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Chapter 1

General Introduction
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1.1 Background and framework

There is a general consensus in the scientific community that the climate will warm
in the coming century. This is outlined in the latest release of the Intergovernmen-
tal Panel on Climate Change (IPCC), the Fifth Assessment Report (Stocker et al.,
2013). The report shows that a global warming of 0.3-1.7◦C is projected for the period
2081-2100 (compared to the period 1986-2000), if through a strong mitigation policy
greenhouse gas (GHG) concentrations would start decreasing again after the year 2030.
If GHG concentrations would continue to rise in the coming century as they presently
do, a global warming of 2.6-4.8◦C is projected (Figure 1.1; Stocker et al., 2013). These
large uncertainty ranges in projected global warming for the two extreme, so-called
Representative Concentration Pathway scenarios (referred to as RCP2.6 and RCP8.5
for respectively the low and high emission scenarios; Meinshausen et al., 2011), are also
reflected in the projected changes in other parts of the climate system: a September
sea-ice cover decrease of 3-94%, a decrease of the global permafrost cover by 37-81%
and a glacier ice volume decrease of 15-85% (not taking into account the Antarctic
Ice Sheet; Stocker et al., 2013). In turn, there are concerns about the stability of
the climate, related for instance to the projected changes in continental ice volume
(Hofmann et al., 2009; Lenton et al., 2008): as a result of the projected warming,
the Greenland Ice Sheet (GIS) is likely to partially melt (Collins et al., 2013), which
could in turn impact the global ocean circulation through the increased discharge of
melt water into the oceans surrounding the GIS (Collins et al., 2013). However, as
for global temperature changes, the projected amounts of GIS melt (Figure 1.2; Fet-
tweis et al., 2013) and the sensitivity of the ocean circulation to an increased inflow of
melt water are highly uncertain (Stouffer et al., 2006; Swingedouw & Braconnot, 2007).
The magnitude and uncertainty of all these climate change projections make clear that
a better understanding and more constraints are urgently needed (Doherty et al., 2009).

The uncertainty in climate change projections has three main causes (Deser et al.,
2012): the first cause is the difficulty to predict how the climate forcings, like GHG
concentrations, will change in the future, an uncertainty that is formalised in the
different RCP scenarios (Meinshausen et al., 2011). Another source of uncertainty
relates to internal climate variability and is caused by the chaotic nature that is in-
herent to a complex and non-linear system like the Earth’s climate (Hansen et al.,
2012). The third source of uncertainty relates to the different responses of nume-
rical climate models caused by simplifications that are made in the construction of

a climate model and the incomplete understanding of the functioning of the climate
system (Deser et al., 2012). An important way through which to improve on the latter
cause of uncertainty is through a more thorough validation of the climate models with
which the projections are made (Palaeosens Project members, 2012; Braconnot et al.,
2012); validation on timescales ranging from decadal to millennial. In order to improve
our understanding of the climate system and achieve model validation on such long
timescales, longer than the observational period of a couple of decades that is used to
calibrate climate models, one needs to go further back in time and use proxy-based
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Fig. 1.1: Time series of global annual mean surface air temperature anomalies (relative to the pe-
riod 1986-2005) from CMIP5 (Climate Model Intercomparison Project phase 5) concentration-driven
experiments for the historical period 1850-2005 and future projections fom 2005-2300. Projections
are shown for four RCPs (Meinshausen et al., 2011), for the multi model mean (solid lines) and the
5-95% range across the distribution of individual models (shading). Numbers in the figure indicate
the number of different models contributing to the different time periods. Figure from Collins et al.
(2013).

archives of palaeoclimatic settings (Braconnot et al., 2012).

In light of this need to increase our understanding of the climate system and validate
climate models on timescales that exceed the observational period, the Past4Future
program was set up, a scientific collaborative project under the 7th Framework Pro-
gramme of the European Commission (http://www.past4future.eu/). More specifi-
cally, the aim of the Past4Future program is to improve our understanding of the dy-
namics and stability of interglacial climates through the investigation of past climate
change during warm, interglacial periods. The research reported in this dissertation
has been created as part of the Past4Future program and investigates in particular
one such past warm interglacial period, namely the Last Interglacial (LIG). The LIG
provides an interesting testbed for climate models as well as past analogues for a num-
ber of the changes that are predicted for the near future: warming of the Northern
Hemisphere (NH), sea level rise, partial melt of the GIS and possible changes in the
ocean circulation.
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Fig. 1.2: Simulated cumulative contribution of the GIS to the global sea level for the period 2000-2100
for two different scenarios, RCP4.5 and RCP8.5 (Meinshausen et al., 2011). Black is the ensemble
mean of 50 CMIP5 GCMs with the corresponding standard deviation in gray. The individual model
runs are given by the grey and the coloured lines. Figure from Fettweis et al. (2013).

In this Introduction Chapter, a number of fundamental palaeoclimate topics, concepts
and methods are presented that form the basis of the remaining Chapters of this dis-
sertation. Firstly, a description is given of the climate system in general, followed by
a more thorough characterisation of the different forcings and feedback mechanisms
that are key to the studies in this dissertation. Secondly, palaeoclimate research is in-
troduced with a description of proxy-based methods to reconstruct past climates, the
construction of different types of climate models and a more thorough description of
the LOVECLIM climate model that is used in the research reported in most Chapters
of this dissertation. In the third part of this Introduction, we turn towards the LIG,
the geological period that forms the central theme in this dissertation, and present an
overview of our current knowledge of the LIG climate. We conclude with the main
research questions and central issues that will be addressed in the different Chapters
of this dissertation.

1.2 Fundamentals of palaeoclimate research

In the following a description is given of a number of palaeoclimatic concepts and
mechanisms that are important for a good understanding of the remaining Chapters
of this dissertation.

1.2.1 Forcings, feedbacks and boundary conditions - A matter of perspec-
tive

The climate system is sensu lato a description of the temporal state of the atmosphere,
hydrosphere, cryosphere, biosphere and geosphere, and the interactions between the
different components (Figure 1.3; Ruddiman, 2001). In the description of a dynamical
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Fig. 1.3: Schematic showing the different components, processes and fluxes of the climate system in
a latitudinal cross-section from the pole to the equator. Figure from Ruddiman (2001).

system such as Earth’s climate, a distinction is often made between forcings, feedbacks
and boundary conditions (Astrom & Murray, 2010). A forcing is related to a cause
from outside the system, a feedback transfers changes within the system, while the
boundary conditions are the non time dependent system characteristics defining its
borders. The climate is a complex system with in general three external forcings -
plate tectonics, the sun’s strength and the Earth orbital configuration - and a large
number of components and feedbacks (Figure 1.3; Ruddiman, 2001). However, these
feedbacks all operate on very different timescales: feedbacks related to clouds, water
vapour, snow, sea ice, the upper ocean, dust and aerosols play on timescales from years
to decades; on the very other end of the spectrum we have processes like weathering,
plate tectonics and the evolution of vegetation playing on timescales of millions of years
(Figure 1.4). Important in the studies presented here are the decadal timescales of sea
ice and GHG concentrations, the deep oceans decadal to multi-millennial timescales
and ice sheets on the timescales of centuries to multi-millennia (Palaeosens Project
members, 2012).

These typical timescales of climate system feedbacks provide a good indication whether
a process should be regarded as a feedback or can safely be considered a boundary con-
dition (Palaeosens Project members, 2012). If the timescale of a climatic process is long
compared to the time scale of interest, it can be regarded a boundary conditions. In
palaeoclimate research this principle is constantly used: the research question in mind
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Fig. 1.4: Typical timescales of different feedbacks in the climate system. Figure from Palaeosens
Project members (2012).

determines the dynamical system that is considered (e.g. coupled ocean-atmosphere),
the associated appropriate reference time scale (e.g. years to millennia), which in turn
provides an indication of what should be regarded as a forcing, feedback or boundary
condition. By this reference frame as a starting point, it also follows what type of
numerical climate model should be used (e.g. atmosphere-ocean general circulation
model) and what experimental set-up is most appropriate to answer the research ques-
tion (Figure 1.5). How the different reference frames and timescales are reflected in
the construction of different types of numerical climate models and the importance of
the limitation that is imposed by the lack of computational power is detailed in Sec-
tion 1.3.2. In the following, some examples will be given of the choices one can make
in the definition of the reference frame and how this is reflected in the description of
the forcings, feedbacks and boundary conditions of the climate system. The rationale
behind such a description of the climate system is important in order to understand
both the discussion of the different types of climate models and the choices made in
the set-up of the climate modelling experiments later on in this Introduction and in
the remaining chapters of this dissertation.

When we take the evolution of the climate system over many millions of years as a ref-
erence time frame, the climate forcings are (Figure 1.3; Palaeosens Project members,



41 1.2. Fundamentals of palaeoclimate research

Boundary conditions

Boundary conditions

Bo
un

da
ry

 c
on

di
tio

ns

Boundary conditions

Forcing

Forcing Forcing

Forcing

Model FeedbackFeedback

Feedback
Feedback

Fig. 1.5: Schematic showing a general model setup. A model (green) consists of a number of internal
feedbacks that alter the state of the model variables during each time step. The boundary conditions
(yellow) are the non time dependent outlines of the model. The forcings (red arrows) are prescribed
external causes of change in the model variables that are time dependent.

2012): changes in the orbital configuration of the sun, moon, Earth and other pla-
nets; changes in the characteristics of the energy emitted by the sun; processes related
to tectonic movement of the continental plates like the evolution of the topography
and bathymetry of respectively the continents and the oceans, weathering and the
transfer of heat and material from within the earth into the climate system; and the
long-term evolution of vegetation and life. Within this time frame all other processes
can be regarded as feedbacks within the climate system and no boundary conditions
have to be specified. On the time scale of several hundred thousands of years, topo-
graphy, bathymetry, weathering, the evolution of plants and Earth’s heat flux can be
assumed constant and thus regarded as boundary conditions of the climate system.
On multi-millennial timescales, global sea level and the configuration of the major ice
sheets are often assumed boundary conditions of the climate system, hereby neglecting
all possibly associated forcings and feedbacks. On even shorter timescales, decadal
to centennial, one can also assume the orbital configuration of the sun, moon, earth
and other planets to be constant, as well as the deep ocean circulation. This leaves
changes in the characteristics of the energy emitted by the sun and the gases emitted
by volcanoes as natural climate forcings, although the latter has also been posed as a
feedback through the triggering of volcanism by changes in the ice sheet load of the
Earths crust (Huybers & Langmuir, 2009). Recently, human activity has introduced a
new, anthropogenic forcing of the climate system.

In Section 1.3.2 we will see that in climate modelling studies, the description of the
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climate system in terms of forcings, feedbacks and boundary conditions outlined above
is, for different reasons, often not adhered to.

1.2.2 Milankovitch theory

Changes in the orbital configuration cause changes in the amount and distribution
of insolation received by the Earth at the top of the atmosphere. The theory of the
Earth’s insolation parameters was established by Milutin Milankovitch (Milankovitch,
1920, 1941) and the resulting impact on the insolation received by the Earth is often
referred to as the Milankovitch forcings. The changes result from gravitational interac-
tions between the celestial bodies. These interactions cause quasi-periodic variations
in the orbital configuration that can be simplified by describing the most dominant
sinusoidal components: eccentricity, climatic precession and obliquity (Milankovitch,
1941). They are often considered the most important forcing of the climate system on
multi-millennial timescales (Milankovitch, 1941; Berger, 1975; Berger & Loutre, 1994;
Laskar et al., 2004). Eccentricity is a measure of the departure of the shape of Earths
orbit around the sun from circularity. The periodicity of its major component is 413ky
with additional ones between 95ky and 125ky. Eccentricity values range from 0.005
to 0.058 with a mean value of 0.028 and a present-day value of 0.017 (an eccentricity
value of 0 indicates a perfect circle and values between 0 and 1 indicate elliptic orbits).
The main impact of changes in eccentricity on the insolation received by the Earth at
the top of the atmosphere, is a change in the total annual mean insolation received
by the Earth; broadly speaking only eccentricity changes alter annual mean insola-
tion (Berger, 1975). Moreover, eccentricity impacts the length of the summer (spring)
versus the winter (autumn) season. Climatic precession is related to the Earth-Sun
dinstance at the summer solstice, and is a function of both the eccentricity parameter
and the true longitude of the perihelion measured from the moving vernal equinox. It
has a major periodicity of 19-23ky and it causes the seasonal contrast on the NH to
increase while decreasing it on the Southern Hemisphere (SH), and vise versa. Note
that, since climatic precession is a function of the changes in eccentricity, its impact
is especially large for large eccentricity values. Finally, obliquity describes the tilt of
the Earth’s axis with respect to the plane of the Earth’s orbit. Values range from
a tilt of 22.1◦ to 24.5◦. Obliquity can be described by a main periodicity of roughly
41ky; it impacts the distribution of insolation between the summer and winter season.
Moreover it causes the distribution between low and high latitudes to change (Loutre
et al., 2004). Its impact is symmetric for both hemispheres.

On multi-millennial timescales, differences in seasonal insolation can be large, on the
order of 50-100Wm−2 for instance, for June at 65◦N. However, annual mean inso-
lation changes are much smaller, on the order of 1-2Wm−2 for most latitudes with
larger values, on the order of 10-15Wm−2, only found at latitudes above ∼60◦N and
∼60◦S (Berger, 1978; Loutre et al., 2004). The overall impact of the changes in the
orbital configuration on the magnitude and the spatial and temporal distribution of
top of the atmosphere insolation is very complex. However, it can be accurately cal-
culated (Berger & Loutre, 1994) and thus serves as the starting point of most proxy
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and model-based palaeoclimate studies, as is true for all climate simulations presented
in this dissertation. It is important to realise that, because of the slow changes in
the orbital configuration, related insolation changes for the next century are negligibly
small (Berger, 1975).

Related to changes in orbital configuration, there is an important issue one has to con-
sider. Changes in precession and eccentricity cause the lengths of the seasons to change
over time. Therefore, no absolute phasing is possible between the insolation curves of
two different periods (Joussaume & Braconnot, 1997). At present-day, the length of the
different seasons is between ∼89 and ∼92days. However, this length evolves through
time from a minimum length of only 82.5days up to a maximum length of 100days
(Berger & Loutre, 1994). For this reason, when comparing palaeoclimatic data for
different geological periods one preferably compares data for the same season based
on the astronomical position instead (Joussaume & Braconnot, 1997). However, this
is not common practice in palaeoclimate modelling studies. In climate models most
often monthly output is produced that is based on a calendar with a fixed equinox
at March 21st. The impact of this fixed present-day calendar assumption is minimal
when assuring that in an inter-comparison of different climate models, the phasing of
the seasonal cycle of insolation and the definition of the seasons is the same in all model
experiments (Joussaume & Braconnot, 1997). However, in the comparison of model
output with proxy-based reconstructions, this difference in the phasing of the seasons
is potentially non-negligible. To avoid this bias in model-data comparison studies, a
collective effort in the palaeoclimate modelling community would be needed that has,
until now, not been initiated.

1.2.3 Greenhouse gas concentrations

GHG concentrations form an important link between the geophysical and geochemical
parts of the climate system, through the radiative properties of the molecules that
GHGs consist of. The main GHGs, apart from water vapour, are carbon dioxide
(CO2), methane (CH4) and nitrous oxide (N2O). They absorb and re-emit long-wave
radiation emitted by Earth’s surface and thereby trap heat that would otherwise have
left the climate system through emission into space. Despite the regional character
of the main sources and sinks of GHGs in the Earth’s system (Gurney et al., 2002) -
vegetation, the deep ocean, wetlands, permafrost and volcanic activity - because of the
short mixing time of the atmosphere relative to most other components of the climate
system, changes in GHG concentrations can, in contrast to insolation changes, gen-
erally be regarded as well mixed and both globally and seasonally uniform (Schmidt
et al., 2012).

On glacial-interglacial timescales, GHG concentrations changed significantly. Glacial
CO2 concentrations were ∼100ppm lower than pre-industrial values (Lüthi et al., 2008)
and CH4 concentrations were decreased by around 300ppb (Loulergue et al., 2008). The
corresponding radiative forcing of the glacial-interglacial CO2 and CH4 concentration
changes (Houghton et al., 2001) are on the order of 3Wm−2 (Masson-Delmotte et al.,
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2010b). In comparison to these large changes, average LIG GHG concentrations were
not that different from pre-industrial values. CO2 and CH4 concentrations were lower
by ∼5-10ppm and ∼100ppb respectively (Lüthi et al., 2008; Loulergue et al., 2008)
with a combined radiative forcing of around -0.2Wm−2. Finally, when we compare
the radiative forcing of these palaeo GHG concentration changes that have occurred
over the last 1-2 million years, with those used in future projections for the end of the
century, between 2.6 and 8.5Wm−2, the significance of the anthropogenic GHG forcing
is obvious (Meinshausen et al., 2011; Stocker et al., 2013).

In most palaeoclimate studies, GHG concentrations are considered as forcings, despite
the intricate role of GHGs in the climate system through a large number of feedbacks.
It is actually precisely this complexity that has led climate scientists to use recon-
structed concentrations of GHGs as a forcing rather then feedback. In all experiments
in this dissertation performed with the LOVECLIM model, GHG concentrations are
viewed upon from a forcing perspective. The reconstructed palaeo GHG concentra-
tions used in these simulations are based on measurements of trapped air bubbles from
Greenland and Antarctic ice cores by Lüthi et al. (2008), Loulergue et al. (2008) and
Schilt et al. (2010) for respectively CO2, CH4 and N2O. However, Chapters 2 and 3
also include simulations performed with a different climate model in which GHG con-
centration changes are treated as a climate feedback.

1.2.4 The Greenland Ice Sheet

Changes in ice sheet configuration – i.e. volume, height, surface area and geographical
location – form one of the strongest feedbacks in the climate system; mainly through
their impact on the albedo of the Earth’s surface, their sheer size that can strongly
alter the atmospheric circulation and through the melt water fluxes coming from the
ice sheets that can impact the buoyancy of the ocean surface (Clark et al., 1999). At
present, the second largest ice sheet on Earth is located on Greenland. Past and fu-
ture changes in the volume of the GIS are central themes in this dissertation. The
GIS presently covers an area of ∼1,710,000km2 and if all the ice, 2,850,000km3, were
to melt, it would lead to a global sea level rise of 7.2m (Stocker et al., 2013).

Through the different chapters of this dissertation, the role of the GIS - boundary con-
dition, forcing or a combination of the two - differs from one simulation to the next.
In the LOVECLIM simulations presented in Chapters 2 and 3 of this dissertation, the
GIS configuration is regarded as a boundary condition.. In a number of simulations in
Chapter 5, the climate is forced with both melt water fluxes coming from the GIS as
well as changes of the height and extent of the GIS. In Chapters 6-9 the perspective
of the role of the GIS is once again different from the other Chapters, as its melt wa-
ter fluxes are viewed upon as climate forcings, but because its height and extent are
kept at pre-industrial levels, these GIS characteristics serve as boundary conditions. A
description of the changes in the extent and height of the GIS during the LIG can be
found in Section 1.4.
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Fig. 1.6: Schematic overview of the global ocean circulation with relatively warm near-surface currents
in red, cold deep current in blue, bottom currents in purple and the approximate sites of deep water
formation indicated by yellow circles. Modified by Rahmstorf (2002) from the original by Broecker
(1990).

1.2.5 Atlantic meridional overturning circulation

Another central theme in this dissertation is the Atlantic meridional overturning cir-
culation (AMOC; Figure 1.6). The global ocean circulation is important in redistribu-
ting, amongst many other things, heat and salt over the globe (Johns et al., 2011).
The AMOC is a conceptual model that describes the Atlantic part of the global ocean
circulation (Broecker, 1990). It consists of a wind-driven and a density-driven part
and transports surface waters from the SH across the equator into the high latitudes
of the NH, where they sink into the deep ocean to form a deep return current. The
density-driven part of the AMOC is controlled by temperature and salinity differences
of the water. The global reflection of this density-driven ocean circulation is often
referred to as the thermohaline circulation or THC. However, since the effects of the
two main drivers – wind and density – are not easily separated we will only discuss
the AMOC. Essential in the concept of the AMOC, is the formation of so-called deep
waters in specific deep water formation regions (Broecker, 1990). In the present-day
climate such regions can be found around Antarctica, in the Nordic Seas, the Labrador
Sea, the Irminger Sea and the Mediterranean Sea (Marshall & Schott, 2002; Pickart,
1992). Central elements in deep water formation are high density surface waters, a low
vertical density gradient and consequently a low buoyancy of the surface waters that
precondition the water column to be thoroughly mixed by the action of wind-related
surface stresses (Ganopolski & Rahmstorf, 2001; Kuhlbrodt et al., 2007). High density
surface waters can result from strong cooling due to heat loss to the overlying atmo-
sphere and from increasing salinity, either by advection of high saline waters, a surplus
of local evaporation over precipitation or by brine rejection during the formation of
sea ice. A change in the buoyancy of the surface waters in a deep water formation re-
gions can result in major changes in the configuration of the AMOC (Broecker, 1990;
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Rahmstorf, 2002; Hofmann et al., 2009).

Observations showe that the present-day AMOC has a meridional volume transport of
18.7Sv across the Atlantic at 26.5◦N (1Sv = 1*106m3s−1; Rayner et al., 2011). This
transport results in an important inflow of warm surface waters into the high latitude
eastern side of the North Atlantic and therewith a strong impact on the climate of
north-western Europe. Climate models are well capable of capturing this important
part of the global ocean circulation. However, model inter-comparison studies have
shown that they tend to differ strongly in a number of aspects: in the volume trans-
port of the present-day AMOC (ranging between ∼15-25Sv); the locations of the major
sites of deep water formation; and the stability of the AMOC to perturbations of the
system (Stouffer et al., 2006; Rahmstorf et al., 2005; Gregory et al., 2005). However,
because of the complexity and vastness of the real ocean, it is not yet possible to pro-
vide better observational constraints for these aspects of the AMOC (Rayner et al.,
2011). As a consequence, climate models exhibit different sensitivities of the AMOC to
perturbations of the surface buoyancy in deep water formation regions that result for
instance from climate warming (Gregory et al., 2005) or from increased melting of the
GIS (Jungclaus et al., 2006; Driesschaert et al., 2007; Swingedouw & Braconnot, 2007).
Through comparison of proxy-based reconstructions and climate model experiments,
such as presented in Chapters 5-9, palaeoclimate researchers try to better constrain
these aspects of the AMOC.

1.3 Investigating palaeoclimate

The tools used to investigate past climate change are diverse - field observations, sta-
tistical methods, statistical models, observation based models, physical models etc -.
Here we will focus on two types of tools: proxy-based reconstructions and numerical
climate models.

1.3.1 Proxy-based palaeoclimate reconstructions

To reconstruct climate change for past periods beyond the observational record, one
needs to apply so-called proxy-based techniques. This means in general that one: de-
scribes a present-day relation between a climatic variable and some measurable quan-
tity; and then applies this relation to explain past variations in the same measurable
quantity as found in a proxy archive, in terms of changes in the climatic variable. Such a
relation has, for instance, been found between present-day temperatures and the types
of vegetation at a certain location (e.g. Webb & Bryson, 1972). Through the analyses of
fossil pollen and spores retrieved from sediment cores one can deduce the plant species
that grew at the site in the geological past and therewith, using the described present-
day temperature-vegetation relation, reconstruct the according palaeo-temperatures.
Such an approach would, ideally, yield an estimate of palaeoclimatic variables with
an uncertainty that solely stems from measurement errors. However, the observed
relation between the climatic variables and the measurable quantity is never perfect
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(Birks, 1981; Sally & Thompson, 1983). In the example of the temperature-vegetation
relation, factors like precipitation, soil moisture, wind, nutrient availability and atmos-
pheric CO2 concentrations might, among many others, also play a role. Moreover,
there is an important limitation to this approach because it assumes that the observed
relation is stationary in time, an assumption that is unlikely to be true (Birks, 1981).

Potentially, the number of palaeoclimate proxies is virtually unlimited, since nearly
everything on Earth is somehow impacted by changes in the climate (Davis, 1978).
However, for every palaeoclimate proxy the relation with the climate is limited, as
described above for fossil plant pollen (Braconnot et al., 2012). Another vital and of-
ten problematic aspect of proxy-based climate reconstructions is the need for accurate
dating of the climate signal. Despite tremendous efforts over the last decades, dating
palaeoclimate records from the LIG remains problematic (Waelbroeck et al., 2008), an
issue that will be addressed more thoroughly in Section 1.4.

In the following, a short introduction will be provided for the proxies that are discussed
within this doctoral dissertation: temperatures based on pollen, alkenones and ice-core
data; and deep ocean circulation changes based on δ13C and sortable silt.

Plants produce pollen in large quantities, which are partly buried in the sediments to
become part of the geological archive. The abundance of pollen and the identifica-
tion of certain plant types and communities, provide strong indications of the climatic
conditions that prevailed during plant growth. By comparing the reconstructed plant
communities and pollen abundances with modern analogues and their dependence on
climate variables like temperature and precipitation, a quantification of past changes
in temperature and precipitation can be made (Overpeck et al., 1985; Guiot, 1990).

Coccolithophora are a type of marine algae that synthesise a lipidic organic compound
called alkenones (Brassell et al., 1986; Thierstein & Young, 2004). Through a physio-
logical response, the unsaturation degree of the alkenones increases if the temperature
changes (Prahl & Wakeham, 1987; Prahl et al., 1988; Epstein et al., 2001). This can
be measured on alkenones retrieved from deep-sea sediments and used to quantify past
temperature changes. As coccolithophora need sunlight, alkenone-based temperatures
provide an estimate of the temperature of the upper part of the water column. Calibra-
tion of alkenone measurements to present-day surface ocean temperatures has revealed
an overall good match with annual mean temperatures (Rosell-Melé, 2013). However,
several local processes, like upwelling along ocean-basin margins or surface transport,
can influence the signal and introduce biases (e.g. Sicre et al., 2005; Rühlemann &
Butzin, 2006).

Ice-core-based temperature reconstructions used in this doctoral dissertation are so-
called precipitation-weighted condensation temperatures based on stable water-isotope
ratios (δ18O). These ratios are dependent on the atmospheric temperature on conden-
sation and water vapour distillation (Jouzel et al., 2003; Masson-Delmotte et al, 2006;
Jouzel and Masson-Delmotte, 2010b). Through calibration to present-day observa-
tion, quantitative temperature reconstructions are possible. However, an important
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complicating factor is that the stable water isotope temperature relationship may vary
through time. This can be through changes in the season in which the precipitation
predominantly fell (Sime & Wolff, 2011; Laepple et al., 2011), changes in the source
from which the water vapor originates and the trajectory towards the ice-core site
(Stenni et al., 2010) and finally, through changes in the topography of the ice-sheet
(Bradley et al., 2012).

An important part of this thesis deals with past changes in deep ocean circulation.
In this doctoral dissertation two proxy-based methods to reconstruct past ocean cir-
culation changes are discussed, namely δ13C and sortable silt. Reconstructions of the
carbon isotope composition (δ13C) of benthic (deep-sea dwelling) foraminifera reflects
the δ13C signal of the carbon dissolved in the ocean water in which the foraminifera
lived. This signal depends on changes in the carbon cycle, e.g. changes in the terrestrial
biosphere, marine biology and nutrient availability, as well as on changes in the climate
system, like changes in air-sea exchange and transport pathways and speeds. Notwith-
standing that the deep sea δ13C signal is a highly complex one, it is through changes in
transport pathways and flow speeds that the time that has elapsed since a particular
water mass was last at the ocean-atmosphere interfase can change, proving information
on the ventilation of deep ocean water masses (Shackleton, 1977; Duplessy et al., 1981).

The reconstruction method commonly referred to as sortable silt, is based on mea-
surements of the grain size characteristics of the sortable silt fraction retrieved from
deep ocean sediment cores. Past changes in the grain size characteristics are thought
to be largely determined by changes in the speed of local bottom currents (McCave
et al., 1995; McCave & Hall, 2006; Thornalley et al., 2013b,a). By investigating the
present-day local hydrographical conditions, one can connect local bottom currents
to larger deep ocean circulation patterns. However, whenever using the sortable silt
proxy to reconstruct past deep ocean circulation changes, one should carefully consider
whether the present-day relation between local bottom currents and large scale deep
ocean circulation is likely to have remained largely unchanged.

1.3.2 Palaeoclimate modelling

The response of the climate system to a perturbation is highly complex and non-linear
(Hansen et al., 2012). This makes that under a given perturbation, not only the cha-
racteristics of the climate, but also the functioning of the climate system itself and
the interactions between the different components are ever changing, on timescales
ranging from years to millions of years (Rial et al., 2004). Because of this complexity,
numerical climate models are needed to project how the climate will change, be it in
the coming century or in the geological past. In numerical climate model, numerical
methods are used to simulate the interactions between the different components of the
climate system. In the remainder of this dissertation, numerical global climate models
will be referred to as simply ’climate models’.
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Fig. 1.7: The climate modelling pyramid. A schematic illustration of the position of various types
of climate models as a function of the complexity of the interactions between dynamics, radiation,
surface processes and chemistry. The different interactions for a type of model are spanned by the its
blue surface while for models that only include interactions for a single process, a red dot is given.
Progression up the period indicates higher complexity. Figure from (McGuffie & Henderson-Sellers,
2014).

In theory, a climate model would solely use physical, biological and chemical principles
to describe the climate system in any period of time - past, present or future -, in
which case the only sources of uncertainty are the boundary conditions (for instance
measurements of topography and bathymetry) and the forcings (for instance the trans-
fer of energy and mass into the climate system via the top of the atmosphere or the
atmosphere-lithosphere boundary). However, in practice computational power is li-
mited and thus no single climate model can deal with all spatial and temporal scales
or resolves all components of the climate system (Claussen et al., 2002). Moreover,
not all interactions in the climate system are sufficiently understood (Stocker et al.,
2013). The climate feedbacks and processes that play at temporal or spatial scales
which are not explicitly resolved by the climate model or take place within a compo-
nent of the climate system that is not included, have to be approximated (McGuffie
& Henderson-Sellers, 2014). There are for instance no global climate models that ex-
plicitly resolve the formation of clouds because the spatial scales at which this process
occurs - micrometres to kilometres - is smaller than a single global climate model grid
cell. The impact of clouds on the radiative balance, on precipitation formation etc.
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thus has to be approximated through a so-called parameterisation: a description of
the approximated process in terms of climate variables that are explicitly resolve in
the climate model (McGuffie & Henderson-Sellers, 2014). Despite tremendous efforts
and the complexity of such parameterisations, cumulatively they result in biases in the
simulated climate compared to the observed present-day climate.

In the construction of a climate model choices have to be made that will limit either
the length of a climate model experiment, the included climate feedbacks and/or the
temporal and spatial resolution of the model. This trade off has led to different types
of climate models, ranging from the simplest 0-dimensional energy balance models, via
earth system models of intermediate complexity (EMIC) to general circulation models
(GCM; Claussen et al., 2002). This hierarchy of climate models and the choices that
have to be made can be visualised in a so-called climate modelling pyramid (Figure 1.7).
It shows the position of a number of different types of models as a function of comple-
xity and four primary processes (dynamics, radiation, surface processes and chemistry;
McGuffie & Henderson-Sellers, 2014). In this dissertation we will use both GCMs and
EMICs. In a GCM, the Navier-Stokes equations are solved for 3-dimensions and for
the whole globe but because GCM simulations are mostly limited to several hundreds
of years, slow feedbacks like changes in the deep ocean circulation are not well resolved.
In EMICs on the other hand, simplifications are made in terms of the Navier-Stokes
equations and/or in the dimensions for which the equations are solved. But these
simplifications make that long, multi-millennial simulations can be performed which
enables the study of slow feedbacks in the climate system. Moreover, they enable more
components of the climate system and more interactions to be included in the EMICs
(Claussen et al., 2002).

Since no single climate model can incorporate all components of the climate and cap-
ture all spatial and temporal scales, the inter-comparison of the results from all these
different models is essential (Braconnot et al., 2012). An important platform that
coordinates and initiates palaeoclimate inter-comparison studies is the Paleoclimate
Modelling Intercomparison Project (PMIP). This project, which is currently in its
third phase (PMIP3; http://pmip3.lsce.ipsl.fr/), aims at providing ”... a mechanism
for coordinating palaeoclimate modelling and model-evaluation activities to understand
the mechanisms of climate change and the role of climate feedbacks.” (Braconnot et al.,
2012). The results that will be presented in Chapters 2-4 are, to a large extent, resul-
ting from efforts within the PMIP3 community.

In the above, we have described why climate model experiments have to deviate from
the distinction between forcings, feedbacks and boundary conditions that was described
for the real climate system in Section 1.2.1. However, there is another reason why
palaeoclimate modellers do not always follow this description of the climate system.
In so-called sensitivity experiments one can consider an actual feedback as a boundary
condition or forcing to test the importance of this process. For example, one can fix
all climate-relevant chemistry that takes place in the different components of the cli-
mate system. In this way a large number of feedbacks is not taken into account and
the concentration of for instance the GHGs would have to be prescribed and viewed
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upon as forcing rather than feedback. This approach is taken in all Chapters of this
dissertation. The main exception is found in Chapter 9, where carbon chemistry is
included in the model, although the related radiative forcing is decoupled from these
calculations and is still prescribed. Another type of sensitivity experiment is presented
in most experiments in Chapters 5-9, where all dynamic ice-sheet-climate interactions,
or more specifically for the GIS, are neglected; rather the ice sheets height and albedo
are taken as boundary conditions and melt water fluxes are prescribed as forcings.

A final note on the limited spatial resolution of a climate model, is the difficulty in
comparing point data - be it temperature observations or a temperature reconstruc-
tion based on pollen retrieved from a sediment core - to grid cell scale quantities in
the context of a climate model. In combination, the uncertainties in proxy-based re-
constructions and in palaeoclimate modelling make the comparisons between the two,
so-called model-data comparisons, not only extremely complex but also imperative
(Braconnot et al., 2012).

1.3.3 The LOVECLIM Earth system model

In this dissertation, the LOVECLIM model has been employed to study the LIG
climate. LOVECLIM is a so-called 3-dimensional EMIC. It is composed of an at-
mospheric part (ECBilt), sea-ice-ocean model (CLIO) and terrestrial biosphere (VE-
CODE), though the latter is not included in the LOVECLIM experiments presented in
Chapters 2-4. In the following, the most important aspects of the LOVECLIM model
are discussed, for a more thorough description see Goosse et al. (2010). LOVECLIM
has a low spatial resolution compared to state-of-the-art GCMs and a number of sim-
plifications have been applied to the model physics, especially in the atmospheric part
of the model. These choices have been made for a number of reasons. Firstly, the
lower resolution makes that LOVECLIM runs much faster than a GCM, enabling both
more and longer experiments. Running a 10ky simulation would take approximately
10-20days with the LOVECLIM model while with a typical PMIP3 type of GCM this
would take on the order of 1-2yrs. Secondly, a low resolution atmosphere has been
chosen because the focus is on centennial to millennial palaeoclimate research, a time
scale on which the oceans can be regarded as the main driver of the climate with a
more passive role for the atmosphere (Palaeosens Project members, 2012).

The atmospheric model ECBilt (Opsteegh et al., 1998) has a horizontal resolution of
approximately 5.6◦ latitude by 5.6◦ longitude (T21) and three vertical levels (at 800
hPa, 500hPa and 200hPa) with only the thermodynamics of the stratosphere being
included. ECBilt is based on a formulation of the quasi-geostrophic potential vorticity.
The ageostrophic terms are not explicitly solved, but they are included as diagnostics
based on the vertical velocity and the horizontal divergence (Opsteegh et al., 1998).
Humidity and precipitation are simplified by assuming a dry atmosphere above 500hPa
and by fully parameterising convective precipitation. Cloud cover is not a prognostic
variable in the LOVECLIM model, it is prescribed according to climatology and is thus
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Fig. 1.8: Schematic showing the components of the iLOVELIM model that are currently present and
for which the coupling to iLOVELIM is planned in the near future (the VAMPER permafrost model,
the ICB ice berg model and the MEDUSA sediment model). The inclusion of carbon and oxygen
isotopes in the different model components is shown by the respectively green and red bounding boxes.
Figure from Didier M. Roche.

fixed to the present-day configuration. Because of the treatment of the ageostrophic
terms, the cloud cover and convective precipitation, the model performance compared
to observations, is relatively poor in the low-latitudes compared to the mid and high
latitudes (Goosse et al., 2010). Climate forcings, like changes in insolation, GHG con-
centrations, volcanic or solar forcing, are all treated in the same way in LOVECLIM:
they impact the solar constant reference value of 1365Wm−2. However, through the
large spatial and temporal differences in how these forcings impact the solar constant,
the simulated impact of these different forcings on the climate is by no means the same.

The land-surface component of the ECBilt model calculates bottom moisture through
a simple grid-cell based bucket model that has a maximum water content that de-
pends on the vegetation cover of that particular grid cell. The actual volume of water
in a bucket is then a function of evaporation, precipitation and snow melt, with all
water that exceeds the bucket’s maximum water content being transported to the cor-
responding river outflow instantly.

The sea-ice-ocean model CLIO is formed by the coupling of a relatively comprehensive
sea-ice model and an ocean GCM (Goosse et al., 1997). It computes flow following
the Boussinesq approximation of the Navier-Stokes equations on a grid with a hori-
zontal resolution of 3◦ latitude by 3◦ longitude and with 20 unequally spaced vertical
levels (ranging from a level of 10m thickness at the surface to a thickness of ∼750m
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for the deepest level). CLIO has a free surface and splits the equations of motion into
a 2-dimensional barotropic mode, with a time step of 5 minutes, and a 3-dimensional
baroclinic mode that is resolved with a 3 hour time step.

In the coupling between ECBilt and CLIO (Goosse et al., 2001, 2002), no flux cor-
rections are applied for stress and heat. However, a flux correction is applied for the
fresh water flux, the sum of precipitation, evaporation, river runoff and sea-ice melt.
Because ECBilt overestimates precipitation over the Atlantic and Arctic Oceans (Op-
steegh et al., 1998), the flux of freshwater between ECBilt and CLIO is reduced by 8.5%
and 25% respectively to avoid a too large drift in the ocean towards a too weak AMOC
compared to present-day estimates (Goosse et al., 2001). To conserve mass, the excess
precipitation is homogeneously dumped in the North Pacific, a region in which ECBilt
underestimates precipitation for the present-day climate (Opsteegh et al., 1998).

ECBilt-CLIO is coupled to a terrestrial biosphere model VECODE (Brovkin et al.,
2002). It is a dynamic global vegetation model with a strongly reduced complexity
and it simulates changes in vegetation on timescales ranging from decades to millenia.
Each grid cell consists of a certain fraction of the two included plant functional types
(trees and grasses) with the remaining cell area being covered by desert. The impact of
the climate on the vegetation is parameterised through the growing degree-days above
0◦C and annual mean precipitation. In turn, the vegetation cover impacts the climate
via the surface albedo and the leaf-area-index, which has an effect on the water storing
capacity of the soil.

The LOVECLIM model is based on the ECBilt-CLIO-Vecode model, be it with signifi-
cant improvements in for instance the radiative scheme and the parameterisation of
the surface fluxes (see Goosse et al., 2010, for details). LOVECLIM has been used in
various PMIP2 and PMIP3 studies, focusing on past climatic periods like the Holocene
(e.g. Renssen et al., 2002, 2003, 2005c, 2006b, 2009, 2012; Goosse et al., 2005; Wiersma
& Renssen, 2006), the Last Glacial Maximum (e.g. Otto-Bliesner et al., 2007; Bracon-
not et al., 2007; Roche et al., 2012), Marine Isotope Stage 3 (Van Meerbeeck et al.,
2009), previous interglacial periods (e.g. Yin & Berger, 2009, 2010, 2011; Berger & Yin,
2012; Loutre et al., 2014) and the coming centuries (e.g. Swingedouw et al., 2006, 2008;
Driesschaert et al., 2007; Swingedouw & Braconnot, 2007; Huybrechts et al., 2011). A
substantial number of these studies focus on the global ocean circulation in relation to
changes in the freshwater budget (e.g. Renssen et al., 2002, 2005a; Swingedouw & Bra-
connot, 2007; Swingedouw et al., 2006, 2008; Wiersma & Renssen, 2006; Driesschaert
et al., 2007).

Further development of the LOVELIM model has resulted in a new model branch,
referred to as the iLOVECLIM model (Roche & Caley, 2013). In this version, the
non-publicly available components of the LOVELIM model, the LOCH ocean carbon
cycle model and the AGISM ice sheet model (Goosse et al., 2010), have been replaced
by new components. The iLOVECLIM model includes full carbon cycle dynamics,
including important carbon isotopes (Bouttes et al., 2014, see also Chapter 9 of this
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Tab. 1.1: Comparison of 4 key parameters in the three different version of the LOVECLIM model
used in the different chapers of this thesis: Version 1 is LOVECLIM-1.2, described by Goosse et al.
(2010), available on http://www.elic.ucl.ac.be/modx/elic/index.php?id=81 and used in PMIP3 model
inter-comparison studies; Version 2 is a first code fork from Version 1; Version 3 is iLOVECLIM as
described by Roche (2013). The four parameters are: the maximum overturning streamfunction in
the North Atlantic, the global ocean temperature, annual NH sea-ice area and annual SH sea-ice area.
All parameters are averages over the last 100yrs of equilibrium simulations that were run for several
thousands of years under LIG (130ka) boundary conditions. The standard deviations (1σ) are based
on yearly averages over this 100-year period.

Model AMOC Global Ocean NH sea ice SH sea ice
strength (Sv) temperature (◦C) 1012km2 1012km2

Version 1 22.44±2.85 2.72±0.0025 8.96±0.48 13.15±0.80
Version 2 22.54±2.16 2.86±0.0046 8.25±0.48 11.80±0.75
Version 3 21.82±3.08 2.87±0.0045 8.23±0.43 11.63±0.75

dissertation), oxygen isotopes in all components of the model (Roche & Caley, 2013)
and furthermore the coupling to an ice-sheet model, ice-berg model, permafrost model
and marine sediment model are currently underway (see Figure 1.8). Note that the
latter five components are not included in this dissertation research.

The development of the different versions of the LOVECLIM model has not only led to
the addition of more model components, but also to slight adjustments of the original
model. Because of this, the models used in the different Chapters of this dissertation
are not strictly the same climate model. The experiments in Chapters 2-4 and all ex-
periments that are part of PMIP3 have been performed with the LOVECLIM1.2 version
that is available online at: http://www.elic.ucl.ac.be/modx/elic/index.php?id=81. The
simulations in Chapters 5 and 6 have been performed with a preliminary code fork of
the LOVECLIM1.2 model, a version that was in use prior to the release of iLOVECLIM-
1.0. Finally, Chapters 7-9 are based on simulations with iLOVECLIM1.0. Although
no thorough comparison of the two versions of the LOVECLIM model has been per-
formed to this day, the impact on the model results is likely small since the model
physics and parameterisations have remained largely unchanged. Nonetheless, small
differences between the three different model version included in this dissertation can
be found. To perform a first assessment of these differences we compared three early
LIG equilibrium simulations and find that there are indeed differences in the strength
of the AMOC, the global ocean temperature and the sea-ice area in both the NH
and the SH (see Table 1.1). Note however, that the internal variability of the model
(expressed in Table 1.1 by the standard deviation) is often large and that the initial
conditions of the three experiments were not identical. In the remainder of this disser-
tation the differences between the different LOVECLIM version are assumed negligible.
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1.4 Characteristics of the Last Interglacial climate

1.4.1 Reconstructions of the Last Interglacial climate

The Pleistocene interglacials were first recognised in the geological record by the pre-
sence of sediments, soils and geomorphic features that revealed the absence of glacial ice
in a region that was known to have been formerly ice covered. In the Alps the LIG can
be recognised as a step that separates two glacial river terraces (the ”Hochterasse” and
the ”Niederterasse”; Penck & Brückner, 1909). Evidence, in the form of warm-water
mollusks, of a previous relatively warm Pleistocene interval, the LIG, were first found
in continental sediment cores from the vicinity of the Eem River in the Netherlands
(Harting, 1875) and later described as the Eemian type-section by Zagwijn (1961).
In general, the Eemian can be seen as a continental European expression of the LIG
(Kukla et al., 2002). A more universal reflection of the glacial-interglacial cycles was
found in deep-sea sediment records (e.g. Emiliani, 1955; Shackleton, 1967, 1969, 2003).
δ18O measured in benthic foraminifera revealed periods with relatively light isotopic
values and periods with relatively heavy values (top panel in Figure 1.9). Lighter δ18O
values indicate smaller global continental ice volumes and therewith correspond to in-
terglacial periods (Emiliani, 1955). The most recent light isotope excursion before the
present interglacial is labeled MIS5e and is the reflection of the LIG in deep sea δ18O
values (e.g. Shackleton, 1967; Lisiecki & Raymo, 2005).

Establishing a global chronology for the LIG period has proven difficult, mainly be-
cause the LIG lies outside the range of radiometric 14C-dating (until approximately
40ka; Reimer et al., 2009). As a result of the complexity of both the climate system
and the signals recorded by climate proxies, the expression of the LIG - in terms of
begin, end and duration - is found to differ between different climate realms and from
one location to another (Cleveringa et al., 2000; Sánchez Goñi et al., 2012; Kukla
et al., 2002; Shackleton, 2003). Based on a large stack of globally distributed benthic
δ18O records, Lisiecki & Raymo (2005) found an age for the MIS6-MIS5 boundary of
130ka (throughout this dissertation [ka] is used to indicate thousands of years before
1950AD). The transition between MIS5e and MIS5d is set at 116ka (Lisiecki & Raymo,
2005). Benthic foraminifera δ18O chronologies often rely, however, heavily on orbital
tunning, calling for an independent dating of the LIG. This can be achieved through
reconstructions of mean eustatic sea level, which is inversely related to global conti-
nental ice volume. Coral reefs in tectonically stable regions provide estimates of mean
eustatic sea level and can be dated through uranium-series isotopes with a typical ana-
lytical uncertainty of <1ky (2σ) for samples of LIG age. Such efforts reveal a dating of
the start of the LIG around 130ka and an end between 115ka and 110ka (Muhs et al.,
2002). More recently, Veres et al. (2013) and Bazin et al. (2013) defined the so-called
Antarctic Ice Core Chronology 2012 (AICC2012) in a multi-proxy and multi-site ap-
proach using four Antarctic ice cores and the Greenland NGRIP record. They find the
LIG to be confined to 132.5-116.3ka. If the EPICA Dome C deuterium record (EPICA
com. members, 2004) is plotted on this AICC2012 chronology, a pattern very similar
to the benthic δ18O record is revealed (Figure 1.9). Throughout this dissertation we
will use the term LIG to loosely refer to the warm climatic episode between the last
and the penultimate glacial period.
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Fig. 1.9: Pleistocene glacial-interglacial cycles as recognized in benthic δ18O values and ice core
records over the last 800ky. Top panel shows part of the benthic foraminifera δ18O curve of Lisiecki
& Raymo (2005) on its own age scale with the marine isotope stages labeled from 1 to 20. Bottom
panel shows the Epica Dome C deuterium record (EPICA com. members, 2004) on the AICC2012
age scale (Veres et al., 2013; Bazin et al., 2013). The vertical grey band indicates roughly LIG period,
130-115ka, labeled as ’5’ in the top panel. The horizontal grey line in the bottom panel corresponds
to a value of -403 which has been chosen to limit the interglacial periods (EPICA com. members,
2004).

A large number of proxy-based temperature reconstructions indicate that temperatures
were above pre-industrial values during parts of the LIG. Compilations of individual
proxy-records of LIG temperatures have been attempted by the CAPE Last Inter-
glacial Project members (2006), Turney & Jones (2010) and McKay et al. (2011). The
CAPE Last Interglacial Project members (2006) compiled a large number of marine
and terrestrial records from the Arctic region showing that peak LIG temperatures
in this region were ∼5◦C above present-day levels. Turney & Jones (2010) compiled
a global dataset of 263 proxy-based temperature reconstructions spanning the LIG.
This includes ice-core based δ18O temperature estimates, three for Greenland and four
from East Antarctica; marine sea-surface temperature records obtained from different
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species (foraminifera, radiolarian and diatoms) and calibrated using a variety of meth-
ods (Mg/Ca, Sr/Ca and Uk37); and terrestrial temperature reconstructions based on
pollen (macrofossils and Coleoptera) using different techniques like modern analogue
and regressions. Because absolute dating of all these proxy-records is difficult, a LIG
temperature estimate is obtained by taking the average temperature across the LIG
δ18O plateau, or by taking the originally published LIG maximum temperature. The
compilation of Turney & Jones (2010) suggests that globally, annual temperatures
were 1.9◦C above pre-industrial values. The third compilation of LIG temperature,
by McKay et al. (2011), is comprised of 76 globally distributed marine temperature
records. They use reconstructed sea-surface temperatures based on Mg/Ca ratios in
foraminifera, alkenone unsaturation ratios Uk37 and transfer functions for radiolaria,
foraminifera, diatoms and coccoliths. The resulting temperature estimates at each site
are averages over a 5ky period centred on the highest reconstructed temperature in
the period 135ka to 118ka. The McKay et al. (2011) temperature compilation suggest
a global annual warming of the sea-surface temperature of 0.7±0.6◦C compared with
pre-industrial values. The two globally distributed temperature compilations (Turney
& Jones, 2010; McKay et al., 2011) furthermore suggest that the LIG did not warm
evenly across all latitudes, with larger warming at high latitudes compared to the lower
latitudes and with larger warming in the NH relative to the SH.

As a result of these higher than present-day temperatures, eustatic sea level reached
a maximum around 124ka that exceeded with 95% probability a level of +6.6m com-
pared to present-day, and with 67% probability it even exceeded +8.0m (Kopp et al.,
2009). These high sea levels were a consequence of a combination of factors, including
thermal expansion of the global ocean and meltwater from mountain glaciers, the GIS
and the Antarctic Ice Sheet. Quantifying the contribution of the individual factors is
difficult (see the review by Alley et al., 2010), but values that have been put forward
in literature are 0.4±0.3m for thermal expansion (McKay et al., 2011) and between
1m to 5.5m for GIS melt (Cuffey & Marshall, 2000; Colville et al., 2011; Stone et al.,
2013; NEEM com. members, 2013).

1.4.2 The Last Interglacial compared to previous Quaternary interglacial
periods

A large number of interglacial periods has been identified for the past millions of years
based on a stack of benthic δ18O records (Lisiecki & Raymo, 2005), of which the last
10 interglacials have also been found in the Antarctic Epica Dome C ice core (Masson-
Delmotte et al., 2010b, See Figure 1.9). These last 10 interglacials cover roughly the
last 800ky and the available information enables a comparison of these interglacial pe-
riods with the LIG. The Epica Dome C ice-core record from Antarctica reveals that
at this location, the LIG was the warmest interglacial over the last 800ky. Moreover it
shows high CO2 and CH4 concentrations for the LIG relative to the other interglacials,
even though reconstructed values for MIS9 and MIS11 are slightly higher (Masson-
Delmotte et al., 2010b). In line with these findings, reconstructed global ice volumes
are relatively small for the LIG, even though values for MIS11 are again slightly more
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extreme (Bintanja et al., 2005a). This comparison of the last 10 interglacial periods is
by no means complete, but already provides strong indications that the LIG was not
only significantly warmer than the present-day climate, it was also one of the warmest
periods over the last million year. This makes it a key period to study the functioning
of the climate under warmer than present-day conditions.

1.4.3 Previous modelling studies on the Last Interglacial climate

Already as early as 1984, climate model experiments have been performed that fo-
cussed on the LIG (Royer et al., 1984) and since then a large number of modelling
studies have followed. The majority of the LIG modelling studies published before
2007 are reviewed by Montoya (2007). Major results that were shown to be com-
mon to most models, independent of model complexity and resolution, are a summer
warming over the continents, a strengthening of the monsoons and an annual mean
warming for the high northern latitudes (Montoya, 2007). Since the publication of this
review article, the LIG has received increasing attention in the palaeoclimate modelling
community, resulting in a large number of publications on the topic (e.g. Otto-Bliesner
et al., 2006a; Gröger et al., 2007b; Kaspar et al., 2007; Braconnot et al., 2008; Born
et al., 2009; Herold & Lohmann, 2009; Swingedouw et al., 2009a; Born et al., 2010;
McKay et al., 2011). Note that in the following, we only take into account the LIG
modelling studies that were published before the work on this dissertation commenced.

The previously performed LIG modelling studies focussed on a number of aspects of
the LIG climate and did so through equilibrium experiments, transient experiments
and model-data comparisons. The majority of the modelling studies, investigate the
impact on the climate of the LIG’s strongly different orbital configuration compared to
present-day. Kaspar et al. (2007) compared two equilibrium experiments, 125ka and
115ka, with emphasis on the changes in the North Atlantic storm tracks. For 125ka
they find a strengthening, a northward shift and an extension of the storm tracks fur-
ther to the east (relative to a present-day simulation). In their simulation this leads
to an increase in winter precipitation over the northern parts of Europe. The opposite
is found for the 115ka simulation. Braconnot et al. (2008) revealed that changes in
precession are important in shaping the monsoon and Herold & Lohmann (2009) used
a GCM equipped with oxygen isotopes to show large changes in oxygen isotope values
over the African subtropical areas during the LIG insolation maximum. The study by
Born et al. (2009) showed an increase in Arctic sea-ice export induced by the strong
decrease in summer insolation at high northern latitudes between 126ka and 115ka.
In their model this effectively weakens deep water formation in the Labrador Sea and
therewith has a strong impact on configuration of the AMOC. Through a reorganisa-
tion of the subpolar gyre, convection in the Nordic Seas is maintained. Moreover, their
experiment explains the relatively warm temperatures reconstructed for Scandinavia
during the end of the LIG. They later confirmed these findings in a transient EMIC
simulation focussing again on the changes in the North Atlantic towards the end of
the LIG (Born et al., 2010). Swingedouw et al. (2009a) performed LIG modelling ex-
periments to study the impact of meltwater input to the North Atlantic and compared
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their results with experiments for a number of other geological periods. Their main
finding was a higher sensitivity of the climate to a meltwater input under glacial con-
ditions compared to interglacial conditions. The different interglacial climates did not
differ significantly in sensitivity to meltwater. Another transient LIG simulation was
performed by Gröger et al. (2007b) to investigate vegetation-climate feedbacks. They
find that this feedback increases the high latitude NH warming during the LIG and
impacts the climate of low latitude regions like the Sahel and Sahara. The two last
modelling studies discussed here, focussed on the overall climate warming during the
LIG (Otto-Bliesner et al., 2006a; McKay et al., 2011). In a LIG equilibrium simulation
Otto-Bliesner et al. (2006a) show a summer Arctic warming of up to 5◦C, a global cool-
ing of 0.7◦C and a NH warming of 1.3◦C with a concurrent NH sea-ice retreat of ∼50%.
McKay et al. (2011) simulated a slight cooling of global annual sea-surface tempera-
tures for the LIG thermal maximum, -0.4±0.6◦C relative to preindustrial conditions;
a finding that contrasted to the 0.7±0.6◦C warming they found in the compilation of
reconstructed LIG sea-surface temperatures.

1.5 Research questions

As previously stated, the LIG has strong potential to study climate model performance
for a warmer than present-day climate. Moreover, it allows us to study the impact of
a warmer climate on the GIS and what potential melting of the ice sheet could in
turn imply for general ocean circulation and the regional climate. The summary of the
state-of-the-art knowledge about LIG climate modelling given above, provides the point
of departure of the work presented in this doctoral dissertation. Though simulations
of the LIG climate have previously been performed and compared to reconstructed
LIG temperatures, no thorough and systematic model inter-comparison or model-data
comparison has been undertaken thus far. The large number of transient LIG cli-
mate simulations that has recently become available, combined with dedicated efforts
in producing a large coherent data-base of proxy-based temperature reconstructions
has now enabled such thorough and systematic model inter-comparisons and model-
data comparisons. Also the LIG meltwater experiments performed until now did not
systematically investigate the impact of different meltwater fluxes on the climate, or
compare model results with proxy-based reconstructions. The large number of lengthy
simulations needed for such a systematically investigation is not feasible by using an
EMIC. The important open questions with respect to palaeoclimate modelling of the
LIG climate, combined with the described availability of climate model experiments
and computing power, have led to formulate the following research questions within
two main themes:
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Multi-millennial LIG temperature evolution

➢ Which characteristics of the multi-millennial LIG temperature evolution are con-
sistently simulated by different climate models?
(Chapters 2 and 3)

➢ Can we identify causes of major differences in the simulated LIG temperature
evolution between different climate models?
(Chapters 2 and 3)

➢ Is the consistently simulated LIG temperature evolution in agreement with proxy-
based reconstructions?
(Chapter 3)

➢ To what extent do dating uncertainties in compilations of proxy-based LIG tem-
perature reconstructions impact the model-data comparison?
(Chapter 4)

Impacts of GIS melt on the LIG climate

➢ What is the simulated impact of different melt rates of the GIS on the LIG sur-
face climate and the strength and stability of the AMOC?
(Chapters 5-7)

➢ How do the simulated spatial changes in the LIG climate under the influence of
GIS melt compare with proxy-based reconstructions?
(Chapters 5 and 6)

➢ Can we simulate a LIG AMOC weakening resulting from GIS melt that is in
accordance with reconstructed changes in the strength of the AMOC in terms of
magnitude, timing and duration?
(Chapter 7)

➢ To what extent can studying the relation between GIS melt and the AMOC in
past warm periods inform us about the possible changes in the future?
(Chapter 8)

➢ Does a more direct model-data comparison of the LIG AMOC evolution, through
the simulation of changes in δ13C and flow speeds, lead to a deeper understanding
of past changes in deep ocean circulation?
(Chapter 9)


