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English Summary

The Earth System is a non-linear system with many different non-linear components
that act on different timescales. In some of these components there are tipping el-
ements that can show tipping behavior. Tipping points can be defined as relatively
fast and large changes in a component of the Earth System compared to changes in
its forcing. Tipping can result in large disturbances in the system and pose a large
risk to the Earth System as we know it due to the large consequences involved.

An important component in the Earth System is the carbon cycle, often divided in
a marine and terrestrial cycle. The carbon cycle regulates atmospheric CO, concen-
trations and is therefore important in regulating Earth’s temperature and climate. In
this thesis, we mainly focus on the marine part of the carbon cycle and its interaction
with atmospheric pCO5. The marine carbon cycle is a non-linear system where bio-
logical, chemical and physical processes are important on timescales ranging from a
day to a million years. These processes are coupled to the physical climate system.
They depend on, for example, ocean circulation, water temperature and salinity,
which in turn are influenced by atmospheric forcings such as wind and precipitation.

In the ocean, an important circulation system is the Atlantic Meridional Overturning
Circulation (AMOC). The AMOC is a potential tipping element in the Earth System
with possibly multiple equilibria: an on- and an off-state. In the on-state, there
is a strong AMOC transporting warm waters from the South Atlantic Ocean to the
North Atlantic Ocean. This net heat transport northwards is important for modulat-
ing global, and especially, European climate. The AMOC can tip from an on- to an
off-state. In an off-state, the AMOC is weak or non-existent, meaning the northward
transport stops with a large response in the climate system as a result.

In this thesis, we study these two components of the Earth System, the (marine)
carbon cycle and the AMOC. We want to answer the following three questions re-
garding these components:
1. Are there tipping points in the (marine) carbon cycle?
2. How do the marine carbon cycle and the AMOC interact in the climate system
on long (i.e. 103 - 10° years) timescales?
3. How do the marine carbon cycle and the AMOC interact in the climate system
under future climate change?
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We study the first two questions with simple box models and parameter continuation
techniques, whereas the third question is studied using simulations of the Commu-
nity Earth System Model v2 (CESM2), a state-of-the-art Earth System Model.

We have studied the first question by extensively scanning the parameter space in a
simple carbon cycle box model. To represent non-linear interactions necessary for
tipping behavior, we have included multiple non-linear feedbacks in the model. We
did not find tipping points in the marine carbon cycle. However, we did find an
internal oscillation with a period of 5,000 to 6,000 years which might be relevant
for studying atmospheric pCO variations in past climates.

By varying the AMOC strength in the same box model we were able to study its effect
on atmospheric pCO,. We found that the AMOC strength had little effect on atmo-
spheric pCO, on long timescales. We varied several parameters over a large range
to test how sensitive atmospheric pCO is to changes in these parameters when the
AMOC strength is a function of atmospheric pCO,, and again a low sensitivity was
found. When we used a similar model with an AMOC that is able to tip from an on-
to an off state and vice versa, we found that when the AMOC tips, atmospheric pCO2
changes by 25 to 40 ppm. Furthermore, we found that the marine carbon cycle can
influence the window that the AMOC has multiple equilibria when a coupling be-
tween atmospheric pCO- and atmospheric freshwater transport is introduced.

When studying future climate change, different processes are relevant compared
to the main processes relevant on long timescales. Because we study the system
on much shorter timescales, i.e. multi-decadal to centennial, we can use a much
more complex model. We found that under climate change, the marine ecosystem
can provide a relatively strong positive feedback to atmospheric pCO, through a
phytoplankton composition shift. We found that large phytoplankton (diatoms) are
replaced with smaller phytoplankton in the North Atlantic under climate change, re-
sulting in a lower efficiency of the biological carbon pump in transporting carbon to
the deep ocean. As a consequence, the uptake capacity of the ocean decreases, and
more carbon remains in the atmosphere to raise atmospheric pCO,. We also found
a positive feedback between atmospheric pCO; and the AMOC. We found that as
the AMOC weakens, atmospheric pCO, increases creating a positive feedback loop.
However, the found feedback was very small because of compensating effects within
the carbon cycle and between different regions. Even though the global response
was small, locally large changes occurred in climate and carbon cycle variables.

To conclude, in this thesis we have looked at the interactions between the marine
carbon cycle and the AMOC in the climate system. Compensating effects in the car-
bon cycle and between regions make atmospheric pCO, quite insensitive to changes
in the AMOC. As a consequence, no large global response of atmospheric pCOs is
expected when the AMOC tips based on this research. However, locally the changes
can be severe for both the climate and the local carbon cycle potentially threatening
society and both marine and terrestrial ecosystems.



Samenvatting in het Nederlands

Het Systeem Aarde is een non-lineair systeem met verschillende non-lineaire com-
ponenten die actief zijn op verschillende tijdschalen. In sommige van deze compo-
nenten zijn er elementen aanwezig die kantelgedrag kunnen vertonen. ‘Kantelen’
kan gedefinieerd worden als relatief snelle en grote veranderingen in een systeem
ten opzichte van de forcering van het systeem. Kantelpunten kunnen resulteren in
grote verstoringen in het systeem en vormen een groot risico voor het Systeem Aarde
vanwege de grote gevolgen.

Een belangrijke component in het Systeem Aarde is de koolstofcyclus. De kool-
stofcyclus reguleert atmosferische CO, concentraties en is daarom belangrijk in het
reguleren van de temperatuur en het klimaat op Aarde. In dit proefschrift ligt de
aandacht voornamelijk op hoe de oceanische cyclus en atmosferische CO, concen-
traties op elkaar inwerken. De oceanische koolstofcyclus is een non-lineair systeem
met biologische, chemische en fysische processen die werken op dagelijkste tijd-
schalen tot tijdschalen op een miljoen jaar. Deze processen zijn gekoppeld aan het
fysieke klimaatsysteem en hangen, bijvoorbeeld, af van de oceaan circulatie, de tem-
peratuur en het zoutgehalte van het water, die op hun beurt weer beinvloed worden
door atmosferische forceringen als wind en precipitatie.

In de oceaan is de Atlantic Meridional Overturning Circulation (AMOC), zoals deze
in het Engels genoemd wordt, een belangrijke stroming. De AMOC is een mogelijk
kantel element in het Systeem Aarde met mogelijk meerdere evenwichten: een aan-
staat en een uit-staat. In de aan-staat transporteert de AMOC warm water van de
Zuid Atlantische Oceaan naar de Noord Atlantische Oceaan. Dit netto warmte trans-
port in noordelijke richting is belangrijk voor het reguleren van het globale, en voor-
namelijk, het Europese klimaat. De AMOC kan kantelen van een aan-staat naar een
uit-staat waardoor het noordwaartse transport stopt met een grote reactie in het kli-
maat systeem als gevolg.

In dit proefschrift bestuderen we deze twee componenten in het Systeem Aarde:
de oceanische koolstofcyclus en de AMOC. We pogen de volgende drie vragen over
deze componenten te beantwoorden:

1. Zijn er kantelpunten in de oceanische koolstofcyclus?

2. Hoe beinvloeden de oceanische koolstofcyclus en de AMOC elkaar in het kli-
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maat systeem op lange (103-10° jaar) tijdschalen?
3. Hoe beinvloeden de oceanische koolstofcyclus en de AMOC elkaar onder toekom-
stige klimaat verandering?
We bestuderen de eerste twee vragen met simpele ‘box’ modellen en parameter con-
tinueringstechnieken. De derde vraag is bestudeerd door gebruik te maken van
simulaties van het klimaatmodel het Community Earth System Model v2 (CESM2).

Door in een simpel model met meerdere non-lineaire feedbacks de parameter ruimte
uitgebreid te scannen hebben we gekeken naar de eerste vraag. We hebben geen
kantelpunten in de oceanische koolstofcyclus kunnen vinden. Wel hebben we een
interne oscillatie gevonden met een periode van 5.000 tot 6.000 jaar die mogelijk
relevant is om het klimaat van het verleden te begrijpen.

Door de sterkte van de AMOC te variéren in hetzelfde model, kunnen we kijken
naar het effect van de AMOC op atmosferische pCO,. De resultaten laten zien dat
de AMOC weinig invloed heeft of de CO, concentratie op lange tijdschalen, ook als
variabelen in de koolstofcyclus sterk gevarieerd worden. Als de AMOC kantelt zien
we wel een effect op CO- concentraties. Deze daalt met 25-40 ppm als de AMOC van
een aan- naar een uit-staat gaat. Het gebied waar de AMOC meerdere evenwichten
heeft, kan worden beinvloed door de koolstofcyclus door een koppeling tussen CO-
en zoetwater transport in de atmosfeer.

Voor het bestuderen van toekomstige klimaatverandering zijn andere processen rel-
evant vergeleken met de relevante processen op lange tijdschalen. Omdat we het
systeem onderzoeken op kortere tijdschalen, namelijk tientallen tot honderd jaar,
kunnen we een veel complexer model gebruiken. Hier vinden we dat onder kli-
maatverandering, mariene ecosystemen een relatief sterke positieve feedback kun-
nen geven op atmosferische COy concentraties door een wijziging van dominant
phytoplankton soort. We laten zien dat grote phytoplankton (diatomeeén) vervan-
gen worden door kleine phytoplankton in de Noord Atlantische Oceaan waardoor de
biologische koolstof pomp minder efficiént werkt om koolstof naar de diepe oceaan
te transporteren. Dit heeft als gevolg dat de oceaan minder koolstof op kan ne-
men en dat de atmosferische CO, concentratie groeit. We hebben ook een positieve
feedback gevonden tussen CO, en de AMOC. Als de AMOC zwakker wordt, zien
we een toename in CO, concentraties. Echter, deze feedback is heel erg klein om-
dat er veel compenserende effecten zijn in de koolstofcyclus zelf, maar ook tussen
verschillende regio’s. De globale respons is klein, maar lokaal kunnen er grote ve-
randeringen voorkomen in belangrijke klimaat en koolstofcyclus variabelen.

In dit proefschrift hebben we gekeken naar de interacties tussen de oceanische kool-
stofcyclus en de AMOC in het klimaatsysteem. Verschillende compenserende ef-
fecten zorgen ervoor dat de atmosferische CO, concentratie vrij ongevoelig lijkt te
zijn voor veranderingen in de AMOC. Dit heeft als gevolg dat, gebaseerd op dit on-
derzoek, er geen groot effect wordt verwacht op de CO, concentratie als de AMOC
kantelt. Echter, lokaal kunnen de effecten desastreus zijn voor de samenleving en
ecosystemen door groten veranderingen in het klimaat en de koolstofcyclus.



CHAPTER 1

Introduction

The Earth’s climate is warming due to rising greenhouse gas concentrations in the
atmosphere caused by anthropogenic emissions. How much the climate will warm
depends on future emissions, and how sensitive the Earth System is to the rise in
greenhouse gas concentrations. It is the responsibility of the scientific community
to provide the public and policymakers with reliable assessments to inform deci-
sion making. This is challenging because of several reasons. One of these reasons
is that the Earth System is a non-linear system in which not all processes are fully
understood yet. An important example of non-linearities in the Earth System are
so-called tipping points. Tipping points are relatively large and fast changes in a
component of the Earth System compared to its forcing changes. Naturally, passing
such a tipping point poses a large risk since the effects can be very disruptive. As the
climate changes due to anthropogenic activities, the probability that a tipping point
is passed in the foreseeable future increases.

In this thesis, we focus on interactions in the Earth System between the carbon cy-
cle, a system important for regulating the temperature on Earth, and the Atlantic
Meridional Overturning Circulation (AMOC), a tipping element. The carbon cycle
is a non-linear system where physical, biological and chemical processes are at play
on a wide range of timescales. Throughout the Cenozoic (i.e. the past 66 Ma), the
carbon cycle and Earth’s climate have been tightly coupled. The AMOC is important
for the Earth’s heat budget and climate since it transports heat from the Southern
Hemisphere to the Northern Hemisphere. However, the AMOC can tip into an off-
state in which this heat transport is disrupted causing dramatic changes in several
climate variables. The AMOC and carbon cycle can interact through many processes,
but the exact mechanisms and timescales involved are complex. These interactions
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are studied in this thesis on different timescales.

In this introduction an overview of the Earth System, tipping elements in the Earth
System, and changes in the climate over the Cenozoic is provided. Next, we describe
both the AMOC and the marine carbon cycle, the two elements in the Earth System
which are at the center of this thesis. The introduction is finalized with the research
questions covered in this thesis.
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1.1 The Earth System

The Earth System is a non-linear system consisting of several components: the at-
mosphere, the cryosphere, the land, the lithosphere and the ocean (Fig. 1.1). The
different components are coupled and share several feedbacks that act on different
timescales (von der Heydt et al., 2021).

The atmosphere is an important component of the Earth System. Physical and chem-
ical processes regulate the weather and climate on timescales starting at a few sec-
onds (e.g. turbulence) to sub-annual variability (e.g. the North Atlantic Oscilla-
tion). Another reason why the atmosphere is important, is that it enables feedbacks
between the other components in the Earth System, e.g. carbon emitted from the
ocean can be taken up by the terrestrial biosphere through the atmosphere and vice
versa.

The cryosphere covers all frozen water on Earth, e.g. sea ice, ice shelves, ice
sheets and glaciers. Most elements in the cryosphere are active on multi-millennial
timescales since it takes a long time to grow and melt large ice sheets and glaciers.
Ice affects the climate through the albedo effect (i.e. the light surface of snow and
ice reflects a lot of radiation) and is important for regulating global mean sea level.
The land is a complex component where there is a whole array of different pro-
cesses at play. There are, for example, the terrestrial biogeochemical cycles that
are affected by different vegetation types, soil processes, agriculture and other an-
thropogenic influences. Since there are so many different processes, the timescales
involved vary from seasonal to multi-millennial.

The lithosphere is the slowest system involving processes such as the lithification of
ocean sediments, weathering and volcanism. This component regulates the Earth’s
climate on timescales of 10° - 106 years. Feedbacks involving the lithosphere are
hypothesized to be the reason that the Earth’s climate has remained fairly bounded
over the Cenozoic (Caves et al., 2016).

The final component is the ocean. The ocean is active on timescales ranging from
seasonal to multi-millennial and is the most important component on centennial
to multi-millennial timescales. In the ocean there are the wind and density driven
ocean circulation as well as ecosystems that have several functions such as the trans-
port of carbon to the deep ocean and providing a food source to humans.

In this thesis we will mainly focus on the ocean. We also focus on the carbon cycle,
which is active in the atmosphere, on the land and in the lithosphere acting on
timescales ranging from sub-annual to millions of years. We will therefore make use
of models that capture processes of these components as well.

1.1.1 Tipping points

Climate subsystems can show so-called tipping behavior by crossing a tipping point.
These subsystems are also called tipping elements and are present in several compo-
nents of the Earth System. In the sixth assessment report of the IPCC (IPCC, 2021)
a tipping point is defined as ‘a critical threshold beyond which a system reorganizes,
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Land

Figure 1.1: Illustration of the Earth System and its coupled components. The main focus in
this thesis is on the ocean, but the carbon cycle is also present in the other four components.

often abruptly and/or irreversibly’. In literature, more comprehensive definitions of
tipping points are also used (e.g. Lenton et al., 2008). From a dynamical systems
point of view, tipping points can be viewed as crossing a bifurcation point such as a
saddle node bifurcation (Kaszas et al., 2019). Crossing these bifurcations are often
associated with subsystems with multiple (stable) equilibria. The paleo record shows
several large abrupt changes over the Cenozoic that are often associated with tip-
ping points. Under anthropogenic climate change the risk of crossing tipping points,
which can have long (multi-millennial) effects on the Earth System, increases (e.g.
Armstrong-McKay et al., 2022; Lenton et al., 2008).

Important tipping elements are the Greenland, West-Antarctic and East-Antarctic
ice sheets, arctic sea-ice cover, and permafrost melt. In the ocean the major tipping
element is the Atlantic Meridional Overturning Circulation (AMOC), but also low
latitude coral reefs have been identified as tipping elements. Over the land the
major tipping elements are diebacks of the Amazonian rainforest and boreal forests.
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Armstrong-McKay et al. (2022) have identified the warming thresholds for these
tipping elements, some of which (e.g. the Greenland Ice Sheet) are around the
current warming levels. Timescales involved with these tipping elements range from
multi-decadal (e.g. coral reefs) to multimillennial (e.g. the ice sheets).

The tipping elements are also coupled to each other, meaning that when one com-
ponent in the Earth System tips, it can influence the tipping probability of other
elements. When passing one tipping points increases the likelihood that a different
tipping point is passed as well, so-called tipping cascades can occur (Dekker et al.,
2018). There is still a large uncertainty around tipping cascades, but obviously these
cascades can have a large disruptive effect on human society and ecosystems. It is
therefore of vital importance to prevent tipping points and tipping cascades from
occurring.

1.1.2 Climate change

Climate change has occurred constantly throughout the Earth’s history on various
timescales (Fig. 1.2). In the Cenozoic the Earth went from a hothouse with CO,
concentrations up to 1500 ppm and without permanent polar ice sheets in the Pa-
leocene to an icehouse in the Pleistocene and Holocene with CO, concentrations as
low as 180 ppm, including permanent polar ice sheets (Rae et al., 2021). These
changes have occurred over millions of years. However, on top of this trend, shorter
climatic changes have occurred such as the hyperthermal events in the Paleocene
and Eocene, the Eocene-Oligocene transition, and the glacial-interglacial cycles in
the Pleistocene. The paleo record shows many of these climatic changes that can
be associated with strong positive feedbacks in the Earth System (e.g. the hyper-
thermals in the Paleocene and Eocene; Arnscheidt & Rothman, 2021), or are paced
by orbital forcing (e.g. the glacial-interglacial cycles; Hays et al., 1976). The
proxy records clearly show that the Earth System is a highly non-linear system on a
whole range of timescales where the temperature and carbon cycle are tightly cou-
pled (Westerhold et al., 2020). The changes we are currently experiencing in the
Anthropocene, however, are unprecedentedly fast and large.

The climate change in the Anthropocene (Fig. 1.3) is caused by emissions of green-
house gasses such as carbon dioxide (CO-), methane (CH,4) and nitrous oxide (N5O)
by human activity. Since the start of the industrial revolution, CO, concentrations in
the atmosphere have increased more than 50%, CH4 concentrations have more than
doubled, and N,O concentrations have increased by 25% (Fig. 1.3). The increase in
these concentrations have caused a radiative imbalance for the Earth leading to net
warming. Compared to the pre-industrial (PI), Global Mean Surface Temperature
(GMST) now has warmed by approximately 1.2°C, leading to various other changes
in the climate system. Examples of these changes are melting of sea-ice, glaciers and
ice sheets; changes in ocean circulation; changes in weather patterns and weather
extremes; sea level rise by thermal expansion of the seawater and land ice; bleach-
ing of coral reefs due to higher temperatures and lower pH; and many more (IPCC,
2021). All these effects are a major threat for many ecosystems on our planet and a
major challenge for human societies (IPCC, 2022).
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Figure 1.2: Temperature anomalies with respect to the mean temperature between 1961
and 1990 in °C over the past 65 million years including projections up to 2100 based on
5 different SSP scenarios. The different epochs are denoted in the yellow bar. The climate
stripes also represent the temperature record where white colors represent a temperature
anomaly of 4°C. Note the different scaling and units on the time-axis. Abbreviated epochs
are the Oligocene (Oligoc.), the Pliocene (Pl.), the Holocene (Holoc.) and the Anthropocene
(Anthrop.). Source of data: the CENOGRID database (65 Ma - 0.25 Ma; Westerhold et al.,
2020), EPICA Dome C (250 ka - 1850; Jouzel et al., 2007), HadCRUT5 (1850-2014; Morice
et al., 2021), and Riahi et al. (2017)(2015-2100).

1.2 Atlantic Meridional Overturning Circulation

1.2.1 Definitions and driving mechanisms

The Atlantic Meridional Overturning Circulation (AMOC) is defined as the zonally
integrated meridional volume transport in the Atlantic Ocean (Buckley & Marshall,
2016). It is an important part of the deep ocean circulation and a pathway connect-
ing the surface ocean with the deep ocean. It consists of two cells: (1) an upper
cell with clockwise circulation flowing northward at the surface and southward at
depth; and (2) a bottom cell with anti-clockwise circulation flowing northward in
the deep ocean. The upper cell involves deep water formation in the North Atlantic
and is therefore sometimes also called the North Atlantic Deep Water (NADW) cell,
and the bottom cell involves deep water formation in the Southern Ocean and is
therefore also known as the Antarctic Bottom Water (AABW) cell (Kuhlbrodt et al.,
2007).
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Figure 1.3: Records of atmospheric greenhouse gas concentrations and global mean surface
temperature over the historical record (1850-2014). (a) CO; concentration in ppm. (b) CHy
concentration in ppb. (c) N2O concentration in ppb. (d) GMST w.r.t. 1961-1990 in °C. Data
retrieved from the EEA (2019).

The AMOC can be defined mathematically as a stream function by:

n rXe
Py, z,t) = / / v(x,y, z,t) dedz (1.1)
z Xw

where v is the meridional velocity that is integrated upward over depth from a level
z to the ocean surface (), and integrated from west (Xy) to east (Xg) in the basin.
This particular definition is in depth coordinates; it is, however, also possible to
use temperature and density coordinates. In this thesis, the AMOC stream function
is used with help of depth coordinates. The AMOC strength per latitude can be
determined from this stream function as the maximum in the water column.

A common misconception is that the AMOC is solely a thermohaline circulation.
However, the AMOC consists of both a thermohaline component and a wind driven
component (Kuhlbrodt et al., 2007). The thermohaline forcing is related to a merid-
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ional density gradient between low and high latitudes forcing a circulation. At the
surface, there is advection of water masses poleward to the high latitudes where the
surface layer becomes denser due to atmospheric cooling and brine rejection result-
ing in deep water formation. At depth, the deep water masses flow towards the low
latitudes, closing the circulation.

The wind-driven component is related to strong circumpolar westerly winds in the
Southern Ocean that induce strong upwelling and northward Ekman transport at the
surface of the ocean. The strength of the winds regulate the amount of upwelling.
The northward Ekman transport flows into the Atlantic, and eventually the water
masses flow towards the deep water formation region in the North Atlantic.

1.2.2 Multiple equilibria

As stated in Section 1.1.1, the AMOC is a tipping element and may have multiple
equilibria. This was already shown by Stommel (1961) using a simple two box
model which had three circulation types: (1) deep water formation at the poles, (2)
deep water formation in the subtropics, and (3) no deep water formation, where the
latter is an unstable configuration. After Stommel (1961), the existence of multiple
equilibria was shown in a hierarchy of models. From box models with more than two
boxes (e.g. Cimatoribus et al., 2014; Rooth, 1982), to ocean-only circulation models
(e.g. Bryan, 1986; Dijkstra & Weijer, 2005), coupled atmosphere-ocean global circu-
lation models (AOGCMs; e.g. Manabe & Stouffer, 1988), to global climate models
(e.g. Orihuela-Pinto et al., 2022; van Westen & Dijkstra, 2023b). From a dynamical
systems point of view, tipping of the AMOC is viewed as the passing of a saddle node
bifurcation with two stable states: (1) an AMOC ’on’ state with a NADW cell, and
(2) an AMOC ’off’ state where there is no NADW cell (Lynch-Stieglitz, 2017; Weijer
et al., 2019)). This can be visualized in a bifurcation diagram (Fig. 1.4), with a
surface freshwater flux on the x-axis.

There are three regimes in the diagram: (1) a monostable AMOC ‘on’ regime, (2)
a monostable AMOC ‘off’ regime, and (3) a bistable regime. The bistable regime is
located between the saddle nodes and is called the bistability or multiple equilibria
window (MEW) (Barker & Knorr, 2021). Paleo proxies have provided evidence that
the AMOC has been switching from ‘on’ to ‘off’ mode frequently in the Pleistocene,
i.e. during the Dansgaard-Oeschger cycles (Broecker et al., 1985).

An often used estimator to determine whether the AMOC is in a monostable or
bistable regime is the F,,s estimator, defined as the AMOC carried freshwater flux
into the Atlantic basin at 34°S (Rahmstorf, 1996; Weijer et al., 2019). If the AMOC
is importing salt (i.e. F,,s > 0) the AMOC is in a monostable regime, whereas if the
AMOC is importing freshwater (i.e. exporting salt, F,,s < 0), the AMOC is thought
to be in a bistable regime. Observations suggest that in our current climate the
AMOC is in a bistable regime, but due to a lack of observations it is impossible to
say whether we are close to a tipping point. A recent study by Ditlevsen & Ditlevsen
(2023) suggests that the AMOC will tip in 2057, however, they make use of an uncer-
tain proxy for AMOC strength and these results have therefore a large uncertainty.
Most of the current state-of-the-art models suggest that the AMOC is in a monostable
regime which indicates that these models have a bias towards a too stable AMOC
(van Westen & Dijkstra, 2023a).
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Figure 1.4: Conceptual bifurcation diagram of the AMOC strength versus a control parameter,
in this case a surface freshwater flux. Solid lines represent stable steady states, and the dashed
line is an unstable state. The markers represent two saddle node bifurcations. The upper
branch corresponds to a strong AMOC circulation (conceptual circulation displayed at the top
right), and the lower branch to a collapsed AMOC state (conceptual circulation at the bottom
right). Regimes 1 and 3 are monostable, and regime 2, denoted by the orange shading is
bistable. The orange shading is also termed the multiple equilibria window.

1.2.3 Role in the climate system

The surface branch of the AMOC transports heat from the Southern Hemisphere
to the Northern Hemisphere. This creates an asymmetry in how heat is distributed
around the equator with relatively warmer temperatures north of the equator (Buck-
ley & Marshall, 2016). It is thought that due to this asymmetry, the mean location
of the ITCZ is north of the equator (Kang et al., 2009, 2008). This northward heat
transport towards Europe is also one of the reasons that Europe is generally 10°C
warmer than regions on similar latitudes in the western United States and Canada
(Palter, 2015). The downward branch is important for longer timescales since it is a
pathway of both heat and carbon to the deep ocean with a residence time of more
than 1000 years. Variability in the AMOC is associated with modes of variability in
the North Atlantic such as the Atlantic multi-decadal Variability (AMV). Through the
mechanisms above, the AMOC has a large impact on the climate of Europe, and to
a lesser extent on the entire globe.

When the AMOC tips, the northward heat transport is disrupted leading to cooling
in the Northern Hemisphere and warming in the Southern Hemisphere (Rahmstorf,
2002). This process is also termed the bipolar seesaw and thought to be present in
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the Pleistocene during the Dansgaard-Oeschger cycles (Stocker & Johnsen, 2003).
Cooling in the Northern Hemisphere can be as large as 10°C locally which can in-
crease the sea-ice cover in the Arctic Ocean (Rahmstorf, 2002). The disrupted heat
transport, and changing temperatures also result into changes in the atmosphere.
The ITCZ shifts southward, trade winds strengthen, and the Walker circulation
weakens (e.g. Orihuela-Pinto et al., 2022). Furthermore, due to changes in ocean
circulation and temperatures, the sea level is affected with the largest amplitudes in
the North Atlantic (Saenko et al., 2017). The changes in these climatic variables also
influence other components in the Earth System such as the terrestrial and marine
biosphere (e.g. Zickfeld et al., 2008).

1.3 Carbon cycle

1.3.1 Global carbon cycle

As stated in Section 1.1, the global carbon cycle is active from timescales smaller
than one year to timescales over a million years. In the Earth System there are sev-
eral reservoirs that contain carbon: the atmosphere, the ocean, ocean sediments,
terrestrial biota, terrestrial soils, and sedimentary rocks in which also fossil fuels are
present (Fig. 1.5). These reservoirs can exchange carbon with each other on dif-
ferent timescales. Generally, the carbon cycle is a very stable system and is thought
to have been more or less in equilibrium on 10° year timescales throughout the
Cenozoic (Caves et al., 2016). Also on shorter timescales the carbon cycle can
be relatively stable proven by the near constant atmospheric CO, concentrations
throughout the Holocene.

For the carbon cycle, the lithosphere is the most important component on very long
timescales. On these timescales, there is a balance between weathering of silicate
rocks and the burial of carbon in the ocean sediments. Why these two processes
balance each other is not clear a priori, but can be explained. Weathered material
is transported to the ocean by rivers, and when the weathering rate increases, more
carbon is transported into the ocean, raising the total carbon content in the ocean.
As a consequence, the carbonate (CO32~) content of the ocean increases which re-
sults in less calcium carbonate (CaCO3) dissolution in the deep ocean, meaning
more CaCOj3 reaches the sediments to be buried there. This all results in a feed-
back mechanism where increased weathering rates lead to increased carbon burial
in the ocean sediments and eventually more carbon storage in sedimentary rocks
(Sarmiento & Gruber, 2006).

The terrestrial biosphere acts on a whole range of timescales. There are fast pro-
cesses that act on timescales as short as days (e.g. primary production), to multi-
millennial timescales (e.g. burial of CaCOj3 in soils). The ocean generally also acts
on these timescales, though the most important processes, i.e. the transport of car-
bon to the deep ocean, work on centennial to multi-millennial timescales. The at-
mosphere connects the terrestrial and marine biosphere and acts on the shortest
timescales.

This balance in the carbon cycle is disturbed due to anthropogenic activity (red
numbers in Fig. 1.5). Fossil fuels, carbon rich material stored in sedimentary rocks,
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Figure 1.5: Conceptual overview of the global carbon cycle with different reservoirs. Black
arrows and numbers represent the natural, undisturbed carbon cycle and red arrows and
numbers the additional anthropogenic contribution. The numbers behind the fluxes are in
PgC/yr. The numbers in the atmosphere box are the storage in PgC. Only the fluxes be-
tween different reservoirs are displayed. Numbers are based on the Global Carbon Budget
(Friedlingstein et al., 2020).

are burned releasing the carbon that is part of the long term carbon cycle into the
atmosphere. As a response to the carbon emissions, both the oceans (26%) and land
(31%) have taken up part of these emissions, meaning approximately 43% remained
in the atmosphere (Friedlingstein et al., 2022). The ocean and the land therefore
play a large role in mitigating anthropogenic climate change, and are important
components of the carbon cycle determining how the Earth System will respond to
greenhouse gas emissions.

1.3.2 Marine carbon cycle

The ocean acts as a reservoir of carbon by taking up CO; out of the atmosphere.
As stated before, the ocean has taken up approximately 26% of anthropogenic CO-
emissions (Friedlingstein et al., 2022; Sabine et al., 2004). The CO, that is taken
up can be stored in the deep ocean and therefore exerts an important control on
atmospheric CO, concentrations on millennial timescales. Not only inorganic car-
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bon plays an important role in the marine carbon cycle, but organic carbon as well.
Phytoplankton are able to fixate inorganic carbon in the surface ocean through pho-
tosynthesis. These phytoplankton are at the base of the marine food web and play
therefore an important role in marine ecosystems and can influence fish biomass
and fishery yields through bottom up processes. Besides th