
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There is a reference pressure po(z) associated with the constant density, which is in hydrostatic

balance with it. We thus have,

pP= pO(Z) + ap(xvyazvt)7

where
dpo
Since water is nearly incompressible, we can assume that density variations can be neglected,

except in the gravitational term (Boussinesq equation). The equation of state is given by

p=p(T,S,p),

where T is the temperature, p is the density, S is the salinity and p is the pressure. The incom-

pressibility of water leads to the simplified form of the conservation of mass:
V.U =0, (D

where V- is the divergence and U is the velocity vector. Next, we assume hydrostatic bal-
ance, i.e. the gravitational term is balanced by the pressure term. This results in the vertical
momentum balance

ap
Fr —ps, (2)

where p is the pressure, z is the depth, p is the density and g is the gravitational constant. The

horizontal momentum balance is given by:

oU 1 1
Sl =~ |(VXU) x U4 5V(U?)| = flxUy——Vyp+DY +FV. (3)
t 2 h Po

We also need conservation of salt and heat, which are coupled to the velocity of the water.

Conservation of heat is given by:

aa—f:—v-(TU)-l—DT-i—FT. 4)
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and conservation of salt is given by:

S

a—t_—V-(SU)+DS+FS. (5)

DT, DY and DS is the parameterization of small-scale physics for momentum, temperature and
salinity (Madec et al., 2023)) and F T FU and FS are the surface forcing terms (Madec et al.,
2023).

3.3.2 The meridional overturning streamfunction

The Meridional Overturning Circulation in the Atlantic basin can be calculated with the merid-
ional overturning streamfunction (). In z-coordinates, the stream function is defined as fol-

lows:

Z  [Xeast
‘P(z,y):/o/x v(x',Z)dx'd7 . (6)

This integrates the meridional velocity (v) from the bottom of the ocean to the surface and from

the eastern to the western boundary. The result is transport in Sverdrup (1 Sv = 10® m?/s)
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3.4 Methodology

The effect of the freshwater runoff around the Antarctic continent was determined using NEMO
4.2.1, for which the source code can be found on https://forge.nemo-ocean.eu/nemo/nemo/
-/releases/4.2.1. The first step consisted of the installation of NEMO, which was done via
the Linux terminal. After installation, we made two configurations: one control configu-
ration and one configuration with freshwater added. For the control configuration we used
ORCA2_ICE _PISCES, which models the ocean circulation, sea ice and the biogeochemistry as
explained in Section ORCA2_ICE_PISCES needs multiple forcing and input files, such
as monthly runoff, SST, bathymetry,... These files can be found on https://gws-access.jasmin.
ac.uk/public/nemo/sette_inputs/. The control configuration is the standard benchmark NEMO

configuration, as can be found in Madec et al., 2023

The configuration with added freshwater was created from the control configuration. This
was done by creating a new netCDF file, where we multiplied the runoff of the outer edge of
the Antarctic continent by 10. This new netCDF file was used in the second configuration,
which resulted in the configuration with added freshwater. The runoff around the Antarc-
tic continent in the control configuration has values between 6.3387243 - 10~'% kgm 25~ 'and
2.5365644¢ - 1073 kgm_zs_l. Both runoff files remained the same for each month, and thus
did not capture the seasonality of the runoff. Figure|l5|illustrates the runoff in the control con-

figuration and the configuration with freshwater added.

In both models, we kept the atmospheric forcing the same for each year model run. We ran
each configuration for the in-simulation duration of 40 years. In total, it took us 40 days using
two CPU cores to run both simulations. The simulations were done every year, where the sim-
ulation of one year had a size of approximately 5.9 gigabytes. Thus, after the first year of the
simulation, we used the output of the first year as input for the ocean state in the second year.
The model output were netCDF files of different temporal resolutions. The model calculated
the variables such as SST, SSS, meridional velocity on a 5-day, monthly, or yearly interval. The
specific model outputs that we used were sea surface salinity and temperature, surface down-

ward heat flux and sea ice concentration.
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We wanted to compute the MOC in the Atlantic basin, which we define as the Atlantic Ocean
and the portion of the Southern Ocean that lies within the Atlantic sector. This could not
be done directly but had to be calculated. For the calculation, we used CDFTOOLS (https:
//github.com/meom-group/CDFTOOLS), which is a package written in Fortran, specifically
designed to analyse the output of the NEMO model. This allowed us to calculate the MOC in

the Atlantic basin based on the meridional velocity component given by the model output.

The netCDF files were manipulated with the Python package xarray. The maps were made
using the Python package Cartopy. To determine the impact of the added freshwater around
the Antarctic continent, we always plotted the difference of the yearly or decennial average
between the control configuration (C) and the configuration with added freshwater (F). In order
to add some extra clarity,

F—C.

The yearly average is always based on the last year of our simulations, which is thus year 40.

We did this in order to select the output which is as much in equilibrium as possible.

On these differences, we used a t-test to determine which were statistically significant. The
null-hypothesis then was that two related or repeated samples had identical average (expected)
values. We have a model output every 5 days, which resulted in 73 time points for an entire
year. For each pixel separately, we collected the specific studied values (SST,SSS,MOC,...)
, which were then stored in a vector. We thus had a vector containing all the output from the
control configuration and one vector containing all the output for the freshwater one. These two
vectors were then passed to the t-test, for which we stored the p-value. The p-values greater
than 0.05 were discarded since they are not statistically significant. These non-statistically

significant values were plotted as a mask above the original data.
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Figure 15: Figure (a) shows the control configuration. Figure (b) shows the configuration, with
an increase in freshwater run-off compared to the control configuration.
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4 Results

4.1 The Meridional Overturning Circulation in the Atlantic Basin

4.1.1 Yearly average transport

Figures |16{and [1'/| show the average Meridional Overturning Circulation in the Atlantic Basin
for the last year of the simulation. Figure (18| displays the difference between the configuration
with freshwater added and the control configuration. This is calculated by subtracting the out-
put of the control configuration from the configuration with freshwater added. The gray areas

indicate the statistically insignificant values (p > 0.05).

In Figures @] and we see the MOC in the Atlantic basin. North of 60°S, there is a clockwise
circulation (in red) and an anticlockwise circulation (in blue). For the clockwise circulation, we
note a volume transport of about 10 Sv (1 Sv = 10135~ 1), while for the anticlockwise circu-
lation, we have a volume transport of 2 Sv. South of 60°, we see an anticlockwise circulation,

where the highest volume transport values are about 20 Sv.

In Figure we note positive values for the approximately upper 3 km, and negative values
for the approximately lower 3 km. This shows that the circulation in the upper 3 km is stronger
in the configuration with freshwater added compared to the control configuration. This is also
observed for the lower 3 km. We also notice that the most statistically insignificant values can

be found around the seafloor and the highest northern latitudes.
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Figure 16: The yearly average Meridional Overturning Circulation in the configuration with
added freshwater. The bathymetry is shown in black for all figures.
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Figure 17: The yearly average Meridional Overturning Circulation in the control configuration.
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Figure 18: Difference between the yearly average of the configuration of added freshwater and

the control configuration of the Meridional Overturning Circulation. The gray areas indicate
the statistically insignificant values. )5



4.2 Time evolution of the Meridional Overturning Circulation in the At-

lantic Basin

Figures 194} [T9b] and [19¢|show the difference for the configuration with freshwater added and

the control configuration of the meridional overturning circulation in years 18, 31 and 40 re-
spectively. The difference is calculated by subtracting the output of the control configuration
from the configuration with added freshwater. We observe a contraction of the red areas from
year 18 to year 31 and an expansion from year 31 to year 40. Care must be taken when in-
terpreting this figure: depending on the region we are sometimes subtracting positive values,
while in other areas we are subtracting negative values, as can be seen in Figures |16 and
The yearly average of the Meridional Overturning Circulation in the control configuration and
the configuration with freshwater added have the same patterns as Figures [16] and interan-

nual differences cannot be observed with the naked eye.

For Figure [I9a] we observe a stronger circulation in the upper ocean and a weaker circula-
tion in the lower ocean of the configuration with freshwater added compared to the control

configuration. Around 60°S, we notice red and blue areas without a clear pattern.

In Figure [I9b] we have a contraction of the red area and an expansion of the blue area. This
indicates a stronger circulation in the upper ocean of the freshwater configuration compared to
the control configuration. The same trend is observed in the lower ocean. Here we additionally

observe the red-blue pattern, but it becomes less pronounced than in Figure [I9a]
For Figure [[9¢| we see again an expansion of the red area, which indicates a stronger circu-

lation in the upper part of the ocean. This is also observed for the lower part. The blue and red

pattern is again becoming again pronounced.
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Figure 19: Time evolution of the difference in the yearly average Meridional Overturning Cir-
culation for year 18 (a), year 31 (b) and year 40 (c). The difference is calculated by subtracting
the yearly average of the control configuration from the configuration with added freshwater.
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4.3 Impact on Southern Ocean

4.3.1 Yearly average of SST and SSS

Figures[20a|and [20b|show the differences in average sea surface temperature (SST) and sea sur-
face salinity (SSS) between the control and freshwater-added simulations for the entire year 40,
which represents the final year of the simulations. The difference is calculated by subtracting
the output of the control configuration from the configuration with freshwater added. The gray
areas indicate regions that are statistically insignificant, as determined by the t-test described in

the methodology (see Section [3.4)).

For the SST we observe negative and positive values, without a clear overall trend. The con-
figuration with freshwater added has lower salinity, while the control configuration has higher
salinity values. This results in the negative salinity values observed in Figure 20b] The highest
freshening of the configuration with freshwater added occurs around the Antarctic continent

and decreases outward.
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Figure 20: (a) Difference in sea surface temperature (SST) between the configuration with
freshwater added and the control configuration in the Southern Ocean. (b) Difference in sea
surface salinity (SSS) between the configuration with freshwater added and the control con-
figuration in the Southern Ocean. The gray areas indicate the pixels which are statistically
insignificant.
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4.3.2 Surface downward heat flux

Figures [21af and show the average surface downward heat flux. The positive values (red)
indicate the absorption of heat from the atmosphere to the ocean, the negative values (blue)
indicate the release of heat from the ocean to the atmosphere. Red areas (blue areas) in Figure
that correspond with blue (red) areas in Figures[2Taland[2Tb]indicate that heat flux from the
ocean to the atmosphere is weaker in the configuration with added freshwater compared to the
control configuration. We say that there is a decrease in downward heat flux. Blue (red) areas
in Figure that correspond with blue (red) areas in Figures [21a and 21b]indicates that heat
flux from the ocean to the atmosphere is stronger in the configuration with added freshwater

compared to the control configuration. We say that there is an increase in downward heat flux.
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Figure 21: (a) shows the average yearly surface downward heat flux in the control configuration
for year 40. (b) displays the yearly average surface downward heat flux in the configuration with
added freshwater for year 40. (c) shows the difference between the average surface downward
heat flux of (a) and (b). The gray areas mark the statistically insignificant zones.

4.3.3 Sea ice concentration in February and September

Figures [22] and [23] show the average sea ice concentration difference during February and
September, respectively. These months are selected because February corresponds to the min-
imum sea ice extent, while September represents the peak sea ice coverage. The difference is
calculated by subtracting the average sea ice concentration of the control configuration from

the average sea ice concentration from the configuration with freshwater added.
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In Figure 22a) we observe an overall increase in sea ice concentration of the configuration with
freshwater added compared to the control configuration (red areas). There is also one zone,
where the sea ice concentration decreases (blue area). However, this zone is not statistically

significant, as can be seen in Figure 22b]
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Figure 22: (a) shows the difference in the average sea ice concentration in the Southern Ocean
between the configuration with added freshwater and the control configuration, based on year
40. The sea ice concentration is taken from February (Austral summer), when the sea ice

concentration is at a minimum. (b) adds a mask to the data given in (a) to conceal values that
are not statistically significant.

In Figure 23al we also see an overall increase in average sea ice concentration of the config-
uration with freshwater added compared to the control configuration (red areas). There are
however two blue areas, which correspond to a decrease in average sea ice concentration in the
configuration with freshwater added compared to the control configuration. In this case, these

areas are statistically significant, as illustrated by Fig. 23b]
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Figure 23: (a) shows the difference in the average sea ice concentration in the Southern Ocean
between the configuration with added freshwater and the control configuration, based on year
40. The sea ice concentration is taken from September (Austral winter) when the sea ice con-
centration is at a maximum. (b) adds a mask to the data given in (a) to conceal values which
are not statistically significant.

4.3.4 Yearly average sea bottom temperature

Figures [24a] and [24b] give the average sea bottom temperature for the last year of the simula-
tions. Figure shows the difference between the averages of the sea bottom temperature,
which is calculated by subtracting the output of the control configuration from the configura-

tion with freshwater added.

In Figures [24a] and [24b] we observe an almost east-west distribution of sea bottom temperature;
the western part shows positive temperature, while the eastern part shows negative temperature.
In the Weddell Sea, Ross Sea, and around Prydz Bay, we observe the lowest sea bottom temper-
atures. Conversely, the highest sea bottom temperatures are found near the Antarctic continent,
excluding the regions mentioned earlier. The red areas in Figure indicate a warming trend
in the western part of the configuration with freshwater added in comparison with the control
configuration. The blue area in the Weddell Sea points to a cooling trend of the configuration

with freshwater added in comparison with the control configuration.
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Figure 24: (a) shows the average yearly sea bottom temperature in the control configuration for
year 40. (b) displays the yearly average sea bottom temperature in the configuration with added
freshwater for year 40. (c) shows the difference between the average sea bottom temperature
of (a) and (b). The gray areas mark the statistically insignificant zones.

4.4 Impact on global ocean
4.4.1 Yearly average of SST and SSS

Figures[25a) and [25b| show the difference in average yearly SST and SSS respectively. This dif-
ference is calculated by subtracting the output of the control configuration of the configuration
with added freshwater. Around the Antarctic continent, we see red and blue areas without a
clear pattern in SST and a freshening around the continent of the configuration with freshwater
added compared to the control configuration.

In box 1, we see a blue area. This indicates that the SST in the configuration with added fresh-
water is cooler than the control configuration. Box 2 shows a warmer SST in the configuration

with freshwater added compared to the control configuration. Around the equator in the Pacific
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Ocean, in box 3, we see no clear trend in SST, although many points are statistically insignifi-

cant.
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Figure 25: (a) Difference in sea surface temperature (SST) between the configuration with
freshwater added and the control configuration in the global ocean. (b) Difference in sea surface
salinity (SSS) between the configuration with freshwater added and the control configuration
in the global ocean. Both differences are obtained from the last year of the model.
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For the SSS, box 1 shows a lower SSS in the configuration with freshwater added compared to
the control configuration. In Box 2 we see very faint red colours, which correspond to a higher
SSS in the configuration with freshwater added compared to the control configuration. Box 3

shows again no clear trend for SSS and there are many insignificant points.

4.4.2 Yearly averaged surface downward heat flux

Figures [26a) and [26b] show the configuration with added freshwater and the control configura-
tion, respectively, of the yearly averaged surface downward heat flux. Figure shows the
difference between the configuration with freshwater added and the control configuration, cal-

culated by subtracting the control configuration from the freshwater one.

In box 1 on figure [26a and [26b| we see that the upper part has positive values, while the lower
part has negative values. Following the same reasoning as in section 4.3.2) we can that the red
area corresponds to a smaller release of heat from the ocean to the atmosphere. The blue areas,

in the lower part of box 1, correspond to the increase of heat from the ocean to the atmosphere.
In box 2, we find an increase in the absorption of heat compared to the control configuration.

In box 3 we observe large variability in surface downward heat flux, although many values are

statistically insignificant.
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Figure 26: (a) shows the average yearly downward heat flux in the configuration with added
freshwater for year 40. (b) displays the average surface downward heat flux in the control con-
figuration for year 40. (c) shows the difference between the configuration of added freshwater
(a) and the control configuration(b) of the average surface downward heat flux. The gray areas
mark the statistically insignificant zones.
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4.4.3 Decadal average sea surface temperature

Figures [27a) and [270] give the difference SST and SSS averaged over a decade. This difference
is calculated by subtracting the control configuration from the configuration with freshwater

added. The gray areas indicate the p-values above 0.05.
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Figure 27: (a) Difference in sea surface temperature (SST) between the configuration with
freshwater added and the control configuration in the global ocean for one decade. (b) Dif-
ference in sea surface salinity (SSS) between the configuration with freshwater added and the
control configuration in the global ocean for one decade.

4.4.4 Yearly average sea bottom temperature

Figures[28a) and [28b| show the yearly average sea bottom temperature in the configuration with
freshwater added and the control configuration, respectively. Figure shows the difference

between the configuration with freshwater added and the control configuration. We observe

37



an overall increase in sea bottom temperature of the configuration with freshwater added com-

pared to the control configuration, except for few areas in the Southern Ocean.
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Figure 28: Figure (a) shows the average yearly sea bottom temperature in the control con-
figuration for year 40. Figure (b) displays the yearly average sea bottom temperature in the
configuration with added freshwater for year 40. Figure (c) shows the difference between the
average sea bottom temperature of Figure (a) and (b). The gray areas mark the statistically
insignificant zones.
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5 Discussion

5.1 Comparison between the model output of the Meridional Overturn-

ing Circulation in the Atlantic Basin and observations

Figure 29] shows the observations of Meridional Overturning Circulation in the Atlantic basin.
The data and the methodology are based on Lumpkin and Speer, 2007; Vallis, 2019. The figure
displays a red cell, indicating a clockwise circulation primarily composed of North Atlantic
Deep Water (NADW). In contrast, the blue cell indicates an anticlockwise circulation consist-
ing of Antarctic Bottom Water (AABW). Around 40°S, a divergence caused by upwelling is
observed. The contours shown on Figure 29| indicate the circulation in Sverdrup (Sv). The
upper red cell has the highest values, reaching up to 16 Sv between depths of 0 and 2 km,
with values decreasing outward. In contrast, the blue lower cell exhibits much smaller values,

ranging between 0 and 8 Sv.

Looking at the output of the models in Figures [16] and we see that the model reproduces
the upper and lower cells in the Atlantic basin as seen in Figure Moreover, the transports
in Sverdrup have the same order as the observations: the red cell has higher values than the
bottom cell. However, there are significant differences. The divergence occurs further south in
the model compared to the observations, with the highest values appearing around 60°S—this
is not observed in the actual data. There is also some transport in the Northern Hemisphere
in the model, where the observations indicate zero transport. Furthermore, the shape of the
cells differs; the red cell shrinks as it moves southward in the observations, while the opposite
pattern is seen in the model output. Additionally, the deep water in the model reaches greater

depths than those observed.

The discrepancy between the model and the observations can be due to various factors. Firstly,
the observations show a decade average, while the model shows a one year average of obser-
vations. Secondly, the model has been running for 40 years, which can not adequately account
for the deep circulation. Thirdly, due to the low-resolution of the model, the shapes of the cells

are rectangular, which contributes to the more cornerlike shape.
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Figure 29: The Meridional Overturning Circulation in the Atlantic basin as determined by
observation. The red areas indicate the clockwise circulations, while the anti-clockwise circu-
lations are shown in blue. The upper cell, in red, corresponds mainly with North Atlantic Deep
Water (NADW), while the blue cell shows Antarctic Bottom Water (AABW). Figure taken

from Vallis, @

5.2 Influence of freshwater on the Meridional Overturning Circulation

in the Atlantic Basin

5.2.1 Time evolution

From the time evolution, as seen in figures [19a] [T9b] we can make two conclusions. The
first conclusion is for the upper 3 km of the ocean. We can see that the addition of freshwater
makes the clockwise circulation (red values) in the upper cell stronger with time. For the lower
3 km of the ocean, we can see that the circulation in the freshwater configuration is weaker
and increases with time in the lower cell. A possible explanation for this is the contraction of

AABW, which lead to intrusions of the upper cell into the lower cell.

5.2.2 Comparison with literature

We find an increase in strength of the circulation in the upper cell when extra freshwater is

added around the Antarctic continent. In addition, we find a decrease in AABW, which results
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in a strengthening of the lower cell due to the intrusions of the upper well. This is in agreement

with findings in the literature (see Lago and England, 2019; Mikolajewicz, 1998)).

In the study of Mikolajewicz, |1998| the authors looked at the effect of meltwater input from
the Antarctic Ice Sheet on the thermohaline circulation. This was done using a sensitivity ex-
periment where they used an ocean general circulation model coupled to an energy-balance
model of the atmosphere for 1500 years. The model had a resolution of 3.5° and 22 levels in
the vertical. They found a reduction of sea surface salinity in the SO as well as deep convec-
tion which is associated with surface cooling. They also found a delayed intensification of the

overturning in the Northern Hemisphere.

A more recent study by Lago and England, 2019 looked at the projected slowdown of AABW
formation in response to different meltwater inputs under RCP2.6, RCP4.5, and RCP8.5. They
used the Australian Community Climate and Earth System Simulator Ocean Model which had
a configuration of 1° resolution in the zonal and meridional directions and 50 vertical levels
(more details can be found in Lago and England, 2019). They found that the addition of fresh-
water leads to a slowdown in the formation rate of AABW, which reduces the ventilation of the
abyssal ocean. Under RCP4.5 and RCP8.5, they concluded that there will be a near-complete
shutdown of the AABW formation in 50 years. They also found that the overturning of the
NADW becomes stronger, which they contribute to the SSS restoring compensation, which

lead to an increase in the global SSS.

From this, we can conclude that low and high-resolution models can reproduce the effect of
freshwater around the Antarctic continent. Mesoscale phenomena like eddies are less impor-

tant to measure the global effect of added freshwater.

5.3 Abyssal warming

Figures [24c| and show an increase of average sea bottom temperature with respect to the
control configuration. From this, we deduce a warming of the sea bottom water when there

is an increase in freshwater around the Antarctic continent, consistent with observations of
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warming of the abyssal ocean (Purkey and Johnson, [2010). This is also consistent with abyssal
warming, as has also been found in the results of the model by Li et al.,|[2023. Here they used
a high horizontal resolution of 0.1°. In this study, they found that under increasing meltwater
forcing, the abyssal ocean warms. This is a result of the contraction of the AABW, which

enables warmer CDW to reach into the abyssal ocean (Li et al., 2023).

5.4 Yearly vs decadal SST and SSS

If we compare Figures [25a] and we see that the overall SST (SSS) is similar for the
yearly and decadal SST (SSS). We notice that the statistically insignificant area decreases in
the decadal average; this is a result of the nature of any statistical hypothesis test that exactly
compares means, such as the t-test. If we have a larger period, the test statistic and p-value will

be lower.

The biggest difference in SST and SSS can be found in box 2 (North Atlantic) on and
We find a stronger SST and SSS signal in the decadal average, while we do not notice
significant change in SST and SSS in box 1 (North Pacific) and box 3 (Equatorial Pacific). This
means that the signal in the SST and SSS in the region of box 1 is stronger per decade than per

year.

5.5 Sea ice concentration and ecosystems

As aresult of increasing freshwater, we observe an increase in sea ice concentration. This is in
agreement with observations (Comiso and Nishio, 2008) and can be explained due to the fact

that more freshwater on the surface, freezes more easily and thus leads to more sea ice.

An increase in sea ice concentration can have a profound impact on marine ecosystems, since
sea ice plays an important role as a habitat for organisms and provides nutrients and shelter for
the organisms living in sea ice (Arrigo and Thomas, 2004). For example, it could affect the
Adélie Penguin (Pygoscelis adeliae), one of the most abundant predators in Antarctica (Mac-
capan et al., [2023). This penguin depends on prey which live in the sea ice (Maccapan et al.,

2023), so a change in sea ice could influence their diet. Another example can be found in sea-
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ice algae. When the ice melts, these algae are released from the sea ice, after which they sink
(Selz et al., 2018), affecting the biological pump. We can thus conclude that sea ice variability

has an important effect on ecosystems in the Southern Ocean and also on the export of carbon.

5.6 Anomalies in the equatorial Pacific and the north Pacific

For the global SST (Figure [20a) and SSS (Figure [20b), the influence of the added freshwater
remains largely contained around the SO, however there are three places (box 1, box 2 and box

3) that have an important effect.

5.6.1 Warm Blob?

A possible sign of a slowing down of the Atlantic Meridional Overturning circulation is a cold
blob in the subpolar North Atlantic, as can be seen in Figure This warming hole (Drijthout
et al.,[2012) is an observed feature in today’s SST, while the SST of the global ocean is rising.
This area corresponds to deep water formation in the Irminger Sea. This anomaly is also ob-

served in the net heat loss, as shown on the left of Figure

In our results (see box 2, Figure 25a) we observe the opposite: An increase in SST in the
freshwater configuration compared to the control configuration and a decrease of the surface
downward heat flux. This could be a sign of the reversed effect: due to an enhancement of
the Atlantic Meridional Overturning we could have an increase in warmer, saltier water which

arrives in the Irminger Sea and leads to an increase in the AMOC.
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Figure 30: The left figure show the SST trend. Figure taken from Rahmstorf, [2023|
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5.6.2 The equatorial Pacific

Box 3 in Figures 25al 25b] 27al, and [27b] shows the equatorial Pacific. This region corresponds
with the Nifio region as can be seen on Figure El Nifio Southern Oscillation (ENSO) is a

climate phenomenon which has three states: El Nifio, La Nifia and a neutral state. It affects
weather globally, leading to unusual dry and warm conditions in South East Asia, Southern
Africa and Australia and increased rainfall in the southern United States and the Horn of Africa.
It also affects global economic growth (Callahan and Mankin, |2023)) and has major implica-
tions for human health. Similarly, El Nifio is linked to cholera risk in Bangladesh and malaria

epidemics in parts of South Asia and America (Kovats et al., 2003).
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Figure 31: Outline of Nifio regions. Figure taken from (Wang et al., 2021)

Once there are five consecutive 3-month running mean of SST anomalies in the Nind 3.4 (see
Figure [31)) region above/below the threshold of +0.5°C (-0.5°C) in the equatorial Pacific, there

is an El Nino/La Nifia (National Centers for Environmental Information (NCEI), 2024).

Statistically, there is a weak signal in box 3 (Equatorial Pacific), as indicated by the preva-
lence of gray pixels. However, this does not imply that there is no underlying physical process.
In Orihuela-Pinto et al., 2022 they studied the ENSO variability under a collapsed AMOC,
which they explain as a result of the air-sea coupling. However, since the atmospheric forcing
is the same in both simulations, we need to look for an explanation elsewhere, which is solely

due to the ocean currents.
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A potential explanation to explain this anomaly is the Humboldt current, which is mainly wind-
driven. Our hypothesis is that the addition of freshwater in the SO is advected by wind-driven
gyres to the equatorial Pacific (see Figure [32). As can be viewed in Figure [32] we see that the
freshwater signal could be advected under the influence of the ACC, which then ends up in the
Humboldt current. The scattered pattern (red and blue) can then be explained as a result of the
yearly average, since the meltwater pulses vary from year to year. Looking at the SSS anomaly
(25Db) and comparing this with Figure[32] we see that our advection by wind-driven gyres could
be plausible, since there are blue colors at the lower part of box 3, which indicate lower SSS

and thus more freshwater.
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Figure 32: Idealisation of the Wind-driven currents. STG — Subtropical Gyre; SPG — Subpolar
Gyre; WBC — Western Boundary Current; ECS — Equatorial Current System; NA — North
Atlantic; SA — South Atlantic; NP — North Pacific; SP — South Pacific; SI — South Indian; ACC
— Antarctic Circumpolar Current; ATL — Atlantic; PAC — Pacific. Figure taken from Vallis,
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5.6.3 North Pacific

In box 1 (North Pacific) on Figures and we see that the freshwater configuration has
cooler and fresher water in the region of the Kuroshio current. This is a statistically significant
signal. We have the following hypothesis for explaining this signal: around the equator, we
have observed a strong signal in anomalous SST and SSS. This signal is then transported via
the equatorial Current System (purple arrow, in equatorial Pacific) towards the north, as can be
seen on Figure[32] Via interbasin exchanges (green arrows) this signal is then advected towards

the Kuroshio current, which lead to the observed signal in SST and SSS.
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6 Conclusion and future work

Although we used a low-resolution model over a relatively short time, we were able to replicate
the same qualitative results as in higher resolution models. We found that an increase in fresh-
water around the Antarctic continent indeed affects the Meridional Overturning Circulation in
the Atlantic basis. More specifically, for the upper part, it leads to an enhancement of the upper
meridional overturning circulation. For the lower part, it results in a reduction of AABW. This
could have important implications for marine ecosystems and biogeochemical cycling around

the globe.

We also found that the sea surface temperature, sea surface salinity, sea bottom temperature
and surface downward heat flux are altered by increased meltwater in the Southern Ocean. It
has a warming effect for the abyssal ocean. For the surface ocean, we identified three regions
with anomalous behavior. The warming blob in the North Atlantic indicates the enhancement
of the upper circulation. Besides this, the anomalous behavior in the North Pacific and the
Equatorial Pacific can be explained by wind-driven gyres. The signal in the Equatorial Pacific
could have an important effect on ENSO. This indicates the importance of the Southern Ocean
on global scales. Moreover, we found an increase in sea ice concentration, which has important

effects on sea ice biology.

Although our work highlights the importance of meltwater around Antarctica for global ocean
circulation, climate and ecosystems, it has important shortcomings. Firstly, we ran the model
only for 40 years, which is a short timescale to capture the behavior of the AABW. Running
the model for longer would make it possible to draw more realistic conclusions about AABW
formation. Secondly, we used EOS-80 as the Equation of State of Seawater, which is replaced
by TEOS-10. This could affect density variations and thus impact our results. Thirdly, we did
not account for seasonality in runoff. This assumption is not realistic, since the runoff is highly
variable interseasonally and interannually (Tuckett et al., 2021). Lastly, we did not make use

of in-situ data in order to validate our model.
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Due to the length constraints, we were not able to analyze the biogeochemical output of the
model, which could be done in future work. As mentioned, this work did not use realistic val-
ues of runoff, however it highlights the importance thereof. Since meltwater in the Southern
Ocean not only has a regional effect, but is globally felt. Therefore, it is crucial to represent
the Antarctic meltwater realistically in coupled climate models, to understand the role it plays
on global ocean circulation and climate (Purich and England, 2023)), which could be done in

future work.

We could also repeat this methodology for realistic runoff under different Shared Socio-economic
Pathways (SSP) (Intergovernmental Panel on Climate Change (IPCC), 2022). This would en-
able us to see how the meridional overturning circulation in the Atlantic Basin would change
under the influence of realistic freshwater runoff, under different scenarios, which corresponds
to different increases in global temperature. In addition, we could also run models at high-
resolution to investigate in detail what happens in the North Atlantic, North Pacific and Equa-
torial Pacific. Moreover, we could use recent satellite and in-situ observations to compare the

newest observations with model output.
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