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10.1 Main findings of this dissertation

The research in this dissertation aims at investigating the climate of the LIG with the
use of global climate models. More specifically, it focusses on the multi-millennial LIG
temperature evolution and on the relation between the partial melt of the GIS and
the strength of the AMOC during LIG. Here we will summarise the main findings of
this research and therewith provide answers to the research questions put forward in
Chapter 1.

Multi-millennial LIG temperature evolution

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

For the first time, a large model inter-comparison has been performed for transient
simulations covering the LIG. To enable these lengthy simulations (>10ky), the study
includes a number of experiments performed with relatively low resolution global cli-
mate models and a number of simulations with higher resolution global climate models
that have applied so-called acceleration techniques. Despite the very different resolu-
tion, complexity and, to some degree, forcings of the different climate model exper-
iments, overall consistent patterns in the evolution of LIG temperatures are found.
Chapter 2 focussed on spatial patterns and the seasonality aspect of the timing and
magnitude of the simulated LIG temperature maxima while in Chapter 3 the rate of
temperature change during the later part of the LIG was investigated.

The simulated consistent LIG temperature evolution can be summarised as follows.
An early LIG summer temperature maximum in the NH with temperatures ∼3◦C
above pre-industrial temperatures. This maximum is followed by a strong cooling
trend during the later part of the LIG, with a maximum rate of multi-millennial sum-
mer temperature change of ∼-0.6◦Cky−1 around 40◦N. Consistency in the evolution
of winter temperatures is much lower except for the low-to-mid NH latitude temper-
ature maximum at the end of the LIG and the corresponding slightly positive winter
temperature trends at these latitudes. At the low latitudes of both hemispheres and
the mid latitudes of the SH, the simulated temperatures are generally comparable to
pre-industrial temperatures. For the SH high latitudes, simulated LIG summer tem-
peratures reveal slightly positive temperature trends during the later half of the period
with a temperature maximum towards the end of the LIG. In contrast, SH high lat-
itude winter and annual temperatures peak during the early LIG and show a weak
decrease afterwards.

Whether or not a consistent LIG temperature evolution is simulated in a particular
region and during a particular season, is strongly linked to the presence of a strong
climate forcing. In most cases, this strong forcing is the evolution of insolation. The
clearest example is the consistency in the simulated summer temperature evolution in
the NH mid-to-high latitudes that is strongly linked to the sizable changes in summer
insolation at these latitudes. In the absent of a strong insolation forcing, like in the
high latitude SH winters, we find that the evolution of GHG concentrations can also
strongly increases the consistency among the models.
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➢ Can we identify causes of major differences in the simulated LIG temperature
evolution between different climate models? (Chapters 2 and 3)

The performed model inter-comparison has shown that the evolution of simulated tem-
peratures tend to differ for two main reasons: strong model dependent feedbacks or
large differences in the climatic forcings. In the high latitude winters, a strong forcing
is largely absent and therefore, sea-ice related feedbacks dominate the temperature
evolution. But sea-ice feedbacks in the Arctic region have been shown to be strongly
model dependent (Wang & Overland, 2009), providing an explanation for the lack of
a consistent temperature evolution. However, the model inter-comparison has also
shown that even if a strong forcing is at play, feedbacks can be so strong that they
overwhelm the impact of the climate forcing. This was found in the models that sim-
ulated large changes in the strength of the AMOC or changes in the monsoon regime.
Model-dependent feedbacks related to sea ice, the AMOC and monsoon dynamics thus
explain some of the inconsistency in LIG temperature evolution between different mod-
els.

The second cause of inter-model differences in the simulated LIG temperature evolution
relates to differences in the included climate forcings. Including a different GHG forcing
was found to impact the simulated LIG temperature evolution. Again this is effect is
most apparent in the absence of a strong insolation forcing like in the SH mid-to-high
latitude winter: an early LIG winter temperature maximum at the SH mid-to-high
latitudes is only found if the GHG evolution is taken into account, a maximum that is
also reflected in the simulated annual temperatures. As we identified in section 2.3.6,
a forcing of the LIG climate are remnants of glacial ice sheets, both through the direct
impact on the atmospheric circulation and Earth’s albedo and through the impact on
the global ocean circulation via concurrent meltwater fluxes.

Some of the described inter-model differences are clearly related to model resolution
and complexity, for instance the changes in the monsoon regions. However, such a
distinction could not be found in the simulated LIG evolution of the Arctic sea-ice
cover and the resulting winter temperatures. A better proxy-based constraint on the
LIG Arctic sea-ice cover and temperature evolution could potentially provide a good
benchmark to evaluate model performance with regard to feedbacks at play in the
Arctic region.

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

The consistently simulated LIG temperature evolution is overall in agreement with
proxy-based reconstructions in terms of the direction of the temperature changes. That
is, during the later half of the LIG, both simulated annual temperatures and recon-
structions show cooling trends. However, only between the equator and ∼30◦N do the
models capture the magnitude of the temperature changes, elsewhere simulated annual
temperature changes are too small and this model-data difference increases towards
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the poles.

If mid-to-high latitude temperature reconstructions based on alkenones and δ18O re-
trieved from ice cores are assumed to be biased towards the summer season, models
and data would be in good agreement for a larger part of the NH mid latitudes. How-
ever, the model-data mismatch for Greenland temperature trends would remain and,
for the SH mid-to-high latitudes, the mismatch would increase.

The SH mid-to-high latitude model-data mismatch is arguably the largest issue. The
simulations consistently show near-zero temperature changes at ∼40◦S where the re-
constructions reveal strongly negative temperature changes. Interestingly, both are
at odds with the strongly positive local summer insolation changes over this period.
An additional analysis has shown that, in the models, the positive summer insola-
tion changes are counteracted by increased upwelling of cold waters in the Southern
Ocean and by an increased summer sea-ice cover resulting from the negative insolation
changes during the spring season. The reasons and implications of this SH model-data
mismatch in interglacial temperature changes warrant further research.

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

Previous studies have revealed that simulated temperatures for the LIG thermal max-
imum are consistently lower than reconstructed values. However, because of dating
issues, LIG proxy-based temperature compilations are based on the flawed assump-
tion that the LIG thermal maximum occurred synchronously across the globe. A
flawed assumption since maximum insolation did not occur synchronously and more-
over, land-sea contrasts and climate feedbacks induce additional complexity. We have
used transient climate experiments to investigate whether this synchronicity assump-
tion results in a sizeable overestimation of LIG thermal maximum temperatures and
can therewith explain part of the model-data mismatch. The analysis shows that the
overestimation for annual temperatures is small and strongly model-dependent (global
mean 0.4±0.3◦C). However, for summer temperatures the calculated overestimation is
sizeable, more consistent among the different models (global mean 1.1±0.4◦C) and can
explain part of the reported model-data mismatch for LIG thermal maximum temper-
atures (0.67◦C; Otto-Bliesner et al., 2013). The same is true for the tropical region
(overestimation: 0.8±0.2◦C; model-data difference: 0.50◦C), but in the NH extrat-
ropics the results are inconclusive (overestimation: 0.8±0.5◦C; model-data difference:
0.67◦C) and for the SH extratropical regions the calculated overestimation is small
compared to the reported model-data difference (overestimation: 0.6±0.3◦C; model-
data difference: 1.40◦C).

Potential of investigating multi-millennial LIG temperature evolution
Since the main climate forcings, changes in insolation and GHG concentrations, are
relatively well constrained, the LIG yields the opportunity to investigate the dynamics
of the climate system under interglacial conditions on timescales that exceed those of
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the observational record. Especially the combination of the LIG with the PIG should
be better utilised because the similarity in the climate forcing makes that the differ-
ences between the two periods result largely from climate feedbacks that can thus be
better constrained through such research.

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)

Through a large number of sensitivity experiments the impact of different GIS melt
rates on the LIG climate has been investigated. We are able to distinguish between
three relatively stable, simulated North Atlantic climate regimes that exist because of
the non-linear interaction between GIS melt, sea-ice formation and deep convection.
All three regimes are characterised by a specific climatic fingerprint. In regime one,
the small size of the GIS melt forcing only effectively stops convection in the Irminger
Sea with a resulting reduction of the AMOC strength by 10-20% and a very localised
freshening and cooling of ∼1◦C. In regime two, deep convection in the Labrador Sea is
inhibited and as a result the strength of the AMOC is reduced by ∼40-60%. Moreover,
sea surface salinity in the Labrador Sea is strongly reduced (∼-3psu) and the Labrador
Sea gets almost fully covered by sea ice during winter. In regime two a July cooling
of ∼2◦C and a January cooling of up to 4◦C is simulated over the Labrador Sea and
the neighbouring continental areas, including large parts of Greenland itself. It is only
for very large GIS melt rates that a third regime is reached, a regime in which deep
convection in the Nordic Seas is reduced to nearly collapsed. In this regime the AMOC
is nearly shut down, Nordic Seas sea-ice cover strongly increases, a negative salinity
anomaly spreads over the whole of the North Atlantic and July and January temper-
atures in the Nordic Seas and large parts of Europe are decreased by several degrees.

Additional experiments investigating the hysteresis behaviour of the LOVECLIMmodel
show that only for very large GIS meltwater fluxes (>∼0.1Sv), the LIG AMOC is
characterised by two stable AMOC regimes, ’on’ and ’off’, for the same rate of GIS
melt. However, this result turns out strongly dependent on the model version that
is used, because for a version of LOVECLIM that is more sensitive to freshwater
perturbations, bistability of the AMOC is already reached for >∼0.03Sv. The same
analysis also revealed that the LIG AMOC is generally closer to bistability than the
pre-industrial AMOC.

➢ 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)

The so-called regime two, with a reduced AMOC strength because GIS melt inhibits
deep convection in the Irminger Sea and Labrador Sea, compares best with proxy-based
reconstructions of LIG deep ocean circulation. The simulated climate in regime two
improves the model-data comparison of LIG surface temperatures in the North Atlantic
region compared to a unperturbed LIG simulation. Finally, the simulated climate in
regime two agrees well with an apparent contradictory results found in proxy-based
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reconstructions: a situation in which the time temperatures over South-Western Eu-
rope attained maximum interglacial values while at the same time the AMOC had not
reached full, present-day like strength (Sánchez Goñi et al., 2012).

➢ 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)

Perturbing the climate with a substantial flux of GIS meltwater improves the model-
data comparison of the deep ocean circulation and surface temperatures in the North
Atlantic region during the early part of the LIG. However, proxy-based reconstructions
suggest that a relatively weak AMOC persisted for several thousands of years and it
can be questioned if this can be simulated with realistic volumes of GIS meltwater.
In a large number of sensitivity experiments, we tested the importance of all major
uncertainties embedded in this type of GIS melt simulation. The sensitivity experi-
ments proved that within the parameter space of uncertainties it is possible that, in
the context of the LOVECLIM climate model, early LIG GIS melting kept the AMOC
weakened for ∼3ky. However, the necessary GIS melt scenario is at the extreme end of
the parameter space of uncertainties, showing that it is not likely that early LIG GIS
melt was the sole cause of the sustained weakened AMOC. We found that it is more
probable that the AMOC weakening was at least partly caused by other forcings than
early LIG GIS melt. Another possibility is that the early LIG AMOC was in reality
less stable than the present-day AMOC, meaning that only a small that only a small
amount of GIS melt was needed to force the AMOC into the weaker state through
hysteresis behaviour.

➢ 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)

One of the main reasons to study the impact of GIS melt on the AMOC during the
LIG period, is to deepen our understanding of the possible impacts of GIS melt in a
warmer future climate. However, a major assumption behind this approach is that
the GIS melt - AMOC relation is largely independent of the background climate. We
investigated the validity of this assumption by performing identical GIS melt experi-
ments under different, past (PIG and LIG) and future (AR4 scenarios), warmer than
present-day conditions. The results revealed a highly complicated picture and imply
that this assumption should not be made lightly.

For GIS melt fluxes below 0.054Sv, the GIS melt - AMOC relation differs between the
past and the future simulations. It proved crucial that past, insolation-driven warm
climates like the LIG are characterised by changes in seasonality while this is not the
case for future, GHG-driven warm climates. The increase in seasonality and concur-
rent winter cooling during past warm periods impacts sea-ice formation, therewith the
distance between the sea ice and the convection regions. The latter, in turn, changes
the sensitivity of the AMOC to GIS melt. However, the results turned out to be highly



269 10.1. Main findings of this dissertation

dependent on the version of the iLOVECLIM model used.

For GIS melt fluxes over 0.072Sv, the AMOC sensitivity to GIS melt was very si-
milar for past and future warm periods. The described complexity in the GIS melt -
AMOC relation under different background climates shows that care should be taken
when inferences about the climate system based on palaeoclimate research are extrap-
olated into the future; even if the palaeoclimates were characterised by warmer than
present-day temperatures. Notwithstanding that LIG GIS melt and the response of
the AMOC is not a straightforward analogue for the impacts of future GIS melt, the
described complexity and dependency of the results on the model version that is used,
only emphasise the necessity of evaluating model performance through palaeoclimate
modelling.

➢ 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)

Reconstructions of past changes in the AMOC are often based on changes in deep
sea δ13C and flow speeds (sortable silt measurements), that are in turn compared
to simulated changes in the meridional overturning streamfunction or changes in the
meridional heat transport across the Atlantic. This indirect model-data comparison
strongly limits palaeoceanographic research. We investigated if a deeper understanding
of past ocean circulation changes can be gained by directly comparing the evolution of
simulated and reconstructed δ13C and flow speed estimates.

Within the framework of iLOVECLIM, the evolution of deep sea δ13C proves a good
proxy for changes in the AMOC strength over extensive parts of the Atlantic and at
most depths of the ocean. In a number of regions, like the Nordic Seas and at certain
depth levels throughout most of the Atlantic, the δ13C signal is complicated by changes
in the atmospheric δ13C signal over the main deep convection regions, the Nordic Seas
and the Southern Ocean. Investigation of the δ13C signal on a more local scale, reveals
that, for a given water mass, δ13C does not allow to differentiate between changes in
the strength of the AMOC or vertical migration of the different water masses.

Simulations of flow speed on the other hand, provide a signal that can only reflect
changes in the strength of the AMOC in very specific regions. Because of this, a
flow speed proxy does not appear suited for large scale model-data comparisons of the
evolution of the AMOC strength. However, in specific regions like the DWBC, the
simulations show that flow speed reconstructions have a high potential because they
allow to describe the vertical movement of specific water masses and their boundaries.

A preliminary model-data comparison for the northern part of the DWBC, provides
an interesting first example of how the combination of δ13C and flow speed in a model-
data approach, has a high potential to obtain more in-depth knowledge about past
deep ocean circulation changes. However, the presented model-data comparison is far
from straightforward and more research is needed to deduce the true potential of the
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proposed methodology. This could, for instance, be done by looking at more recent ge-
ological periods that are characterised by large changes in the AMOC, like the Younger
Dryas.

Potential of investigating the climatic impact of GIS melt during the LIG
It remains uncertain whether the partial melting of the GIS during the LIG period had
a discernible impact on the climate. Intensified research and better time constraints
on the palaeoclimatic archives are needed to properly evaluate this. Nonetheless, it
is very likely that during parts of the LIG, the GIS had a smaller than present-day
volume with concurrent changes in its elevation, extent and meltwater fluxes. Showing
that these changes did not have a discernible impact on the LIG climate would just as
well provide insight in the sensitivity of the climate.

10.2 Discussion and Outlook

The studies presented in this dissertation provide a number of new insights into the
evolution of the LIG climate and the dynamics and stability of the climate system under
warmer than present-day conditions. Obviously, a far greater number of questions
remain to be elucidated, a couple of which also emerged through this dissertation.
In this section several questions will be addressed that I consider central themes in
palaeoclimate modelling research. The list of themes is by no means intended to be
exhaustive.

10.2.1 The LIG as an analogue for the future?

The interest in the LIG climate largely stems from studies that have shown warmer
than present-day temperatures, especially for the NH mid-to-high latitudes, because in
these areas, the situation is potentially similar to the predicted climate of the coming
decades to centuries. This resemblance provides an interesting testbed for climate mod-
els and the opportunity to investigate the importance of feedbacks in such a warming
world, feedbacks that relate for instance to sea ice, the GIS, the Antarctic ice sheets,
the AMOC, permafrost and vegetation. However, a recurring and key questions is
whether the LIG is suited as an analogue for the predicted changes of the (near) fu-
ture. A near-perfect analogue for predicted future warming would be a past climatic
episode that was characterised by global year-round temperatures that were a couple
of degrees above present-day resulting from a globally and seasonally uniform radia-
tive forcing. Moreover, this period should have ice sheets present on both Greenland
and Antarctica, extensive permafrost areas in the NH high latitudes and, finally, have
topographic boundaries similar to present-day. This analogue does not exist in the ge-
ological past. A period in which the Earth experienced a GHG forced warming above
present-day conditions, the Paleocene-Eocene Thermal Maximum about 55 million
years ago, occurred around 50 million years before NH ice sheets started to develop.
Moreover, we should consider that further back in time, proxy-based palaeoclimate
reconstructions become increasingly sparse and less temporally resolved, prohibiting


