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Résumé : Cette thèse est consacrée à l’étude de 

l’interaction cryosphère-climat depuis le milieu 

du Pliocène jusqu’au quaternaire pendant 

l’installation pérenne de la calotte 

groenlandaise. Nous étudions d’abord les causes 

du développement et de la disparition de 

l’importante mais courte glaciation qui a eu lieu 

pendant le stade isotopique marin M2 (MIS M2 

3.264-¬3.312 Ma). Ensuite, dans le cadre du 

programme international sur la modélisation du 

Pliocène (PLIOMIP2), nous étudions le climat 

de la période chaude du Plaisancien moyen 

(MPWP, 3.3-3.0Ma). Enfin, la troisième 

période étudiée est la transition Plio-Pléistocène 

transition (PPT, 3.0-2.5Ma), que nous avons  

étudiée grâce à un couplage asynchrone entre un 

modèle de climat et un modèle de calotte. A 

travers ces différentes périodes, nous avons 

amélioré la connaissance des relations entre 

pCO2, tectonique et climat pendant la transition 

d’un monde chaud et riche en CO2 vers le 

monde  bien plus froid et à faible pCO2 des 

glaciations quaternaires. Ce résultat montre 

l’importance de mieux comprendre les relations 

entre dynamique océanique, pCO2 et climat.  
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Abstract : This thesis is devoted to 

understanding the interaction between 

cryosphere and climate from the mid Pliocene 

to the early Quaternary during the onset of 

Northern Hemisphere Glaciation (NHG).  

Firstly, we investigate the causes for the 

development and decay of the large but short 

living glaciation that occurred during Marine 

Isotope Stage 2 (M2, 3.264-¬3.312 Ma); 

Secondly, in the framework of the international 

Pliocene Model Intercomparison Project 

(PLIOMIP2), we study the climate of Mid-

Piacenzian Warm Period (MPWP, 3.3-3.0Ma). 

Thirdly, we explore the Plio-Pleistocene 

Transition (PPT, 3.0-2.5Ma) with an 

appropriate asynchronously coupled climate  

cryosphere model. Through these different 

periods, we provide a better understanding of 

the relationship between pCO2, tectonics and 

climat during the transition from a warm and 

high-CO2 world to the cold and low-CO2 

Quaternary glaciations. This work also points 

out the necessity to further study the link 

between ocean dynamics, carbon cycle and 

climate. 
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Summary

This thesis is devoted to understanding the interaction between cryosphere and cli-

mate from the mid Pliocene to the early Quaternary during the onset of Northern Hemi-

sphere Glaciation (NHG). Firstly, we investigate the causes for the development and decay

of the large but short living glaciation that occurred during Marine Isotope Stage 2 (M2,

3.264-¬3.312 Ma); Secondly, in the framework of the international Pliocene Model Inter-

comparison Project (PLIOMIP2), we study the climate of Mid-Piacenzian Warm Period

(MPWP, 3.3-3.0Ma). Thirdly, we explore the Plio-Pleistocene Transition (PPT, 3.0-2.5Ma)

with an appropriate asynchronously coupled climate cryosphere model. Through these

different periods, we provide a better understanding of the relationship between pCO2,

tectonics and climat during the transition from a warm and high-CO2 world to the cold

and low-CO2 Quaternary glaciations.

Unlike the late Quaternary glaciations, the MIS M2 glaciation, corresponding to a 20-

60m sea level drop only lasted 50 Kyrs and occurred under uncertain CO2 concentra-

tion (pCO2) (220–390 ppmv). The mechanisms causing the onset and termination of the

M2 glaciation remain enigmatic, but a recent geological hypothesis suggests that the re-

opening and closing of the shallow Central American Seaway (CAS) might have played a

key role. However, through a series of modeling simulations, we show that re-opening of

the shallow CAS cannot explain by itself the onset of the M2 glaciation. However, the large

lowering of pCO2 as well as the internal feedback of vegetation and land ice are shown to

be a major component in the M2 glaciation process. Finally, we demonstrate not only

that the opening of a shallow CAS does not explain fully MIS-M2 glaciation but also that

its closing plays a negligible role for the decay of MIS M2 ice sheet.

The MPWP following MIS M2 glaciation is well documented and simulated within

PLIOMIP framework. Indeed its warming climate associated with similar-to-present pCO2

makes this period very appealing.This part of the thesis therefore contributes to the PLIOMIP

vii



Summary

phase 2. We simulate this warm period with new boundary conditions. When compar-

ing to the PlioMIP phase 1 (PlioMIP1) simulation with an identical model, our PlioMIP2

simulations show warmer conditions in high latitudes ocean and continent, and more

precipitation in the tropics and monsoon regions. These differences mainly result from

the new boundary conditions with changes in the high latitude seaways and land topog-

raphy, which enables the ocean to transport more pole-ward energy and affect the local

water vapor transport, respectively.

The Plio-Pleistocene transition (3.0-2.5 Ma) is an important tipping point in the Earth

climate associated with perennial ice sheets in the Northern high latitudes. It is well

known that the NHG establishment around 2.7Ma is associated with the long-term de-

creasing trends of pCO2 and sea surface temperatures. The Greenland ice sheet (GrIS)

evolution during this transition is difficult to reconstruct due to the paucity of direct ge-

ological data and its light delta O18 signal in benthic foraminifera. Using a new asyn-

chronously coupled climate cryosphere model, we apply the tri-interpolation method to

simulate Greenland evolution during PPT. Our results show that lower than 280 ppmv

pCO2 values are necessary for the inception of full GrIS. Moreover, pCO2 has to evolve in

a narrow range to overcome the increase of insolation occurring after 2.7 Ma and to pre-

vent GrIS melting during PPT. When confronting all simulated GrIS evolutions to the IRD

records, we find that the most recently reconstructed pCO2 records can provide a better

fit with the IRD data.

In summary, this thesis brings new constraints and understanding on the cryosphere

and climate interaction from mid-Pliocene to the Quaternary glaciation. This result points

out the necessity to further study the link between ocean dynamics, carbon cycle and cli-

mate.
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Résumé étendu

Cette thèse est consacrée à l’étude de l’interaction cryosphere-climat depuis le mi-

lieu du Pliocène jusqu’au quaternaire pendant l’installation pérenne de la calotte groen-

landaise. Nous étudions d’abord les causes du développement et de la disparition de

l’importante mais courte glaciation le stade isotopique marin M2 (MIS M2, 3.264-¬3.312

Ma). Ensuite, dans le cadre du programme international sur la modélisation du Pliocène

(PLIOMIP2), nous étudions le climat de la période chaude du Plaisencien moyen (MPWP,

3.3-3.0Ma). Enfin, la troisième période étudiée est la transition du Plio-Pleistocèce (PPT,

3.0-2.5Ma), que nous avons étudiée grâce à un couplage asynchrone entre un modèle de

climat et un modèle de calotte. A travers ces différentes périodes, nous avons amélioré

la connaissance des relations entre pCO2, tectonique et climat pendant la transition d’un

monde chaud et riche en CO2 vers le monde bien plus froid et à faible pCO2 des glacia-

tions quaternaires.

Contrairement aux glaciations quaternaires, la glaciation du MIS-M2 ne correspond

qu’à une baisse du niveau marin évaluée de 20 à 60 m et ne dure que 50 ka et se produit

dans un contexte incertain quant à la pCO2 (220-390 ppmv). Les mécanismes produisant

le développement et la fin de la glaciation du MIS M2 restent inexpliqués, mais une hy-

pothèse géologique récente suggère que la réouverture de l’isthme de Panama peut avoir

joué un rôle décisif. Cependant, grâce à une série de simulations numériques, nous avons

montré que la réouverture même très peu profonde de la circulation dans l’isthme ne

pouvait expliquer à elle seule le développement de la glaciation MIS-M2. Par contre, la

baisse marquée du CO2 et les rétroactions liées à la végétation et au couvert neigeux sont

des composantes majeures de la glaciation. Finalement, nous avons montré que d’une

part l’ouverture de l’isthme n’expliquait pas la glaciation, et que d’autre part, sa ferme-

ture joue un rôle négligeable dans la déglaciation.

La période (MPWP) est associé à une pCO2 similaire à l’actuelle, rend cette période
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Résumé étendu

particulièrement intéressante. Nous avons simulé cette période avec de nouvelles condi-

tions aux limites du PlioMIP phase 2. Par rapport aux simulations de la phase 1 (PLIOMIP1)

avec le même modèle, nous simulons des températures plus chaudes aux hautes lati-

tudes et des précipitations plus importantes dans les tropiques et les régions de mousson.

Ces différences tiennent essentiellement aux nouvelles conditions aux limites, associées

à des modifications dans les détroits et la paléogéographie, qui permettent à la circulation

océanique de transférer plus d’énergie vers les pôles et d’affecter le cycle hydrologique à

l’échelle régionale.

La PPT est une période charnière dans l’histoire de la Terre, correspondant à l’implantation

d’une calotte pérenne aux hautes latitudes de l’hémisphère Nord. L’évolution de la calotte

Groenlandaise (GrIS) pendant cette transition est difficile à reconstruire à cause de la

pauvreté des données géologiques et au signal faible en O18 des formainifèeres ben-

thiques. En utilisant un modèle couplé asynchrone climat-cryosphère, nous avons util-

isé une méthode d’interpolation trilinéaire pour simuler l’évolution de la calotte groen-

landaise pendant la PPT. Nos résultats montrent qu’il est nécessaire de passer sous une

valeur seuil de 280 ppmv pour développer la GRIS. De plus, la pCO2 doit rester dans une

étroite fenêtre pour compenser l’augmentation de l’insolation après 2.7 Ma et éviter la

fonte du GRIS pendant la transition. Lorsqu’on confronte nos résultats de simulation aux

données d’IRD, nous constatons que la reconstruction la plus récente de pCO2 est la plus

cohérente.

En résumé, cette thèse apporte des contraintes nouvelles et de nouveaux éclairages

sur les relations climat-cryosphère pendant la transition du Plio-Pleistocene. Ce résul-

tat montre l’importance de mieux comprendre les relations entre dynamique océanique,

pCO2 et climat.
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1.1. The climate evolution during late Pliocene

1.1 The climate evolution during late Pliocene

During the last 5 million years, sporadic Greenland glaciation occurred, but the real

tipping point that will establish a perennial Greenland ice sheet only occurred 2.7 Ma

ago (e.g., Maslin et al., 1998). Since 34 Ma, only Antarctic ice sheet developed and main-

tained through large dynamic evolution during Oligocene and Miocene (DeConto and

Pollard, 2003; Ladant et al., 2014)(Colleoni et al., in prep). It is therefore at geological time

scale a recent and infrequent context corresponding to ice sheets on both high latitude

hemispheres. These evolution of cryosphere and climate took place during major paleo-

geographical changes (plate tectonics, orogenesis, seaways closing and opening) and are

associated with a major tendency to atmospheric CO2 decrease and global cooling (Pa-

gani et al., 2005; Zachos et al., 2001). In this study, we focus on the cryosphere and climate

interaction from Pliocene to the transition with Quaternary using state-of-the-art gen-

eral circulation models for climate and ice sheet models for cryosphere simulations. Our

major aim is to understand how during this period the climate and ice sheets evolved in

a period which is tectonically close to present day and with similar CO2 content. Late

Pliocene (3.6 - 2.58 Ma) is indeed the most recent period of Neogene (Figure1.1). The av-

erage temperature of this period is studied to be higher than present level (Haywood and

Valdes, 2004). The reconstructed CO2 concentrations varies from 200ppmv to 450ppmv

and with large uncertainties. For this long interval, the earth system presented relatively

stable and warm conditions from 3.6 Ma - 3.0 Ma but also included several cooling per-

turbations. Following this period, the earth system entered to a shift stage highlighted by

an increasing trend of positive benthic foraminiferal δ18O (Lisiecki and Raymo, 2005), de-

creasing trends of CO2 (e.g. Bartoli et al., 2011; Martínez-Botí et al., 2015; Seki et al., 2010)

as well as sea surface temperatures (e.g. Lawrence et al., 2009). The large intensification

of ice sheet in both Hemisphere likely took place around 2.7 Ma indicated by the appear-

ance of remarkable IRD ((Flesche Kleiven et al., 2002, and references therein) and large

sea-level estimate (e.g. Miller et al., 2012) (Figure1.2). The earth climate then stepped

into a cyclic glacial-interglacial state with a 41-kyrs periodicity. Based on the numerous

efforts of proxy data and modeling tools, the climate evolution of late Pliocene provides

us a good history to study how the climate system function under both warm and cold

conditions and also helps to understand the climate sensitivity to a near-present pCO2 in

a long-term period. The most representative intervals of this period are selected in this
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thesis work and will be introduced in the subsection as following.

1.1.1 Mid-Piacenzian warm period

The mid-Piacenzian warm period (MPWP or mid-Pliocene warm period) represents

an interval of warm and relatively stable climate between 3.264 and 3.025Ma (Dowsett

et al., 2009; Haywood et al., 2010). During this warm phase, the pCO2 records are esti-

mated 50-150ppmv higher than pre-industrial level (280ppmv), the global annual mean

temperature may have increased by more than 3 ◦C (e.g. Haywood and Valdes, 2004).

The global extent of arid deserts decreased, and forests replaced tundra in the North-

ern Hemisphere high latitudes (Salzmann et al., 2008).The East Asian Summer Monsoon,

as well as other monsoon systems, may have been enhanced (Zhang et al., 2013). Ice

sheet of both hemispheres may have been largely retreated indicated by increased nega-

tive bethic foraminiferal δ18O (Naish and Wilson, 2009) and other modeling studies(Lunt

et al., 2008)(Hill, 2009)(Pollard and DeConto, 2009)(Dolan et al., 2015a). The sea-level is

estimated to have been 22(+-10m) higher than modern(Miller et al., 2012). Sea surface

temperatures (SSTs) were warmer than present level, especially in the higher latitudes

and upwelling zones (Dekens et al., 2007; Dowsett et al., 2012). Accordingly,sea ice cover

in the high latitudes is studied to be largely decreased, especially during warm seasons

(Howell et al., 2016). During this period, the meridional SST gradients is largely decreased

as the amplified warming in the high latitudes. The zonal SST gradients is much weaker

than present day as the ocean warm pool extended over most of the tropics (Brierley

et al., 2009). Thanks to the abundance of proxy data, the MPWP has become a focus for

data/model comparisons that attempt to analyze the ability of climate models to repro-

duce a warm climate state in earth history.Furthermore, the MPWP has been proposed as

an important interval to assess the sensitivity of climate to near-current concentrations

of carbon dioxide (CO2) in the long term (hundreds to thousands of years;(Lunt et al.,

2010)). The Pliocene Model Intercomparison Project (PlioMIP) is a co-ordinated inter-

national climate modelling initiative to study and understand climate and environments

of the Late Pliocene (MPWP), and their potential relevance in the context of future cli-

mate change. The first phase of PlioMIP (2008-2014) contributed a lot on modeling the

climatic features of the MPWP by several groups of GCMs. However, nearly all models’

results failed to simulate the amplified warming in the high latitudes. Now the on-going
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1.1. The climate evolution during late Pliocene

PlioMIP second phase provides a new boundary conditions and focuses on a specific in-

terglacial period (MIS KM5c, 3.205Ma) to improve the data-model comparison.

1.1.2 Glacial event of MIS M2

Just before the mid Piacenzian warm period, there was an interval with large excur-

sion of δ18O from benthic foraminifera (Lisiecki and Raymo, 2005) which indicating a

large cooling state of the earth. This cooling interval is named as Marine isotope stage M2

(MIS M2). MIS M2 is thought to be a glacial comparable period associated with a huge

but uncertain sea-level records of 20-60 m below the present level ((Naish and Wilson,

2009); 15 (+-5m); (Miller et al., 2012); 40 (+-10 m);(Dwyer and Chandler, 2008); 65m (+-

15–25 m ). Direct and indirect proxy data indicate that the expansion of ice sheet during

MIS M2 reside in Greenland and Svalbard/Barents Sea (Flesche Kleiven et al., 2002)(Knies

et al., 2009)(Moran et al., 2006)(Sarnthein et al., 2009a) ,Iceland(Áslaug Geirsdóttir, 2011),

Alaska, Canadian Rocky Mountain (Barendregt and Duk-Rodkin, 2011), and Antarctic re-

gion (Naish and Wilson, 2009)(Passchier, 2011). Atmospheric CO2 values, varying among

different reconstructed methods, were estimated to be within 220-390 ppmv. Each record

has large uncertainty of 50 ppmv (Pagani et al., 2010)(Seki et al., 2010)(Bartoli et al.,

2011)(Martínez-Botí et al., 2015). Unlike the well-known MPWP (mid-Pliocene warm pe-

riod: 3.29 Ma - 2.97 Ma), M2 event is poorly known and remains an enigma in terms of

possible scenarios for glaciation. The situation of M2 is relatively different from the Qua-

ternary glacial periods in the following aspects: M2 took place during an interval of long

warm stable periods; Atmospheric CO2 concentration during M2 was relatively higher

than the Quaternary glaciation period. Besides, reconstructed sea surface temperature

in North Atlantic shows a relatively warm condition during M2. All these evidences sug-

gest that the M2 event does not occur in typical glacial climate conditions. To explain

this anomalous glaciation, geological forcing of brief shallow Panama reopening has been

proposed by a recent study (De Schepper et al., 2013). By studying geochemical and pa-

lynological marine records from the Caribbean to the North Atlantic, they observed a de-

cline in the strength of the North Atlantic current simultaneously to the existence of a

Pacific-to-Atlantic through-flow via Central American Seaway (CAS)during this period.

Upon that, this cold and fresh through-flow modulated the oceanic circulation and the

related heat transport which help to favor the large ice sheet formation. Inversely, the
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built-up of the large extent ice sheet could abase the global sea level and then close the

shallow opening CAS.The closure of the CAS then brought about an opposite impact on

the oceanic circulation and heat transport which help to melt the ice sheet then provide

a way-out for M2 glaciation. However, this beautiful assumption has not yet been tested

and the dominant factor for M2 glaciation still need to be surveyed.

1.1.3 Plio-Pleistocene Transition

After the MIS M2 glaciation, the earth kept in warming and stable conditions until the

beginning of the major climate shift during the Pliocene Pleistocene transition from 3.2-

3.0 Ma to 2.5 Ma. During this transition, the sea surface temperature(e.g. Lawrence et al.,

2009) and the reconstructed CO2 concentrations represent a slowly declining trend.Inversely,

the ice sheet volume in both hemisphere progressively increased and got large expansion

around 2.7 Main which can be highlighted by the benthic foraminiferal δ18O (Lisiecki and

Raymo, 2005)(Maslin et al., 1998)(Mudelsee and Raymo, 2005) and marine sedimentary

records of ice rafted debris (IRDs) ((Bailey et al., 2013) and reference therein).This tran-

sition interval represent an important history of earth climatic system. A lot of studies

have been contributed to seek the determinate factors and to understand the underlined

mechanisms for the intensification of NHG during this period. These include studies link-

ing to the tectonic events which help to modulate both atmospheric and oceanic circu-

lation, the most popluar ideas focus on the uplift and erosion of the Tibetan-Himalayan

plateau (Ruddiman et al., 1988)(Raymo, 1991), the deepening of the Bering Straits and/or

the Greenland Scotland ridge (Wright and Miller, 1996), the restriction of the Indonesian

seaway (Cane and Molnar, 2001), and the emergence of the Panama Isthmus (e.g. Haug

and Tiedemann, 1998; KEIGWIN, 1982). However,these tectonic factors are proved by the

modelling studies to be helpful but cannot be the major trigger for the large intensifica-

tion of NHG (Lunt et al., 2008)(Brierley and Fedorov, 2016).Moreover, the timings for the

tectonic phases have large uncertainties and are difficult to be constrained. Apart from

the tectonic ideas, the role of decreasing CO2 is the recently most approval factor. Lunt

et al. (2008) highlighted the important role of large lowering of pCO2 for the Greenland

glaciation during the late Pliocene. However,Contoux et al. (2015a) based on their recent

study prove that the Greenland glaciation might happen with a cumulative process dur-

ing a long-term period rather than a rapid build-up. The evolution of Greenland ice sheet
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1.1. The climate evolution during late Pliocene

is still unknown due to the paucity of geological data and its light signal in the estimated

global sea-level changes. A transient simulation for the Greenland ice sheet evolution

may provide an optimal way to resolve this puzzle.
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Figure 1.1 – The Neogene Period and its subdivisions.Figure after from 2015 International Com-
mission on Stratigraphy (ICS)
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Figure 1.2 – A synthesis of Late Pliocene evolution. (a) LR04 benthic isotope stack (Lisiecki and
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1.2 Climate forcings and climate modeling

1.2.1 Climate forcings

The climate system is an interactive system consisting of five major components: the

atmosphere, the hydrosphere, the cryosphere, the land surface and the biosphere (IPCC).

This system is driven and affected by various forcing mechanisms which can be cate-

gorized into natural and anthropogenic factors. The natural forcings include the sun’s

energy output, change of orbital parameters and large volcanic eruptions which thrown

great number of gases and dust particles in the atmosphere. Forcings due to human activ-

ities contains increased greenhouse gas concentrations produced by fossil fuel burning,

aerosols,and changes in land use surface properties among other things. The imbalance

of the incoming and outcoming energy at the top of the atmosphere, defined as "radia-

tive forcing" by IPCC report, which is influenced by changes in individual forcing factors,

drive directly the climate change.

In this study, two major forcing factors : orbital parameters and CO2 concentrations

are presented in the Figure1.2b,d. The orbital parameters are calculated based on the

model of Laskar et al. (2004), which is relatively accurate. However, the CO2 concentra-

tions reconstructed based on different proxy data during the late Pliocene are highly un-

certain. More studies are still urgently needed to constrain these uncertainties to provide

more reliable deep paleoclimate modeling.

1.2.2 Climate modeling

It is largely accepted that the numerical modeling provide us the most effective way to

represent paleoclimate and to predict the climate changes in the future. The key concep-

tion of any climate model is to represent processes that affect climate.A schematic of the

processes that affected the climate system is shown in Figure1.3.The differences among

climate models are generally from the extent of simplification in the processes, the res-

olution in time and space.Earth system models are currently the most comprehensive

tools available for simulating past and future response of the climate system to external

forcing, in which biogeochemical feedbacks play an important role.Atmosphere–Ocean

General Circulation Models (AOGCMs) are the standard climate models in which the pri-

mary function is to understand the dynamics of the physical components of the climate
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1.2. Climate forcings and climate modeling

Figure 1.3 – Shematic for the processes that affected the climate in the earth system model.Figure
modified from (Treut et al., 2007)

system (atmosphere, ocean, land and sea ice), and for making projections based on future

greenhouse gas (GHG) and aerosol forcing. These models continue to be extensively used,

and in particular are run (sometimes at higher resolution) for seasonal to decadal cli-

mate prediction applications in which biogeochemical feedbacks are not critical (Source:

WG1AR5,Chapter09). In this study, we applied AOGCM of IPSL to accomplish all our nu-

merical experiments. The details of this model will be introduced in Chapter 2

However, most existed climate models do not include the cryosphere component of

climate system, since large ice sheets and caps require thousands of years to reach equi-

librium state. Ice sheet models are generally designed to represent the dynamical and

physical processes of ice sheets and ice shelves with different simplified and parameter-

ized schemes. Although the ice sheet models have different complexities ,they are gener-

ally able to simulate the evolution of the ice over periods on an order of hundred thou-

sand or a million year. However, due to the different timescale of functions, it is difficult

to achieve a long-term coupled simulation GCM-ISM based on present computational

technology. In my thesis, I used GRISLI model (Ritz et al., 2001) to do all the ice sheet

modeling work. Moreover, as a part of my thesis work, I introduce a new methodology to
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realize a long-term climate transient simulation for Greenland ice sheet during the Plio-

Pleistocene transition, which will be introduced in Chapter 5 of this thesis.

1.3 Objectives and scientific issues in the thesis

As we know, the present projection of future climate are based on the understand-

ing of the short-term impacts of the variations of the climate forcing in near-present era

on climate, which is limited to provide a comprehensive understanding of the climate

evolution. Therefore, paleoclimate provides a good means for us to better understand the

mechanisms of on-going climate changes. This is why more and more climate models and

modelers join in "paleoclimate modeling intercomparison programs (PMIP)", which aims

to understand the mechanisms of long-term climate changes, to identify the different cli-

matic factors that shape our environment and evaluate the capability of state-of-the-art

models to reproduce different climates. The most recent phase of PMIP contains several

specific paleoclimate periods like Mid-Holocene ( 6Ka), Last Glacial Maximum ( 21Ka),

Last Millennium,Last interglacial (128Ka) and mid Pliocene warm Period ( 3.3-3.0Ma).

Among these paleo histories, mid Pliocene warm period is the most suitable interval to

study the climate warming under a present-like pCO2 and insolation as introduced in

the section 1.1.1. My thesis project started initially in the framework of the PlioMIP and

now is already in the second phase as "PlioMIP phase 2". Thus one of my thesis goals is

to complete core experiments required by PlioMIP phase 2 and to evaluate the ability of

IPSL AOGCM in producing warming climate through the comparison with data and other

models’ outputs.

In addition to the study of this warm period of Late Pliocene, we also focus on the

change of climate variability along Late Pliocene like the abrupt glacial event MIS M2 prior

to MPWP; the progressively intensification of northern hemisphere glaciation during the

Plio-Pleistocene.These intervals are of great interest for us to study the mechanisms of the

climate change during cooling phases being different from the glaical-interglacial cycles

of the late Pleistocene and to understand the interactions among atmospheric , oceanic

and cryospheric and vegetation system during a long-term transition. Centered on these

targets, three different parts of study have been carried out and will be introduced in this

thesis with the order as follows:
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1. The mechanism to explain the occurrence and termination of MIS M2 glacial event.

2. The Greenland ice sheet evolution during the Plio-Pleistocene

3. The Earth climatic features under mid-Piacezian warm Period.

Through these three objectives, we aims to address the major scientific questions as

following:

1. What could have caused the MIS M2 glacial event and what was it like ?

2. What is the importance of palaeogeography in model simulations of global and re-

gional climate change?

3. How was the Greenland ice sheet evolution during the PPT and how critical is at-

mospheric CO2 concentration pathways to the Greenland ice sheet inception ?
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Description of the climate model used in

this study
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2.1. Atmosphere-Ocean Global Circulation Model (AOGCM)

2.1 Atmosphere-Ocean Global Circulation Model (AOGCM)

A very important issue in this thesis is that we perform our simulations with the same

models that are currently used for Quaternary PMIP (6ka, 21ka) (Braconnot et al., 2007;

Kageyama et al., 2013) and also for CMIP (Dufresne et al., 2013) future climate scenarios,

as described in IPCC AR5. Therefore, from the modeling point of view, we may consider

that our study is an important sensitivity test to understand how standard IPSL models

respond to a slightly different tectonics context. In contrast, a major difference with mod-

eling the last glacial-interglacial cycles of the Quaternary or future climates is the uncer-

tainty on atmospheric CO2 reconstructions. Indeed, Antarctica ice sheet records describe

very well the greenhouse gases content for the last 800 ka (Petit et al., 1999)(EPICA com-

munity members, 2004). For Pliocene periods, only indirect proxy reconstructions are

available. Although they depict similar tendencies, the absolute values of reconstructed

pC02 are different. Moreover, even if plate tectonics did not change drastically during

these last three million years, recent orogenesis and seaways closing or opening (central

American seaway, Indonesian through-flow) may impact atmospheric and oceanic cir-

culation. These changes will drive climate and cryosphere evolutions. In the next three

chapters, we will focus on three key periods of this evolution in different contexts.

To accomplish the modeling work, we employed two versions of Institut Pierre-Simon

Laplace (IPSL) coupled atmosphere-ocean general circulation model (AOGCM):IPSL-CM5A

and IPSL-CM5A2.1. IPSL-CM5A is a high resolution coupling model which has been ap-

plied in CMIP5 for historical and future simulations (Dufresne et al., 2013) as well as for

Quaternary and Pliocene paleoclimatic studies (Contoux et al., 2012; Kageyama et al.,

2013). The version of IPSL-CM5A2.1 is designed based on IPSL-CM5A with mainly tun-

ning the cloud radiative effect to avoid the global cold bias in the model (Sepulchre et

al.,2018 In prep). Moreover, the computational performance of IPSL-CM5A2.1 is improved

by about 6 times ( 50 yrs/d) than that of IPSL-CM5A. We will shortly present the informa-

tion of each components of the AOGCM as following.Figure2.1 show a shematic of IPSL

earth system model. In our study, the Bio-geochemistry processes are not activated. More

details can be referred (Dufresne et al., 2013).
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Figure 2.1 – Shematic for IPSL-CM5 earth system model.Figure after (Dufresne et al., 2013)

2.1.1 Atmosphere and Land

The atmosphere component of IPSL-CM5A is LMDZ model(Hourdin et al., 2013, 2006)

developed at Laboratoire de Météorologie Dynamique in France. This is a complex model

that incorporates many processes decomposed into a dynamic part, calculating the nu-

merical solutions of general equations of atmospheric dynamics, and a physical part,

calculating the details of the climate in each grid point and containing parameteriza-

tions processes such as the effects of clouds, convection, orography (LMD_Modelling_-

Team, 2014). Atmosphere dynamics are represented by a finite-difference discretisation

of the primitive equations of meteorology (e.g. Sadourny and Laval, 1984) on a longitude-

latitude Arakawa C-grid(e.g. Kasahara, 1977). The chosen resolution of the model is 96x95x39,

corresponding to an interval of 3.75 degrees in longitude and 1.9 degrees in latitude. There

are 39 vertical levels, with around 15 levels above 20 km. This model has the specificity

to be zoomed (the Z of LMDZ) if necessary on a specific region and then may be used for
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regional studies (e.g. Jost et al., 2009).

The land component in IPSL-CM5A is ORCHIDEE (Organizing Carbon and Hydrology

In Dynamic Ecosystems, (Krinner et al., 2005)) is composed of three modules: hydrology,

carbon cycle and vegetation dynamics. The hydrological module, SECHIBA (Ducoudré

et al., 1993), describes exchange of energy and water between atmosphere and biosphere,

and the soil water budget(Krinner et al., 2005). The river routing scheme combines the

river flow with a cascade of three reservoirs: the stream and two soil reservoirs with dif-

ferent time constants (Marti et al., 2010). Vegetation dynamics parametrisation is derived

from the dynamic global vegetation model LPJ (Krinner et al., 2005; Sitch et al., 2003).

The carbon cycle model simulates phenology and carbon dynamics of the terrestrial bio-

sphere (Krinner et al., 2005). Vegetation distributions are described using 13 plant func-

tional types (PFTs) including agricultural C3 and C4 plants, which are not used in the

mPWP simulations, bringing down the number of PFTs to 11, including bare soil. In

our case, hydrology and carbon modules are activated, but vegetation is prescribed as

the same with Contoux et al. (2012), using 11 PFTs, derived from the PRISM3 vegetation

dataset (Salzmann et al., 2008). Therefore, soil, litter, and vegetation carbon pools (in-

cluding leaf mass and thus LAI) are calculated as a function of dynamic carbon allocation

(Krinner et al., 2005).

2.1.2 Ocean and sea ice

The ocean model is NEMOv3.2 (Madec, 2008) which includes three principle mod-

ules: OPA (for the dynamics of the ocean), PISCES (for ocean biochemistry), and LIM (for

sea ice dynamics and thermody- namics). The configuration of this model is ORCA2.3

(Madec and Imbard, 1996), which uses a tri-polar global grid and its associated physics.

There are 31 unequally spaced vertical levels and a nominal resolution of 2◦ that is refined

up to 0.5◦ in the equatorial area.Temperature and salinity advection is calculated by a to-

tal variance dissipation scheme (Lévy et al., 2001)(Cravatte et al., 2007). The mixed layer

dynamics is parameterized using the Turbulent Kinetic Energy (TKE) closure scheme of

Blanke and Delecluse (1993) improved by Madec (2008). The sea ice module LIM2 is a

two-level thermodynamic-dynamic sea ice model (Fichefet and Morales Maqueda 1997,

1999). Sensible heat storage and vertical heat conduction within snow and ice are deter-

mined by a three-layer model. OASIS model plays as a coupler (Valcke, 2006) to interpo-
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late and exchange the variables and to synchronize the models. This coupling and inter-

polation procedures ensure local energy and water conservation (Dufresne et al., 2013).
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Figure 2.2 – Schematic design for GRISLI ice sheet model. Modified after Dumas (2002).

2.1.3 New AOGCM version :IPSL-CM5A2

IPSL-CM5A2 (for which a detailed description can be found in Sepulchre et al., in

prep.) is an updated version of the CMIP5 IPSL-CM5A2 earth system model (ESM). The

basics (LMDZ5A physics schemes, ORCHIDEE 2-level hydrology) and the resolutions of

each components have been kept identical. However critical changes between the two

ESMs include (i) technical developments to make IPSL-CM5A2 run faster, (ii) updates of

different components and (iii) a retuning to correct IPSL-CM5A cold bias. On the tech-

nical side, IPSL-CM5A2 benefits from hybrid parallelization combining MPI paralleliza-

tion on latitudinal bands for LMDZ-ORCHIDEE and shared memory parallel processing

(OpenMP) on vertical levels, allowing the model to be run on more than 300 cores. Com-

putation time has thus improved, switching from 8yrs per day in IPSL-CM5A to up to 62yrs

perday in IPSL-CM5A2.

Regarding the different components, IPSL-CM5A2 uses recent (2017) version of each
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compartment. NEMO v3.6 has been included in the model, with the vertical levels now

discretized using the “partial steps“ scheme. ORCHIDEE has benefited from numerous

bug corrections, especially on continental water fluxes, which conservation is now guar-

anteed. LMDz is rather similar to IPSL-CM5A version, modulo minor bug corrections.

Re-tuning of the model has been done by altering the cloud radiative effect. The des-

ignated target was a pre-industrial temperature approaching 13.5◦C with a null surface

energy balance. Latest multi-millenia experiments with IPSL-CM5A2 provided a global

2-m temperature of 13.25◦C, a value that Sepulchre et al. considered acceptable. Known

biases of IPSL-CM5A-LR were not corrected: they include a double ITCZ structure over

the Pacific ocean, underestimated precipitation over the Amazonian basin and the lack

of deepwater formation in the Labrador sea. Still, tuning towards warmer temperatures

improved the overall Atlantic Meridional Overturning Circulation by 2-3 Sv.

2.2 Ice sheet model

The ice sheet model used in this study is the GRenoble Ice-Shelf and Land-Ice model

(GRISLI). GRISLI is a three-dimensional thermo-mechanical model that simulates the

evolution of ice sheet geometry (extension and thickness) and the coupled temperature–velocity

fields in response to climate forcing. A comprehensive description of the model can be

found in Ritz et al. (2001) and (Peyaud et al., 2007). Figure2.2 represents a schematic de-

sign for the GRISLI ice sheet model. Over the grounded part of the ice sheet, the ice flow

resulting from internal deformation is governed by the shallow-ice approximation (Mor-

land, 1984). The model also deals with ice flow through ice shelves using the shallow-shelf

approximation (MacAyeal, 1989) and predict the large-scale characteristics of ice streams

using criteria based on the effective pressure and hydraulic load. At each time step, the

velocity and vertical profiles of temperature in the ice are computed as well as the new

geometry of the ice sheet. The isostatic adjustment of bedrock in response to ice load is

governed by the flow of the asthenosphere, with a characteristic time constant of 3000

years, and by the rigidity of the lithosphere. The temperature field is computed both in

the ice and in the bedrock by solving a time-dependent heat equation.The surface mass

balance is defined as the sum between accumulation and ablation computed by the pos-

itive degree-day (PDD) method (Fausto et al., 2009).In this study, we use GRISLI on three

different grids. Two 40km grids : one is for the Northern Hemisphere (Hereafter "GRISLI-
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Table 2.1 – Major parameters applied in the GRISLI model

Basal drag coefficient 1500 m yr/Pa
Topographic lapse rate, annual 6.0 °C/km
Precipitation ratio parameter 0.07/°C
PDD standard deviation of daily temperature 5.0 °C
PDD ice ablation coefficient 8.0 mm/day°C
PDD snow ablation coefficient 5.0 mm/day°C

NH"), second is for Antarctica. Another refined cartesian grid (15kmx15km) was used on

Greenland (Hereafter "GRISLI-Greenland").Table 2.1 show the standard parameters ap-

plied in the GRISLI model.
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Exploring the MIS M2 glaciation under a
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3.1 Introduction

Prior to the perennial Greenland glaciation around 2.7 Ma, a large glaciation MIS M2

(3.312 – 3.264 Ma) took place locating in the interval between two warm periods. The

estimated sea-level drops during this glaciation have large uncertainties and vary from

20 meters to 60 meters ((Dwyer and Chandler, 2009; Miller et al., 2012; Naish and Wil-

son, 2009), Figure3.3), which associated with likely large expanded land ice in both hemi-

spheres ((De Schepper et al., 2014),Figure3.2). Moreover, the reconstructed pCO2 records

during this event with the range of 220 - 405 ppmv(Bartoli et al., 2011; Martínez-Botí et al.,

2015; Pagani et al., 2010; Seki et al., 2010) are much higher than that during Quaternary

glaciation (Figure3.1). Unlike the mid Pliocene warm episode from 3.3 to 3.0 Myr ago,

which is well documented from marine data (Dowsett et al., 2012), continental records

(Salzmann et al., 2008) and model studies (Haywood et al., 2016), MIS M2 is poorly under-

stood and there are few modeling studies focusing on the MIS M2 glaciation termination

and decay. Only one recent work by Dolan et al. (2015b) studied M2 glaciations with dis-

cussing the likely extent of ice sheets during M2 glaciation by confronting the simulated

climate conditions with different land ice scenarios to the available proxy data. Their

study demonstrated the possibility of the existence of a larger-than-modern ice sheet dur-

ing M2, but the driving factors were not discussed. The mechanism for M2 onset and de-

cay remains still an enigma. Regarding the speculative features of M2, the classical forcing

factors may not be enough to explain. Nevertheless, a recent geological hypothesis based

on the marine proxy data invoked the specific role of re-opening and closing of shallow

Central American Seaway (CAS) to explain the triggering and decay of M2 glaciation (de-

tails are represented in Section3.2.2. However, this hypothesis has not been validated

by modeling studies. Therefore, in this study, we aim at exploring the mechanisms un-

derlying M2 formation and termination. For this purpose, we firstly test this reasonable

geological hypothesis,secondly discuss the roles of classical forcing factors and internal

feedbacks and thirdly quantify the M2 glaciation extent with all favorable forcing factors.

Since this work has been already published, A completed story about this work can be

found in my paper included in Section3.3. Before going to the paper, I will give a brief

review on the Central American Seaway issues in Section 3.2.2.
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Figure 3.1 – Marine isotope stage M2 in the long-term climate evolution of the Pliocene. Figure
modified from De Schepper et al.,2013
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Figure 3.2 – The distribution of ice sheets at around 3.3Ma based on the marine and terrestrial
records. Figure modified from De Schepper et al.,2014
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3.2 The issue on Central American Seaway hypothesis

3.2.1 The classical CAS hypothesis

Under modern conditions, sea waters represent strong contrast in sea surface temper-

ature (SST) and salinity (SAL) between East Pacific and Caribbean sea (Figure 3.3). How-

ever, these two sea waters deeply connected before the formation of the long peninsula

connecting Panama to North America. Since the Early Miocene (ca.23–17 Ma), the Central

American Seaway (CAS) constricted to a narrow range of 200 km (Montes et al.,2012a,2012b).

Afterwards the marked uplift of the sill underwent and shut off deep-water flow across the

isthmus between 12 to 10 Ma (Duque-Caro,1990). However, the shallow water exchange

continued via CAS until the late Pliocene ((Molnar, 2008) and reference therein). While

the actual timing of the final closure of the CAS is largely debated, studies based on bio-

geographical and paleoceanographical data have proved the early Pliocene to be the ma-

jor period where underwent the progressively shoaling of the CAS (KEIGWIN, 1982)(Haug

and Tiedemann, 1998).

Therefore, regarding the Pliocene period, one question of the particular interest is the

closure or shoaling of the CAS. The impact of closure of the CAS on the high latitude cli-

mate has been extensively studied and remains largely debated. Theoretically, the closure

or restriction of the CAS resulting in a cessation of fresher water transport from Pacific to

the Caribbean sea, could affect the climate by enhancing the Atlantic meridional over-

turning circulation (AMOC) and modifying the heat and moisture transport. The classical

‘Panama Hypothesis’, first proposed by Keigwin(1982), stated that one of the effects of

this change is to enhance evaporation rates in the North Atlantic, providing an enhanced

moisture flux to northern high latitudes, increased precipitation and help to the inception

or intensification of NHG beginning at 3 Ma (Haug and Tiedemann, 1998)

Numerous modeling studies have conducted to investigate the potential effects of the

CAS closure or shoaling on the climate (Maier-Reimer et al. 1990; Mikolajewicz et al. 1993;

Mikolajewicz and Crowley et al.,1997;Murdock et al. 1997; Nisancioglu et al. 2003; Prange

and Schulz 2004; Klocker et al. 2005; von der Heydt and Dijkstra 2005; Schneider and

Schmittner 2006;Brierley and Fedorov, 2016 and reference therein). Most of these stud-

ies demonstrate the role of the CAS closure in enhancing Atlantic thermohaline circula-

tion associated with a strengthened North Atlantic Deep Water (NADW) formation result-
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ing from the decreased fresher water transport from the Pacific into Atlantic, while few

of these studies demonstrate the important role of CAS in the NHG reinforcement. As

discussed before, the enhanced northward moisture transport that may help to increase

NHG intensification (iNHG) is accompanied with the enhanced heat transport associ-

ated with the shoaling or closure of the CAS, which likely help to delay the iNHG. But

the relative contributions of these two effects of the closure CAS is actually not very clear.

Klocker et al.,(2005) demonstrate that the perennial snow cover decreased after the clo-

sure of the CAS, implying the doubtful role of the closure of CAS in the iNHG. Lunt et al.,

(2008) demonstrated that the closure of the CAS contributes little to the formation of the

land ice in Greenland. Moreover, Brierley and Fedorov et al., 2016 compared three possi-

ble seaway changes during the Pliocene and demonstrated that both two tropical seaways

(CAS and Indonesia Seaway) play much weaker roles in the high latitude climate than the

high latitude seaway of Bering strait.
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       Salinity

Temperature

Figure 3.3 – Sea surface salinity and temperature distribution in the tropical eastern Pacific region
with the major current.Figure modified from (Groeneveld et al., 2014)
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~3.315 Ma~3.285 Ma

 Shallow opening Panama Seaway 

 during interglacial MG1

  Southward shift of the NAC , reduction of 

  northward heat transport, the inception of 

  ice sheets 

Closure of the shallow Panama seaway by 

the lowering of sea level resulting from  

large extent of ice sheet built-up

Rebuilt-up of Caribbean warming pool 

after the closure of Panama seaway

Re-establishment of northward heat 

transport via rebuilt-up of normal NAC,

the termination of glaciation 

Figure 3.4 – The shematic for "shallow opening Panama Seaway" hypothesis. Figure modified from
De Schepper et al.,2013

3.2.2 The “shallow re-opening CAS” hypothesis for MIS M2 glaciation

Although restriction of surface waters through the Central American Seaway might

occur during the Early Pliocene (4.5–4.3 Ma) based on planktonic foraminifera data (e.g.

Haug and Tiedemann, 1998), the final tectonic closure of the Central American Seaway

might not occur until 2 Ma (Jackson et al., 1993). During this long interval, the exchange

of surface waters was probably constrained up to a 100-meters sill depth and dynam-

ically affected by the glacial induced sea-level change (Groeneveld et al., 2014). Even

such shallow water exchange might have had influenced the Northern Hemisphere cli-

mate. A study of De Schepper et al. (2013) put forward the hypothesis that a re-opening

and closing of the shallow CAS may have triggered the onset and the termination of the

M2 glaciation. This hypothesis provides for the first time an explanation for the forma-

tion and decay of the NH ice sheets during M2 in relation to tectonic and glacio-eustatic

change. Based on dinoflagellate cysts and geochemical proxy data from different Ocean
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Figure 3.5 – The position of narrow Central American seaway since the early Miocene (a) and the
related CAS location in the model (b and c). Figure modified from Sepulchre et al.,2014

Drilling Project sites, they conjecture that a re-opening of the shallow CAS occurring be-

fore and during the M2 event allowed seawaters flowing from the Pacific to the Atlantic.

The fresher and cold inflow seawater helped to weaken the North Atlantic circulation and

to cool the northern high latitudes. Then the cooling was gradually amplified by the pos-

itive sea ice albedo feedback, the adaptation of vegetation to colder climates and pCO2

changes, finally leading to substantial ice sheet growth in NH high latitudes (De Schepper

et al., 2013). Inversely, the large ice volume accumulated over land would then produce

a sea-level drop large enough to close the CAS. Following this glacio-eustatic closure, the

ocean circulation shifted to its modern state and warmed the northern high latitudes, trig-

gering the deglaciation. This hypothesis has gained a lot of attention because it provides

an explanation both for the onset and the termination of the M2 glaciation. Moreover,

this seaway hypothesis would better fit the short duration of the M2 glaciation comparing

to other long-term geological processes and the glacio-eustatic closure corresponds well

to the sea-level drop estimates (20–60 m)(Figure 3.4). However, this hypothesis is funda-
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Table 3.1 – Results of the CAS opening in the model

CAS Width
(km)

CAS Depth
(m)

Eastward transport
water flux via
CAS (Sv)

Westward transport
water flux via
CAS (Sv)

AMOC
(Sv)

PI – – – – 11.4
PlioMIP 1 – – – – 11.7
CAS50 440 50 1.2 0.0 11.5
CAS500_Sepulchre 440 512 12 5.9 3.9
CAS50_Sepulchre 440 55 0.09 3.5 2.5

Modeling time (years)

Figure 3.6 – Evolutions of AMOC index during the modeling time in each simulation that intro-
duced in the table3.1

mentally different from the classical CAS hypothesis and it has not yet been tested. Thus

in this study, we provide the first modeling effort to validate this assumption.

3.2.3 Sensitivity experiment with shallow opening CAS

The set-up of shallow opening CAS in the model

As discussed in the above, Montes et al. (2012a, 2012b) suggest that the CAS constriced

to a narrow range of 200km (As showing in Figure 3.5a). However, the horizontal resolu-

tion in NEMO ocean model is 2 degrees in tropical region (see at chapter 2), which means

the CAS width only takes up one grid in the model. Regarding the low sensibitlity to this

one grid modification in our model, here we modify two grids of our model at 8N asso-

ciated with 440km width to represent the narrow CAS and the location is consistent with

the previous study of Sepulchre et al.(2014) (Figure 3.5). To take into account the glacio-

eustatic closure of the CAS after M2, here we set-up a 50m sill depth for this narrow CAS in
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the model. The sensitivity experiment with the openning CAS is carried out based on the

PlioMIP 1 standard simulation of Contoux et al.,(2012), which show a present-comparable

AMOC of ca.11x106 m3.s−1 (i.e., 11 Sverdrups, hereafter Sv).

The modification on water current after CAS opening

After opening this shallow and narrow CAS, we observed an expected eastward water

transport of ca. 1.2 Sv via CAS (from Pacific ocean to Caribbean region ). This fresher water

invasion reduces the SAL and SST in the Caribbean sea and further reduces the North At-

lantic current. All the effects associated with the opening CAS are in good agreement with

data observation (De Schepper et al.2013) except for the magnitude of each influences.

More details can be found in section3.3.

Table3.1 represents a comparison work between our CAS50 experiment and the CAS

simulations of Sepulchre et al.,(2014). However, with a similar sill depth of CAS (50me-

ters), Sepulchre et al., (2014) (CAS50_sepulchre) observed an opposite water transport

from Caribbean sea to Pacific region . The large difference can be attributed to the dif-

ferent initial states of AMOC in our experiment.In a theoretical study of Nof et al. (2003),

they have shown how the circulation may change when different seaways are opened and

closed, especially Bering straits, Drake passage and Central American seaway In particu-

lar, this study demonstrates that the water flow direction via the CAS highly depends on

the initial North Atlantic Deep Water (NADW) state, when NADW is strong enough, the

invasion of water is from Pacific to Atlantic, otherwise, water current is from Atlantic to

Pacific. Accordingly, we find that the initial state of AMOC in CAS50_sepulchre is about

3.9 Sv, which is based on their CAS500 experiment (Figure 3.6). Nevertheless, our CAS50

experiment are based on PlioMIP 1 (Contoux et al., 2012), which show a much stronger

AMOC (11.7 Sv). This results further demonstrate the sensitivity of the IPSL model to this

narrow CAS set-up.

Regarding that our sensitivity experiment of CAS50 is carried out under a high pCO2

condition (405 ppmv), it is also necessary to test the CAS50 effects under a low pCO2

condition. Thus, based on the CAS50 experiment of 405ppmv, we carried out another

CAS50 experiment with 280ppmv of pCO2. Then we find that, with a lower pCO2, the

water current keep the same direction but get an increased water flux ( 2 Sv).More details

are found in the next section.
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Prior to the Northern Hemisphere glaciation around ∼2.7 Ma, a large global glaciation corresponding to a 
20 to 60 m sea-level drop occurred during Marine Isotope Stage (MIS) M2 (3.312–3.264 Ma), interrupted 
the period of global warmth and high CO2 concentration (350–450 ppmv) of the mid Piacenzian. Unlike 
the late Quaternary glaciations, the M2 glaciation only lasted 50 kyrs and occurred under uncertain CO2

concentration (220–390 ppmv). The mechanisms causing the onset and termination of the M2 glaciation 
remain enigmatic, but a recent geological hypothesis suggests that the re-opening and closing of the 
shallow Central American Seaway (CAS) might have played a key role. In this article, thanks to a series 
of climate simulations carried out using a fully coupled Atmosphere Ocean General Circulation Model 
(GCM) and a dynamic ice sheet model, we show that re-opening of the shallow CAS helps precondition 
the low-latitude oceanic circulation and affects the related northward energy transport, but cannot alone 
explain the onset of the M2 glaciation. The presence of a shallow open CAS, together with favourable 
orbital parameters, 220 ppmv of CO2 concentration, and the related vegetation and ice sheet feedback, 
led to a global ice sheet build-up producing a global sea-level drop in the lowest range of proxy-derived 
estimates. More importantly, our results show that the simulated closure of the CAS has a negligible 
impact on the NH ice sheet melt and cannot explain the MIS M2 termination.

 2017 Elsevier B.V. All rights reserved.

1. Introduction

Despite absolute differences, most atmospheric carbon dioxide 
proxies point towards a drastic decrease associated with large cool-
ing from the Late Eocene to the Quaternary (Pagani et al., 2005;
Zachos et al., 2001). The first major atmospheric CO2 threshold for 
ice sheet build-up is reached around 34 Ma, when the Antarc-
tic glaciation began under CO2 levels equivalent to about three 
times those of the preindustrial concentrations (DeConto and Pol-
lard, 2003; Ladant et al., 2014; Gasson et al., 2014). The onset of 
extensive Northern Hemisphere glaciation occurred approximately 
30 million years later around 3.0–2.7 Ma (Lunt et al., 2008), ulti-
mately leading to the glacial–interglacial cycles of the Quaternary 
(e.g. Ganopolski and Calov, 2011). However, prior to this glaciation, 
a major ephemeral glacial event took place, the Marine Isotope 

* Corresponding author.
E-mail address: ning.tan@lsce.ipsl.fr (N. Tan).

Stage (MIS) M2 (3.312–3.264 Ma), producing a ∼0.5❤ shift of 
benthic foraminiferal δ18O (Lisiecki and Raymo, 2005). The sea-
level drop produced by this glacial event has been estimated at 
20 to 60 m by different proxy estimates (Dwyer and Chandler, 
2009; Miller et al., 2012; Naish and Wilson, 2009). As a compar-
ison, 20–60 m sea level drop represents between one sixth and 
nearly half of the sea level drop during the Last Glacial Maximum. 
Therefore, the M2 ice sheets were not only confined to Greenland 
but must have spread over the Northern Hemisphere continents. 
Also, a contribution from an expanded Antarctic ice sheets is likely 
(detailed evidence for ice sheets during MIS M2 are summarised by 
De Schepper et al., 2014). Nevertheless, the M2 glaciation has some 
very peculiar characteristics with respect to Quaternary glacia-
tions: first, this glacial event occurred in the interval of two long 
and stable warm periods and only lasted for ∼50 kyr, which is half 
the duration of recent Quaternary glacial cycles (e.g. Ganopolski 
and Calov, 2011). In the southern Hemisphere, the East Antarc-
tic ice sheets were present and lasted during the mid-Piacenzian 
warm period (Hill et al., 2007), whereas the West Antarctic ice 

http://dx.doi.org/10.1016/j.epsl.2017.04.050
0012-821X/ 2017 Elsevier B.V. All rights reserved.
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Fig. 1. Syntheses of reconstructed atmospheric CO2 concentration from 4.0 to 3.0 Ma 
from different studies. The proxies from Martinez et al. (2015), Bartoli et al. (2011)
and Seki et al. (2010) (green rhombus symbol) are boron-based data; The prox-
ies from Badger et al. (2013) and Seki et al. (2010) (green asterisk symbol) are 
alkenone-based data. The reconstruction of Stap et al. (2016) and Van de Wal et 
al. (2011) are obtained by inversing benthic δ18O routine with the climate and ice 
sheet model. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

sheets experienced waning and waxing during and after M2 pe-
riod, since it is much more sensitive to the change of climate in the 
adjacent ocean margin (Riesselman and Dunbar, 2013); second, the 
proxy records show that the M2 event might occur under CO2 con-
centrations ranging between 220 and 390 ppmv (Fig. 1); third, the 
summer insolation over the high-latitudes of the Northern Hemi-
sphere is not particularly favourable for ice sheet inception during 
the M2 period (Laskar et al., 2004) (Fig. A.1). Together, these three 
characteristics raise the question whether the classical forcing fac-
tors of low CO2 concentrations and/or low high-latitude insolation 
are sufficient to explain the MIS M2 glaciation or whether other 
additional driving factors are needed.

The role of the closure of the CAS on changes in ocean cir-
culation and climate change during the Pliocene remains heavily 
debated (e.g. Brierley and Fedorov, 2016; Lunt et al., 2008). Al-
though restriction of surface waters through the Central Ameri-
can Seaway might occur during the Early Pliocene (4.5–4.3 Ma) 
based on planktonic foraminifera data (e.g. Haug and Tiedemann, 
1998), the final tectonic closure of the Central American Seaway 
might not occur until ∼2 Ma (Jackson et al., 1993). During this 
long interval, the exchange of surface waters was probably con-
strained up to a 100-meters sill depth and dynamically affected 
by the glacial induced sea-level change (Groeneveld et al., 2014). 
Even such shallow water exchange might have had influenced the 
Northern Hemisphere climate. A study of De Schepper et al. (2013)
put forward the hypothesis that a re-opening and closing of the 
shallow CAS may have triggered the onset and the termination of 
the M2 glaciation. This hypothesis provides for the first time an 
explanation for the formation and decay of the NH ice sheets dur-
ing M2 in relation to tectonic and glacio-eustatic change. Based 
on dinoflagellate cysts and geochemical proxy data from different 
Ocean Drilling Project sites, they conjecture that a re-opening of 
the shallow CAS occurring before and during the M2 event allowed 
seawaters flowing from the Pacific to the Atlantic. The fresh and 
cold inflow seawater helped to weaken the North Atlantic circula-
tion and to cool the northern high latitudes. Then the cooling was 
gradually amplified by the positive sea ice albedo feedback, the 
adaptation of vegetation to colder climates and pCO2 changes, fi-
nally leading to substantial ice sheet growth in NH high latitudes 
De Schepper et al. (2013). Inversely, the large ice volume accumu-
lated over land would then produce a sea-level drop large enough 
to close the CAS. Following this glacio-eustatic closure, the ocean 
circulation shifted to its modern state and warmed the north-

ern high latitudes, triggering the deglaciation. This hypothesis has 
gained a lot of attention because it provides an explanation both 
for the onset and the termination of the M2 glaciation. Moreover, 
this seaway hypothesis would better fit the short duration of the 
M2 glaciation comparing to other long-term geological processes 
and the glacio-eustatic closure corresponds well to the sea-level 
drop estimates (20–60 m).

Unlike the mid-Pliocene Warm Period (ca. 3.3 to 3.0 Ma, 
mPWP), which is well documented in marine data (Dowsett et 
al., 2012), continental records (Salzmann et al., 2008) and model 
studies (Haywood et al., 2016 and reference therein), the M2 
event is very poorly understood and suffers from a lack of mod-
elling studies. Only the recent work of Dolan et al. (2015) study 
the M2 glaciation in a modelling framework. In their study, 
they implement plausible ice sheet configurations into a coupled 
atmosphere–ocean climate model to test whether larger-than-
modern ice sheets in both hemispheres might exist during M2. 
They demonstrate that a larger-than-modern imposed ice sheets 
during the M2 period is more compatible with the marine proxy 
records, but they do not attempt to study the underlying mecha-
nisms for M2 glaciation.

In this contribution, we performed a series of simulations using 
the IPSL-CM5A ocean/atmosphere GCM (Dufresne et al., 2013) and 
ice sheet model GRISLI (Ritz et al., 2001) (see Methods) first to 
explore whether the sole geological hypothesis of the re-opening 
and closure of the CAS can fully explain the M2 event, and second 
to quantify the maximum ice sheet scenario that our model can 
simulate for the M2 glaciation.

2. Method

2.1. Models

The climate model used in this study is the IPSL-CM5A 
atmosphere–ocean general circulation model (AOGCM). The at-
mosphere component is the LMDZ5A version of the LMDz model 
(including the ORCHIDEE land-surface model) with a resolution of 
3.75◦ × 1.875◦ and 39 vertical layers. More details about the phys-
ical parameterisation can be found in Hourdin et al. (2006). The 
ocean model is NEMOv3.2 including the ORCA2.3 ocean config-
uration (Madec, 2008), which uses a tri-polar global grid. There 
are 31 unequally spaced vertical levels and a nominal resolution 
of 2◦ that is refined up to 0.5◦ in the equatorial area. The atmo-
sphere and ocean models are linked through the coupler OASIS, 
ensuring energy and water conservation. Additional details about 
the IPSL-CM5A model can be found in Dufresne et al. (2013). The 
IPSL-CM5A model has been used in the framework of CMIP5 for 
historical and future simulations (Dufresne et al., 2013) as well as 
for paleo-climate studies, like Quaternary (Kageyama et al., 2013)
and Pliocene (Contoux et al., 2012) simulations.

The ice sheet model used in this study is the GRenoble Ice-
Shelf and Land-Ice model (GRISLI). GRISLI is a three-dimensional 
thermo-mechanical model, which simulates the evolution of ice 
sheet geometry (extension and thickness) and the coupled tempe-
rature–velocity fields in response to climate forcing. A comprehen-
sive description of the model can be found in Ritz et al. (2001). 
The equations are solved on a Cartesian grid (40 km× 40 km) and 
solved with a semi-implicit temporal scheme and a point relax-
ation method. The principle time step is 5 years, a short time step 
utilised for the mass-conservation equation is between 0.002 year 
and 1 year, which is adjustable and depends on the maximum ve-
locity found over the whole domain. Over the grounded part of 
the ice sheet, the ice flow resulting from internal deformation is 
governed by the shallow-ice approximation. The model also deals 
with ice flow through ice shelves using the shallow-shelf approx-
imation and predicts the large-scale characteristics of ice streams 
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using criteria based on the effective pressure and hydraulic load. 
At each time step, the velocity and vertical profiles of tempera-
ture in the ice are computed as well as the new geometry of the 
ice sheet. The isostatic adjustment of bedrock in response to ice 
load is governed by the flow of the asthenosphere, with a char-
acteristic time constant of 3000 years, and by the rigidity of the 
lithosphere. The temperature field is computed in both the ice 
and bedrock by solving a time-dependent heat equation. The sur-
face mass balance is defined as the sum between accumulation 
and ablation computed by the positive degree-day (PDD) method. 
Here, as the ice sheet model GRISLI is not synchronously coupled 
with the IPSL-CM5A model, temperature and precipitation fields 
are asynchronously passed from IPSL-CM5A to GRISLI.

2.2. Experiment design

2.2.1. AOGCM experiments

To save computation resources, all AOGCM experiments are 
performed in succession in this study, which means an experi-
ment always starts from the equilibrated state of the previous 
experiment. Boundary conditions and experiment configurations 
can be found in the Supplementary Table A.1. The control ex-
periment used in our study is the IPSL-CM5A Pliocene standard 
experiment (named as “PlioMIP”, Contoux et al., 2012). “PlioMIP” 
boundary conditions (atmospheric CO2 level, paleotopography, ice 
sheets and vegetation) are derived from the United States Geo-
logical Survey (USGS) PRISM3D data set (Dowsett et al., 2012;
Salzmann et al., 2008). The pCO2 in this experiment is set to 
405 ppmv. Initialised from the end of the equilibrated state of 
“PlioMIP” experiment, we first carry out a sensitivity experiment 
named “CAS50” to test the “shallow open Central American Sea-
way (CAS)” hypothesis (De Schepper et al., 2013). “CAS50” bound-
ary conditions are equivalent to “PlioMIP” but with an open CAS 
(440 km width and 50 m depth). The position of CAS is the 
same as in Sepulchre et al. (2014). We prescribe here a 50 m sill 
depth in order to satisfy the glacio-eustatic closure of the CAS that 
would be produced by the approximate mean sea-level drop in-
ferred from data (Dwyer and Chandler, 2009; Miller et al., 2012;
Naish and Wilson, 2009). Initialised from the end of “CAS50”, we 
carry out two other AOGCM experiments to explore the impact of 
astronomical parameters, greenhouse gases forcing and vegetation 
feedback. In these two experiments we choose a CO2 concentration 
of 220 ppmv. This CO2 concentration is the lowest value currently 
recorded around the M2 interval (Bartoli et al., 2011). Orbital pa-
rameters are taken as their 3.313 Ma values (Laskar et al., 2004), 
which provides the coldest boreal summer insolation of the M2 
interval. In the first experiment, vegetation biomes are specified 
as in the baseline PlioMIP experiment (“M2-boreal”) where boreal 
forests biomes dominate the northern high latitudes. In the sec-
ond experiment, we impose an idealised tundra vegetation on the 
northern high latitudes: we replace boreal forest north of 50◦N 
with tundra biomes (“M2-tundra”) following the dynamical vege-
tation simulation by Koenig et al. (2011) in the context of a cold 
orbital forcing and low CO2 concentration (map of vegetation dis-
tribution is shown in Fig. A.2). This vegetation configuration is 
in good agreement with pollen records showing dominant tundra 
biomes in Northeast Arctic Russia during M2 (Brigham-Grette et 
al., 2013). Moreover, Panitz et al. (2016) also show cool boreal for-
est and extensive peatlands in northern Norway around MIS M2. 
Other boundary conditions remain the same as “CAS50”. From the 
“M2-tundra” experiment, successive regrowth experiments have 
been carried out (see the section 2.2.2), consisting of alternate 
use of the AOGCM and the ice sheet model (ISM). Finally, a closed 
CAS experiment is carried out (“M2-closeCAS”), based on the last 
“M2-tundra” regrowth simulation. More details can be found in the 
Supplementary Table A.1. In addition to discussing the CAS impact 

under lower CO2 concentration and exploring the CO2 threshold 
of 280 ppmv for the M2 glaciation, we perform two additional 
experiments: the first one named “CAS50p280” is similar to the 
sensitivity experiment “CAS50” but utilising 280 ppmv of pCO2 in-
stead of 405 ppmv; the second one named “M2-tundra-p280” is 
similar to “M2-tundra” but using 280 ppmv of pCO2 instead of 
220 ppmv. The results of these two experiments will be discussed 
in the Discussion section. All AOGCM experiments in this study 
have reached equilibrium for the atmosphere and the upper layer 
of the ocean.

2.2.2. Ice sheet experiments

The ice sheet model GRISLI is forced with the monthly surface 
temperature at 2 meters and precipitation outputs from the IPSL-
CM5A experiments. The initial bedrock topography and configura-
tion of the NH ice sheets and Antarctic ice sheets in this study are 
from the PRISM3 dataset (Hill et al., 2007; Salzmann et al., 2008). 
All ice sheet experiments are run for 100 kyrs with constant in-
solation (one-way ice sheet simulations). Since the climate and ice 
sheet model are not synchronously coupled, the ice-sheet albedo 
feedback is not included in the climate model. For the M2-tundra 
experiment, we performed regrowth simulations to capture the ice 
sheet feedbacks, as this simulation generates the larger ice sheet 
in the one-way ice sheet experiment. The regrowth simulation is 
performed in three steps: first, we extracted the new ice sheet to-
pography from the first-round ice sheet simulation; second, we 
imposed this new topography to the IPSL-CM5A model to con-
tinue the related AOGCM experiment; third, we extracted the new 
temperature and precipitation fields from the new AOGCM exper-
iment to force another round of ice sheet simulation (Contoux et 
al., 2015). We repeated these steps in succession to reach an equi-
librium state for the ice sheet. In the “M2-tundra” NH ice sheet 
experiment, we performed three regrowth simulations consisting 
of the alternation of 100 kyrs GRISLI runs to equilibrate the ice 
sheet and 100-yr IPSL-CM5A runs for the first and the second 
regrowth experiments, but 200-yr IPSL-CM5A runs for the third re-
growth experiment (named M2-tundra-IS). After the 3rd regrowth 
experiment, the increase in ice volume was less than 10%. Then we 
stopped in the 3rd regrowth simulation due to the limit of compu-
tational resource.

In addition, in the Southern Hemisphere, the temperature and 
precipitation fields of M2-tundra-IS are used to explore whether 
the prescribed lower CO2 concentration, orbital parameters and 
vegetation affect the Antarctic ice sheets (AIS). For comparison, we 
also carried out an AIS experiment by imposing the climatic fields 
of “PlioMIP” experiment. The basal melt rates in our AIS experi-
ments are defined based on the standard basal melt rates in our 
model and also account for the impact of the ocean temperature 
anomaly between Pliocene conditions and pre-industrial condition. 
In detail, the definition of the basal melt rates in our study can be 
summarised as: BAIS_plio = Bstandard+κ ∗(Tplio−Tcontrol). “Bstandard” 
is the standard basal melt rates in GRISLI ice sheet model, which 
are defined separately for different regions. Kappa (κ ) is set to 
0.5 myr−1 K−1 as in Álvarez-Solas et al. (2011); “Tplio” means the 
ocean temperature at the depth of 300 m of the Pliocene simula-
tion; “Tcontrol” means the ocean temperature at the depth of 300 m
of the pre-industrial control simulation.

3. Results

3.1. The impact of shallow open CAS on M2 glaciation

In the CAS50 experiment, the CAS opening generates a reor-
ganisation of the surface currents in the Caribbean region (Fig. 2). 
A colder and fresher water flux of ∼1.2 Sv flows from the Pacific 
to the Atlantic, inducing a decrease in sea surface salinity (SSS) of 
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Fig. 2. Annual mean sea surface salinity (SSS) (a) and sea surface temperature (SST) anomalies (b) over Central America in the CAS50 experiment compared with the PlioMIP 
experiment. The vectors in both panels indicate the ocean currents above 50 m in CAS50 experiment. Red circles represent respectively the difference in reconstructed SSS 
and SST between M2 (3.3 Ma) and mid-Pliocene Warm Period (ca. 3.0–3.3 Ma) (data from De Schepper et al., 2013). (For interpretation of the colours in this figure, the 
reader is referred to the web version of this article.)

Fig. 3. Mean annual North Atlantic ocean current above 500 m (vectors); shaded colours are the current speed anomalies of each experiment in comparison to PlioMIP 
experiment.

up to 1 psu and a cooling of up to 0.5–0.75 ◦C in the Caribbean 
Sea with respect to the PlioMIP experiment. The magnitude of this 
freshening and cooling of the Caribbean Sea is in good agreement 
with data records at ODP Site 999 (De Schepper et al., 2013) (red 
circle in Fig. 2), obtained by comparing the reconstructed SSS and 
SST between M2 (3.3 Ma) and part of the mid-Pliocene Warm 
Period (3.0–3.3 Ma). This through-flow via the open CAS also af-
fects the ocean circulation further north in the Atlantic. The North 
Atlantic Current strength decreases by ∼20% (NAC, Fig. 3b). The 
AMOC index after the CAS opening is not significantly different 
from the PlioMIP AMOC index and the Atlantic northward heat 
transport is reduced by up to 0.13 PW in the low latitudes North 

Atlantic (Fig. 4, red line). In contrast, a large AMOC decrease is ob-
served in earlier CAS modelling studies when a deeper sill-depth 
was imposed (Sepulchre et al., 2014 and reference therein).

This change in ocean circulation after CAS opening leads to a 
small cooling over the Northern Hemisphere, predominantly over 
Eurasia continents, the North Atlantic Ocean and Arctic regions 
(Fig. 5a). In contrast to heat transport, the northward humidity 
transport is almost not affected by the CAS opening (Fig. A.3). 
Consequently, the simulated cooling only weakly increases the ice 
volume over Greenland by 0.25 ×1015 m3 (Fig. 6b) with respect to 
PlioMIP experiment (Fig. 6a), corresponding to a sea-level drop of 
about 1.5 m.
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3.2. The impact of classic forcing factors on M2 glaciation

The CAS opening sensitivity experiment shows that the re-
opening CAS alone cannot trigger the onset of the large M2 glacia-
tion as it produces a small cooling in the northern high latitudes. 
The M2 glaciation has therefore to result from the synergy of many 
forcing factors rather than only from the CAS opening. To test the 

Fig. 4. Annual mean heat transport in Atlantic ocean (PW). (For interpretation of the 
colours in this figure, the reader is referred to the web version of this article.)

effect of forcing from CO2 , insolation and vegetation feedback, we 
designed the M2-tundra and M2-boreal experiments (for experi-
ment set-up, see methods). The M2-tundra reveals a large cooling 
of up to ∼8 ◦C (Fig. 5b) and a decrease in mean annual precipita-
tion of 26% over the NH high latitudes (Fig. 5e), in response to the 
combination of lowered CO2 concentration, weak solar insolation 
(Fig. A.4) and positive tundra-albedo feedback over northern high 
latitudes. The cooling and aridification over the northern high lati-
tudes are also observed in M2-boreal (Figs. 5c, 5f), but are weaker 
than in M2-tundra. The tundra vegetation feedback is responsible 
for about 2 ◦C cooling (Fig. A.5) over northern high latitudes in 
comparison to boreal vegetation.

As a consequence of this cooling in M2-tundra, the ocean cir-
culation significantly shifts with respect to PlioMIP: the NAC gets 
30% weaker (Fig. 3d) and the AMOC strength index decreases by 
1.2 Sv from 11–12 Sv (10% decrease), together with a decrease of 
northward heat transport in the regions of 0–30◦N (−20%) and 
40–80◦N (−50%) (Fig. 4, blue line). However, the decrease of north-
ward heat transport between 0–30◦N of M2-tundra is comparable 
to the CAS50 experiment, i.e. a weakening by ca. −0.12 PW com-
pared to the PlioMIP experiment, thereby suggesting that the CAS 
plays an important role in altering low latitude northward heat 
transport. In the M2-boreal experiment, the decrease in NAC speed 
(Fig. 3b) is comparable to the M2-tundra experiment. In response 
to ocean circulation change and surface air temperature cooling, 
the mean annual sea surface temperature (SST) in NH high lati-
tudes decreases by an order of ∼3 ◦C and 5 ◦C, accompanied by 
large extension of sea ice area of 36% and 48% (maximal sea-ice 

Fig. 5. Mean annual surface temperature (MAT) anomalies (a, b, c) and mean annual precipitation anomalies (d, e, f) in comparison to PlioMIP experiment.
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Fig. 6. Simulated Northern Hemisphere ice sheet overlain on the paleogeography. Colour bar depicts the ice sheet surface elevation (m) simulated by imposing climate fields 
of related climate experiments: a) PlioMIP experiment (Contoux et al., 2012), b) CAS50, c) M2-boreal; d) M2-tundra; e). M2-tundra-IS. (For interpretation of the colours in 
this figure, the reader is referred to the web version of this article.)

area) respectively in M2-boreal and M2-tundra experiments (not 
shown).

The simulated cooling in the “M2-tundra” experiment not only 
triggered a large expansion of the Greenland ice sheets but also 
favoured the nucleation of new ice caps over Alaskan Rockies and 
Scandinavia (Fig. 6d). In comparison, the boreal forest vegetation 
specified in the M2-boreal experiment prevents the expansion of 
an ice sheet outside Greenland (Fig. 6c). This highlights the impor-
tant role of tundra-albedo feedback on Northern Hemisphere (NH) 
ice sheet inception, in good agreement with previous studies (De 
Noblet et al., 1996). The substantial expansion of the NH ice sheets 
in M2-tundra simulation may lead to positive feedbacks in local 
climate. We thus performed several “regrowth” experiments (off-
line coupling) to take into account these feedbacks (“M2-tundra-
IS”, see Methods). At the end of these steps, the total volume of 
Northern Hemisphere ice sheets reach 5.54 × 1015 m3 (Fig. 6e), 
corresponding to a sea-level drop of around 12 m, of which 44% is 
accounted for by Northern Hemisphere ice sheets located outside 
Greenland. Concerning the evolution of ice sheet volume in all ice 
sheet experiments, please refer to the Appendix A Fig. A.6.

In addition to the NH ice sheets, the possible contribution of 
the Antarctic ice sheets (AIS) on the global sea-level drop of M2 
glaciation is also considered in this study. When compared to 
PlioMIP AIS (Fig. 7a), which show a collapse of West Antarctic ice 
sheets, the simulated MIS M2 AIS volume increases by ∼1.5 ×
1015 m3 (+9%), with a substantial ice sheet expansion in West 
Antarctica and increased ice shelves both in West and East Antarc-
tica (Fig. 7b), corresponding to a sea-level drop of ∼4 m. Since the 
M2-tundra-IS orbital parameters generate a stronger summer inso-
lation in the southern high latitudes (Fig. A.4), the West Antarctic 
ice sheet expansion is essentially driven by the lower CO2 con-
centration comparing to PlioMIP conditions. The surface air tem-

perature in West Antarctica is ∼6 ◦C colder (Fig. A.7a) because 
of 1) the direct radiative contribution of the lowered atmospheric 
CO2 and 2) an extended perennial snow cover which further am-
plifies the cooling by the positive albedo feedback (Fig. A.7b). In 
addition, the strong cooling in West Antarctic enhances the for-
mation of sea ice (Fig. A.7c), which cools the sub-surface ocean 
temperatures (Fig. A.7d) and slows down the ice shelf basal melt-
ing. The 4 m sea-level drop produced by the additional AIS of M2 
glaciation is lower than the data estimations (8–18 m; Naish and 
Wilson, 2009). However, in contrast to Northern Hemisphere ice 
sheets, the feedbacks associated with the ice height-mass change 
from the extended AIS on local and global climate is not taken 
into account but can favour additional expansion of the Antarctic 
ice sheets.

To summarise, the most favourable forcing factors for M2 
glaciation generates the accumulation of a significant global ice 
volume of almost 16 m, which falls into the lower range of estima-
tions of sea-level drop for this period (20–60 m), including a ∼4 m 
contribution from the Antarctic ice sheets. The direct climatic im-
pacts of the CAS opening barely contribute to this total volume 
(∼9%) compared to the combined effects of the atmospheric CO2

levels decrease, the favourable boreal summer insolation and the 
feedbacks of the tundra vegetation and the ice sheet.

3.3. The impact of CAS closure on M2 glaciation termination

The second part of the hypothesis of De Schepper et al. (2013)
involves the closure of the CAS as a driver for the M2 deglaciation. 
They propose that the seaway closed following the large accumu-
lation of ice on land. As a consequence, the warm and salty water 
pool in the Caribbean Sea could rebuild and strengthen the north-
ward heat transport, thereby causing the deglaciation of the NH. 
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Fig. 7. Simulated Antarctic ice sheet overlain on the paleogeography of Antarctic. Colour bar depicts the ice sheet surface elevation (m) simulated by imposing climate fields 
of related climate experiments: (a) PlioMIP experiment (Contoux et al., 2012); (b) M2-tundra-IS.

Fig. 8. (a) Mean annual surface temperature difference between M2-closeCAS and M2-tundra-IS experiment (K); (b) Simulated North Hemisphere ice sheet thickness difference 
between M2-closeCAS and M2-tundra-IS (m).

In our CAS closure experiment (“M2-closeCAS), there is a slight 
decrease of the Atlantic northward heat transport by ∼9% south 
of 20◦N but there is no large change in mid-to-high latitudes 
(Fig. 4, green line) when compared to M2-tundra-IS (Fig. 4, blue 
dash line). Note that both in M2-tundra-IS and M2-closeCAS, the 
Atlantic northward heat transport in low-to-mid latitudes is com-
parable to the pre-industrial level and the decrease magnitudes 
of NAC speeds relative to PlioMIP are smaller than in M2-tundra 
(Figs. 3e, 3f). This can be explained by the large ice sheet build-up 
in the Northern Hemisphere, which helps alter the AMOC strength 
(Gong et al., 2015). The CAS closure generates a small warming 
over the Northern Hemisphere, except over Greenland and the 
North Atlantic and Labrador Sea, where the surface air tempera-
ture is slightly colder than in M2-tundra-IS (Fig. 8a). The small 
impacts of the CAS closure are however not significant to alter the 
entire climatic state. When imposing this new climatic state in the 
ice sheet model, we observe both small growth and melt of the 
ice sheet in different regions, but the total Northern Hemisphere 
ice sheet volume remains almost unchanged when compared to 
M2-tundra-IS (Fig. 8b). The weak impact of CAS closure on North-
ern Hemisphere ice sheets in this study is in good agreement with 
the closed CAS experiment of Lunt et al. (2008), in which the au-

thors only observe a decrease of the Greenland ice sheet volume 
of about 0.8 m of equivalent sea level (although with a different 
CAS configuration).

4. Discussion

After opening the CAS (CAS50 experiment), the flow of seawa-
ter from the Pacific into the Atlantic helps slow down the North 
Atlantic Current and decrease the northward heat transport. These 
features are well consistent with the proxy data (De Schepper et 
al., 2013). Moreover, the direction of the water flow through the 
shallow CAS in this study agrees with the findings of Nof and Van 
Gorder (2003), who demonstrated that the direction of water flow 
through an open Central American Seaway depends on the initial 
NADW state: when the NADW is strong enough, the inflow of wa-
ter is from the Pacific to the Atlantic; in the other case, water flows 
from the Atlantic to the Pacific. In our CAS50 experiment, the ini-
tial NADW state (PlioMIP) is as strong as present-day condition in 
the model (11–12 Sv), thereby leading to a Pacific-to-Atlantic wa-
ter flow. In contrast, the water flux through the CAS is reversed in 
the Sepulchre et al. (2014) shallow CAS experiment (55 m) realised 
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with an earlier version of the IPSL model, since their initial NADW 
is three times weaker than present-day.

The “re-opening of the shallow CAS hypothesis” for the glacia-
tion during MIS M2 is an appealing mechanism, since it provides 
an explanation for both the onset and the termination of a major 
glaciation in a context of rather high atmospheric CO2 concentra-
tions in the Pliocene. The hypothesis proposes that an open CAS 
causes decreased ocean heat transport and leads to the expansion 
of Northern Hemisphere continental ice sheets. This is fundamen-
tally different from the classical theory where the CAS closure 
leads to increased precipitation in the Northern Hemisphere high 
latitudes essential for ice sheet expansion (Haug and Tiedemann, 
1998). Our study now shows that the sole impact of a shallow re-
opening of the CAS on ocean circulation is too weak to trigger a 
large glaciation. It must be noted that this conclusion is based on 
the opening CAS with a rather high CO2 concentration (405 ppmv). 
As presented in Fig. 1, CO2 reconstructions show a large variability 
during the Pliocene. It is therefore is not clear whether the at-
mospheric CO2 concentration was high (e.g. 405 ppmv), average 
or low (e.g. 280 ppmv) around MIS M2. To explore the impact 
of CAS opening under different greenhouse gases conditions, we 
also investigated the CAS opening at a lower CO2 concentration 
(280 ppmv) in our “CAS50p280” experiment (details in Supplemen-
tary Table A.1, results in Fig. A.8). Under these conditions, CO2 at 
280 ppmv (“CAS50p280”), the impact of opening the CAS increases 
slightly, allowing ∼2 Sv surface waters from the Pacific to flow 
into Caribbean region instead of ∼1.2 Sv in “CAS50”. As a conse-
quence, the expansion of the NH ice sheets (Fig. 2b) increases with 
20% compared to the CAS50 experiment at 405 ppmv CO2. Such 
increase nevertheless remains too weak to produce a significant 
glaciation (Fig. A.8). This result, together with previous CAS mod-
elling studies (Brierley and Fedorov, 2016 and reference therein) 
demonstrating that ice sheet inception is not triggered by CAS clo-
sure, suggest that the direct climatic impacts of a shallow CAS 
on Northern Hemisphere ice sheets development are limited. This 
view is backed up by a recent data study (Bell et al., 2015), which 
also suggests a weak impact of the progressive CAS shoaling on 
ocean circulation during the Early Pliocene. The authors find that 
the overall structure of the deep Atlantic was largely unaffected 
by the Early Pliocene CAS shoaling, the larger shift in NADW for-
mation during early Pliocene occurred prior to the main shoaling 
phase of the CAS (4.2–4.7 Ma).

In addition to the CAS, two other important seaways underwent 
substantial changes during the Pliocene with potentially consid-
erably effects on global climate: closing of the Indonesian sea-
way (Cane and Molnar, 2001; Karas et al., 2017 and reference
therein) and opening of the Bering Strait (e.g. Horikawa et al., 
2015). In the study of Cane and Molnar (2001), they demonstrate 
that the closure of the Indonesian seaway plays a crucial role 
in the East African aridification during the Late Pliocene and re-
duces the northward heat energy transport. The modelling study 
of Brierley and Fedorov (2016) demonstrates that the opening of 
the Bering Strait has a stronger climatic effect than CAS open-
ing for glacial inception in the high northern latitudes. Northern 
Hemisphere cooling may have been amplified by the singular or 
combined effects of changes at the Indonesian seaway and Bering 
Strait together with the CAS before the M2 glaciation. However, 
the timing of these seaway changes are not very well constrained. 
For instance, the most recent reconstructed topography for the mid 
Late Pliocene (3.2 Ma) (Dowsett et al., 2016) shows a closed Bering 
Strait, while the gateway may have been open (occasionally) al-
ready from the Miocene to early Pliocene (e.g. Horikawa et al., 
2015). In our study, we did not include these two gateway changes.

Our simulations, notably the “M2-tundra-IS” simulation taking 
into account other climatic forcing factors and ice sheet feedbacks, 
demonstrate that the prescription of a large CO2 decrease is in-

strumental in triggering the M2 glaciation whereas the shallow 
CAS opening is not, although it remains a minor contributor to 
favourable conditions for ice sheet inception by modulating the 
ocean circulation. It is also interesting to note that summer in-
solation variations over northern high latitudes make the case for 
a large decrease in atmospheric pCO2 during the M2 period. In-
deed, the summer insolation minima at 65◦N reached during M2 
is larger than the three consecutive minima of summer insolation 
occurring around 2.7 Ma at the time of the onset of a perennial 
Greenland ice sheets (Fig. A.1). All else being equal, and based 
on the present study, a large decrease of atmospheric CO2 lev-
els to values below the Pre-industrial level would hence be nec-
essary to compensate for the lower decrease of summer insola-
tion and to contribute to ice sheet growth on both hemispheres. 
We demonstrate that using 220 ppmv may produce a large ice 
sheet development. Nevertheless this value corresponds to a large 
pCO2 decrease. Therefore, we explore additionally a 280 ppmv of 
pCO2 for “M2-tundra” experiment instead of 220 ppmv (here, we 
named it as “M2-tundra-p280”, details can be found in Supple-
mentary Table A.1, results are shown in Fig. A.8). In comparison 
with “M2-tundra”, “M2-tundra-p280” leads to a decrease of NH 
ice sheets volume by 33%. More importantly, the extent of the ice 
sheet is almost completely restricted to Greenland. Although pos-
sibly model-dependant this result demonstrates that in order to 
allow nucleation of ice sheets outside Greenland pCO2 levels are 
likely to have dropped under 280 ppmv during the MIS M2 glacia-
tion. Further data and modelling studies are however needed to 
confirm this hypothesis that a large CO2 decrease occurred during 
the M2 glaciation.

When accounting for all favourable forcing factors for the 
M2 inception (M2-tundra-IS experiment), we obtain an increased 
global ice volume of 16 m SLE (sea-level equivalent), which is 
at the lowest range of the different sea-level records. However, 
the simulated 16 m sea-level fall is likely to be underestimated 
in our experiment, since first we do not account for Antarctic 
ice sheets feedbacks, and second, the “regrowth” method remains 
an asynchronous coupling between GCM and ISM that may still 
underestimate the ice sheet growth. The proxy records used for 
sea-level reconstructions also have large uncertainties and differ 
among studies. Based on the combination of ostracod Mg/Ca deep 
ocean temperatures with benthic foraminiferal δ18O data (Dwyer 
and Chandler, 2009), the largest estimation of sea-level drop dur-
ing M2 is nearly half of LGM (∼60 m). Such a large sea-level drop 
is inconsistent with terrestrial records, which indicates that sub-
stantial ice expansion in North America was unlikely during the 
M2 period (Brigham-Grette et al., 2013). In terms of modelling ex-
periments, Dolan et al. (2015) reveal that a ∼40 m SLE (34 m in 
NH and 6 m in SH) or a ∼60 m SLE (52 m in NH and 8 m in 
SH) of M2 glaciation are more consistent with marine proxy data. 
However, these large area ice sheets in their experiment may not 
reconcile with their boundary conditions, since these ice sheets are 
imposed in the model rather than simulated.

There are only a few sea surface temperature (SST) reconstruc-
tions available that depict North Atlantic cooling during MIS M2. 
SST records from five drilling sites in the North Atlantic and 
Caribbean Sea (shown in Fig. 9 and Table 1) are derived using 
planktonic foraminiferal Mg/Ca (De Schepper et al., 2013) and 
alkenones (Lawrence et al., 2009; Naafs et al., 2010; De Schepper 
et al., 2013). Fig. 9 shows a comparison between the interglacial 
(pre-M2; 3.332–3.305 Ma) and glacial (Full-M2; 3.305–3.285 Ma) 
SST anomaly and our simulated SST anomaly. In our modelling 
study, the “CAS50” experiment can be regarded as the “Pre-M2” 
condition and “M2-tundra-IS” experiment as “M2 full glaciation”. 
At ODP Site 982 and DSDP Site 610 there is good agreement be-
tween model results and data reconstructions (Table 1). At IODP 
Site U1308, both proxies depict a larger cooling than our model 
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Fig. 9. Sea surface temperature (SST) anomaly between “M2 full glaciation” (3.305–3.285 Ma) and “Pre-M2” (3.332–3.305 Ma). The shaded symbols in the figure indicate the 
proxy data anomalies: the circles are the Mg/Ca-based records (0–60 m, a) from De Schepper et al. (2013); the squares (De Schepper et al., 2013), star (Lawrence et al., 2009) 
and polygone (Naafs et al., 2010) are the alkenones-based records (0–10 m, b). The background shaded regions represent the anomalies of the model results by comparing 
the SST (March to August) of “M2-tundra-IS” with that of “CAS50” simulation. The specific values in each ODP sites are shown in Table 1.

Table 1

Sea surface temperature (SST) anomaly between “M2 full glaciation” (3.305–3.285 Ma) and “Pre-M2” (3.332–3.305 Ma). Positions 
of each ODP sites are shown in Fig. 9. The model results are the difference in SST (March to August) between “M2-tundra-IS” and 
“CAS50” simulation. Indice (1) means data from Lawrence et al. (2009); (2) data are from De Schepper et al. (2013); (3) means data 
from Naafs et al. (2010).

DSDP, 
ODP, IODP 
sites

Mg/Ca based 
records 
(0–60 m)

Model results 
(0–60 m)

Alkenone based
records 
(0–10 m)

Model results 
(0–10 m)

982 – – �T(1) = −3.5 ◦C �T = −4.6 ◦C

610 �T(2) = −2.5 ◦C �T = −2.7 ◦C �T(2) = −3.2 ◦C �T = −2.8 ◦C

U1308 �T(2) = −2.3 ◦C �T = −0.6 ◦C �T(2) = −2.3 ◦C �T = −1.0 ◦C

U1313 �T(2) = 0.8 ◦C �T = −0.5 ◦C
�T(2) = −1.6 ◦C

�T = −0.9 ◦C
�T(3) = −2.4 ◦C

999 �T(2) = −0.3 ◦C �T = −1.9 ◦C – –

results by 1.5 ◦C. At the IODP Site U1313, there is a large spread 
between data reconstructions, even using the same proxy. Never-
theless our model results underestimate the cooling in IODP Site 
U1313 when compared to the alkenones-based reconstructions. In 
the Caribbean Sea ODP Site 999, our model overestimates the cool-
ing anomaly by ∼1.5 ◦C. Accounting for the location of this site 
near from the CAS, this may be attributed to the uncertain tim-
ing of CAS open and closing in the data. Considering uncertainties 
on the timing of the records during MIS M2, the proxies recon-
structions accuracy and model variability, the comparison between 
model results and data reconstructions for MIS M2 cooling draws 
a rather consistent picture.

In our study, we also show that the M2 glacial termination is 
not linked to the CAS closure, since the NH ice sheet volume re-
mains almost unchanged (M2-closeCAS experiment) after the CAS 
closure. The short duration of M2 glaciation may rather result from 
the weak boreal summer insolation variability during M2. As dis-
cussed by Haug and Tiedemann (1998), the low amplitude obliq-
uity during 4.5–3.1 Ma cannot produce cold enough summers to 
prevent the ice sheet from melting, thus glaciations during this 
period are hard to develop into large and long-term glaciations.

5. Conclusions

The glaciation (3.312–3.264 Ma, MIS M2) occurring just prior 
to the well-known mid-Pliocene Warm Period (mPWP, ca. 3.3 to 
3.0 Ma; Haywood et al., 2016) has always been thought to be enig-

matic, since it took place in a warm and high-CO2 climate. Yet 
the related studies for M2 glaciation are rare (Dolan et al., 2015)
and no modelling studies discuss the mechanism of the onset and 
termination of M2 glaciation. A recent geological hypothesis sug-
gesting the crucial role of re-opening and closing (glacio-eustatic 
induced) of the shallow Central American Seaway (CAS) (De Schep-
per et al., 2013) to explain the onset and termination of MIS M2 
glaciation has been tested here with a set of modelling experi-
ments.

Here, for the first time, we have investigated the mechanism 
of the onset of M2 glaciation based on the shallow CAS hypoth-
esis and also accounted for principal forcing factors by using a 
fully coupled atmosphere ocean general circulation model and dy-
namic ice sheet model. Our results show that even with the most 
favourable conditions and all the feedbacks associated, we can only 
achieve a sea level drop of 16 m corresponding to the lowest 
estimates, including a 4 m contribution from Antarctica. More im-
portantly, the closing of the CAS does not induce any important 
melting. Our major finding is therefore the crucial role of pCO2

changes. Future studies should first bring more constrain on car-
bon climate interaction during MIS M2 and more modelling efforts 
should be done to simulate this glaciation, notably by exploring 
potential synergistic effects between the CAS, Bering Strait and In-
donesian Seaway.
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Appendix A.  Supplementary material 

The following is the Supplementary material related to the article. 

Table A.1 Boundary conditions in the experiments. 

Experiment 
CO2 

(ppmv) 

Orbital 

parameters 

Topography  

& Initial ice 

sheet 

Vegetation CAS 

Length of 

AOGCM 

simulations 

Length of 

ice sheet 

simulations 

PlioMIP28 405 Pre-industrial PRISM3 PRISM3 close 650 yrs 100 kyrs 

CAS50 405 Pre-industrial PRISM3 PRISM3 open 400 yrs 100 kyrs 

CAS50p280 280 Pre-industrial PRISM3 PRISM3 open 250 yrs 100 kyrs 

M2-tundra 220 3.313 Ma PRISM3 
Modified 

PRISM3** 
open 200 yrs 100 kyrs 

M2-tundra-p280 280 3.313 Ma PRISM3 
Modified 

PRISM3** 
open 200 yrs 100 kyrs 

M2-boreal 220 3.313 Ma PRISM3 PRISM3 open 200 yrs 100 kyrs 

M2-tundra-IS 220 3.313 Ma      PRISM3* 
Modified 

PRISM3** 
open 200 yrs 100 kyrs 

M2-closeCAS 220 3.313 Ma      PRISM3* 
Modified 

PRISM3** 
close 400 yrs 100 kyrs 

More details about PRISM3 data can be found in (Dowsett et al., 2012; Salzmann et al., 2008) 

* Topography is kept align with PRISM3 except of the ice sheet regions, where ice sheet and topography are derived from the 

second climate-ice regrowth simulation of M2-tundra. 

** Replace boreal biomes north of 50°N with tundra biomes based on the PRISM3D vegetation map 
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Figure. A.1. The comparison between Piacenzian (3.6-2.58 Ma) and the past 420,000 years in terms of Benthic δ18O  

(a, b) (Lisiecki and Raymo, 2005); July solar radiation at 65 °N (Laskar et al., 2004) (c,d; W/m2) and Reconstructed 

atmosphericCO2 concentration (e; Petit et al., 1999 ), (f ; Bartoli et al., 2011; Martínez-Botí et al., 2015; Seki et al., 

2010; Van De Wal et al., 2011)  
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Figure. A.2 Vegetation distribution in PRISM3 (a; modified after Salzmann et al. 2008); Dynamical vegetation model 

simulated tundra distribution north of 50N in response to cold orbit and 200ppmv of pCO2 (b; modified after Koenig 

et al. 2011)  

 

 

 

Figure. A.3  (a) Meridional humidity transport in Atmosphere and (b) Meridional heat transport in the Atlantic Ocean.  
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Figure. A.4 Difference in incoming solar radiation at the top of atmosphere between 3.313 Ma and Pre-industrial level 

(W/m2). 

 

Figure. A.5 Difference in mean annual surface temperature between M2-tundra and M2-boreal experiment. 
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Figure. A.6 Simulated NH ice sheet evolution for all principle experiments (a); Simulated NH ice sheet evolution for 

regrowth experiments (b) 

 

 

Figure. A.7   Differences between M2-tundra-IS and PlioMIP in mean annual air surface temperature at 2 meters (a); 

in mean annual surface albedo (ratio) (b); in mean annual sea ice fraction (ratio) (c); in mean annual ocean 

temperature at the depth of 300 meters (d). 
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Figure. A.8 Mean annual temperature difference between CAS50 and CAS50p280 (a); simulated northern hemisphere 

ice sheet with the climate of CAS50p280 (b). 

 

 

 

 

Figure. A.9 Mean annual temperature difference between M2-tundra-p280 and M2-tundra(a); simulated northern 

hemisphere ice sheet with the climate of M2-tundra-p280 (b). 
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3.4 Summary

The Marine Isotope Stage M2 (3.264-3.312 Ma) occurred just prior to the well docu-

mented warm mid-Pliocene (mPWP). With a 0.5%%benthic foraminiferalδ18O shift (Lisiecki

and Raymo, 2005), MIS M2 is thought to be a glacial comparable period associated with

huge but uncertain sea-level records of 2060m below present level (Naish et al. 2009;

Miller et al. 2012; Dwyer et al. 2009). However, the mechanism of M2 initiation and

termination are still an enigma, since CO2 records were relatively higher than the Quater-

nary glaciation period and the minima summer insolation during M2 was stronger than

other glacial periods. By inferring from marine proxy data, De Schepper (2013) proposed

that the shallow open Central American Seaway (CAS) observed during M2 could play as

a trigger in M2 initiation, then the closure of this shallow CAS resulted from M2 large ice

sheet buildup terminates this glacial period. But this assumption has not been tested by

the model.

In this study, we apply IPSL-CM5A Atmosphere-Ocean coupled General Circulation

Model (AOGCM) and GRISLI ice sheet model to investigate mechanisms of M2 initiation

and termination. We firstly investigate the role of “shallow opening CAS” (De Schepper et

al. 2013) on M2 initiation. In the mean time we also take into account the main forcing

during M2, which includes astronomical parameters, Greenhouse gases and vegetation.

Our results show that shallow opening CAS plays an important role in reducing northward

heat transport in Atlantic low latitudes by 0.05-0.1 PW, but it is not a key factor in NH ice

sheet build-up; Astronomical parameters and low pCO2 concentration are essential to

create a basic global cooling environment for M2 (cooling by about 3.65 K than mPWP);

Cold vegetation replacement amplifies the cooling in north high latitudes by about 8 K,

which finally allows large ice sheet building up in Northern Hemisphere (12.25 m sea level

drop is simulated with considering ice sheet feedback on the climate) and a large expan-

sion in West Antarctic ice sheet which provides about 4m sea level drop. The simulated

ice sheet locations and areas correspond well to the terrestrial ice evidence. The diagnos-

tics in the Atlantic Ocean also suggest a better agreement with data especially in terms of

sea surface temperature and North Atlantic Current change. Finally, to explore the rela-

tionship between M2 termination and the closure of shallow CAS, we close CAS based on

the simulation with large ice sheet built-up scenario. However, after the closure of this

shallow CAS, we observed a small change in NH ice sheet which is in the agreement with
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previous CAS studies (Lunt et al. 2008). Our major finding in this study is therefore the

crucial role of pCO2 changes.Future studies should first bring more constrain on carbon

climate interaction during MIS M2 and more modeling efforts should be done to simulate

this glaciation, notably by exploring potential synergistic effects between the CAS, Bering

Strait and Indonesian Seaway.
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4.1. Introduction

4.1 Introduction

The MPWP (3.264 to 3.025 Ma, Figure.4.1) following MIS M2 glaciation is well studied

and discussed due to its warmer-than-present climate and its similar-to-present pCO2.

Studies on this period enable us to better understand the mechanism under warm condi-

tion and to know the models’ abilities in simulating warm climate. Most of these studies

are in the frame of Pliocene Model Intercomparison Project (PlioMIP) and Pliocene Re-

search Interpretation and Synoptic Mapping project (PRISM). In this chapter, I will intro-

duce our modeling study on the MPWP involved in the PlioMIP phase 2 project. A paper

has been prepared for this study which is shown in the second section of this chapter. Be-

fore going to the paper, I will provide a short review of the PlioMIP projects and its related

results as following.
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Figure 4.1 – The LR04 benthic oxygen isotope stack (Lisiecki and Raymo, 2005) and Orbital param-
eters (Laskar et al., 2004) for the Pliocene interval. Figure after (Haywood et al., 2016)

4.2 PlioMIP and PRISM project

The Pliocene Model Intercomparison Project (PlioMIP) initiated in 2008 is a co-ordinated

international climate modelling initiative to study and understand climate and environ-

ments of the Late Pliocene (MPWP), and their potential relevance in the context of future

climate change. PlioMIP operates under the umbrella of the Palaeoclimate Modelling In-

tercomparison Project (PMIP), which examines multiple intervals in Earth history, the

consistency of model predictions in simulating these intervals and their ability to repro-

duce geological climate archives. The PlioMIP is closely aligned with the US Geological

Survey Initiative known as PRISM (Pliocene Research Interpretation and Synoptic Map-

ping), which has for more than 20 years focused on the reconstruction and understanding

of mid-Pliocene climate ( 3.3 to 3 million years ago), as well as the production of bound-

ary condition data sets suitable for use with numerical climate model simulations.(from:

ht t ps : //g eolog y.er.usg s.g ov/eg psc/pr i sm/7p l i omi p2.html )

The MPWP is always considered to be an analogue for the future climate change,

which is the initial reason for the PlioMIP project. But along with the recognition of the
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climate equilibrium, the "analogue" concept is denied. Since the MPWP is an equilibrate

state but the modern climate is non-equilibrium due to the continuous change of the

forcing factors. Thus the purpose of the PlioMIP turns to better understand the MPWP

itself and to study the mechanism under warm climate. Moreover the model intercom-

parison work enable to know how the model abilities in simulating warm climate. All

these objectives can still serve the future climate projections as well as improve the model

competences.

The PlioMIP project now has two phases linking to the updating of boundary condi-

tions provided by PRISM project. The PlioMIP phase 1 (PlioMIP1) commenced at 2008

associated with PRISM3(D) is already finished. The PlioMIP phase 2 (PlioMIP2) corre-

sponding to PRISM4 has been launched since 2014.Tens of modeling groups from the

world have been participated in this project.The major results of PlioMIP1 and the objec-

tives of PlioMIP2 will be introduced in the next section.

4.2.1 Major Results of PlioMIP1 and the objective of PlioMIP 2

In PlioMIP1, the simulated global annual mean surface temperatures increased by

1.84-3.6◦C (Fig.4.2, (Haywood et al., 2013)).The IPSL model represented a warming by

2.07◦C in the AOGCMs result (Contoux et al., 2012). The simulated gloal annual mean sur-

face temperatures across models show consistency in the tropics but lack of consistency

in high latitudes. The modeled Atlantic Meridional Overturning Circulation (AMOC) was

predicted as present conditions, which did not support enhanced AMOC as well as en-

hanced pole-ward heat transport during the MPWP.The predicted AMOC in IPSL is about

11 Sv representing a relatively weaker AMOC than other models(Zhang et al., 2013). The

albedo feedback, majorly associated with landice and snow cover and Greenhouse gases

were identified to be important roles in high latitude climate for the MPWP. Regionally,

the simulated weakened East Asian winter winds in north monsoon China and intensified

East Asian summer winds in monsoon China agreed well with geological reconstructions

(Zhang et al., 2013). The simulated tropical overturning circulations in the MPWP were

weaker than preindustrial circulations, just as they are projected to be in future climate

change (Corvec and Fletcher, 2017) The weakening HC response is consistent with future

projections, and its strength is strongly related to the meridional gradient of sea surface

warming between the tropical and subtropical oceans. However, the data-model compar-
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ison show that the models’ results underestimated the magnitude of polar amplification

(Dowsett et al., 2013; Salzmann et al., 2011) (Fig.4.3).

PlioMIP1 was the first attempt to provide the framework for modeling warmer than

pre-industrial climate with higher pCO2 values. Many GCMs provided simulations for in-

tercomparison studies associated with many publications (e.g.,Haywood et al.,2016 and

reference therein). However the weaknesses of this phase are majorly attributed to unreal-

istic boundary conditions and the concept of "average" warm period.Therefore, PlioMIP2

is launched with choosing a specific interglacial period (MIS KM5c,3.205),which has an

orbital forcing similar to present and largely retains many warm conditions on which

the PlioMIP1 focused. Accordingly, new boundary conditions (PRISM4) are updated for

the PlioMIP2 experiments.Comparing to the PRISM3, the PRISM4 (Fig.4.4,(Dowsett et al.,

2016)) provides a new topography and bathymetry in which the Bering strait and Cana-

dian Archipelago seaway are closed, the Greenland ice sheet reduce by 50% and the topog-

raphy is more near modern conditions. Moreover, in PRISM4, the maps of reconstructed

soil types and paleolakes are provided, but the sea surface temperatures and vegetation

are kept the same as in the PlioMIP1. Meanwhile,the data scientists in the PRISM com-

munity are working on reconstructing high time-resolution proxy data focusing on the key

regions which is important for understanding the MPWP warmth. These new proxy-data

are more appropriate for the data-model comparison.Standard time series data will also

provided to better understand the climate variability(Haywood et al., 2015).This study is

involved in the PlioMIP2 project. More details can be found in the next section.
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Figure 4.2 – Simulated global mean annual surface temperatures and sea surface temperature in
the PlioMIP 1. Circles are the data from PRISM3. Figure after (Haywood et al., 2016)
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Figure 4.3 – Data model comparison in zonally averaged surface temperatures.Figure after
(Dowsett et al., 2013)
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Along with the studies on the MPWP, the discord between model and data is consid-

ered to majorly result from the uncertainties associated with the derivation of the proxy-

data sets used to assess the climate models(Haywood et al., 2015). The MPWP is sim-

ply considered to be an warm period for the PlioMIP1 and this concept determinate the

approach of the reconstruction of data and related boundary conditions. However, cli-

mate variation within the MPWP is very important, the average approach is not appro-

priate for the interpretation of data reconstruction. Therefore, PlioMIP2 is launched with

choosing a specific interglacial period (MIS KM5c,3.205),which has a orbital forcing sim-

ilar to present and largely retains many warm conditions on which the PlioMIP1 focused.

Accordingly, new boundary conditions (PRISM4) are updated for the PlioMIP2 experi-

ments.Comparing to the PRISM3, the PRISM4 (Fig.4.4,(Dowsett et al., 2016)) provides a

new topography and bathymetry in which the Bering strait and Canadian Archipelago

seaway are closed, the Greenland ice sheet reduce by 50% and the topography is more

near modern conditions. Moreover, in PRISM4, the maps of reconstructed soil types and

paleolakes are provided, but the sea surface temperatures and vegetation are kept the

same as in the PlioMIP1. Meanwhile,the data scientists in the PRISM community are

working on reconstructing high time-resolution proxy data focusing on the key regions

which is important for understanding the MPWP warmth. These new proxy-data are more

appropriate for the data-model comparison.Standard time series data will also provided

to better understand the climate variability(Haywood et al., 2015).This study is involved

in the PlioMIP2 project. More details can be found in the next section.
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               Topograhy Land-sea and ice mask 

                         Soil map                          Lake map 

Figure 4.4 – New boundary conditions in PRISM4 .Figure modified from (Haywood et al., 2015)
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4.3 Paper in preparation for Climate of the Past:Study on

the MIS KM5c warm period using IPSL coupling model

under PlioMIP phase 2 project

4.3.1 Abstract

The mid-Piacenzian warm period (MPWP; 3.264 to 3.025 Ma) is the most recent geo-

logical period with a present-like pCO2 concentration and exhibiting significant warmth

relative to present conditions. This interval has been intensively studied during the last

three decades due to its potential relevance for future climate change. Most of these stud-

ies are in the framework of Pliocene Model Intercomparison project (PlioMIP) and the

US Geological Survey Initiative known as PRISM (Pliocene Research Interpretation and

Synoptic Mapping). With the advanced understanding of the climate variability of this

interval, a specific interglacial (marine isotope stage KM5c, 3.205 Ma) is selected and new

boundary conditions (PRISM4) are updated for better understanding this warming pe-

riod in the PlioMIP phase 2 (PlioMIP2) based on the previous PlioMIP phase 1 project

(PlioMIP1). In this study, we carried out series of the MPWP experiments designed by

the PlioMIP2 with adapting PRISM4 boundary conditions into IPSL Atmosphere-Ocean

Coupled General Circulation Model (AOGCM), IPSL-CM5A and IPSL-CM5A2.1.The simu-

lated global PlioMIP2 climate is warmer by 2.2-2.3◦C than pre-industrial conditions and

warmer by 0.1-0.2◦C than PlioMIP1 by the identical model. In comparison with PlioMIP1,

the modified orography in PlioMIP2 enhances Atlantic meridional overturning circula-

tion that associated with a stronger poleward heat transport. Therefore PlioMIP2 repre-

sents a stronger warming in mid-to-high latitudes relative to PlioMIP1 and produce a bet-

ter fit with proxy data. However the warming amplification in high latitudes is still under-

estimated. Besides, pCO2 uncertainties (+-50 ppmv) have a strong impact on the modeled

warm conditions, especially on the high latitude climate. When augmenting/lowering

pCO2 by 50ppmv, the climate increase/decrease by about 1◦C in the high latitudes and

the impact of lowering pCO2 is more important.
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4.3.2 Introduction

The mid-Piacenzian warm period (MPWP; 3.264 to 3.025 Ma) is the most recent geo-

logical period with a present-like pCO2 concentration and exhibiting significant warmth

relative to today. This interval has been intensively studied during the last three decades

as it is generally considered to be a potential guide for future warming. Most of these

studies are in the frame work of these two projects: one is US Geological Survey Initia-

tive known as PRISM (Pliocene Research Interpretation and Synoptic Mapping) which is

responsible for the data reconstructions, the other is the Pliocene Model Intercompar-

ison Project (PlioMIP) that focuses on the climate modeling and model intercompari-

son.Thanks to the PRISM project, an abundance of marine and terrestrial data are pro-

vided to represent the ocean/land temperatures, soil and vegetation conditions. Gener-

ally, the MPWP is studied to be globally warmer by 2-4◦C than present level (e.g., Dowsett

et al., 2009). A large warming amplification of 7-15◦C is estimated in arctic regions derived

from terrestrial proxies from the arctic lake El’gygytgyn in NE arctic Russia (Brigham-

Grette et al., 2013) and Ellesmere Island in North Arctic circle (Rybczynski et al., 2013).

Associated with this strong warmth, the reconstructed eustatic sea level is estimated to be

22(+-10m) higher (between 2.7 and 3.2 Ma) than present (e.g., Miller et al., 2012) which

might link to a large melting of Greenland ice sheet and a significant collapse of West

Antarctic Ice sheet as well as unstable regions of East Antarctic (Dolan et al., 2015b; Hill,

2009; Koenig et al., 2015).The reconstructed pCO2 data during MPWP ranged from 350 to

450 ppmv (Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Seki et al.,

2010), which are similar to present level.The distribution of vegetation is different from

nowadays that northward shift of boreal forest takes place of the tundra regions due to

the warming conditions (Salzmann et al., 2008).

The initial purpose of study on this period is to learn its relevance for the future cli-

mate change. However, considering the non-equilibrium state of the present climate due

to the continuous change of forcing factors, the simulated stabilized MPWP may not be

directly regarded as an analogue for future warming. The importance of the MPWP stud-

ies now is to know how the abilities of climate models to produce warm climate and

to study the respective roles of forcing factors and feedback of internal climate compo-

nents under warm conditions, which can also serve future climate projections.In PlioMIP

phase 1 (PlioMIP1), there are 11 models participating to conduct the MPWP experiments.
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Among these results,there exists consistency in surface temperature change across mod-

els in the tropics and lack of consistency identified in model responses at high latitudes as

well as total precipitation rate in the tropics(Haywood et al., 2013). The modelled Atlantic

Meridional Overturning Circulation and Ocean heat transport for this interval in different

models are likely unchanged relative to modern conditions(Zhang et al., 2013). However,

when comparing to data proxies of sea surface and air surface temperature, climate mod-

els uniformly underestimate the warming in the high latitudes(Dowsett et al., 2012)(e.g.,

Haywood et al., 2016).Reasons for this discord between data and model results are com-

plex, but they are generally thought to be attributed to three main aspects:boundary con-

ditions uncertainty, modeling uncertainty and data uncertainty(Haywood et al., 2013).In

PlioMIP1, the MPWP is regarded simply as a stable interval despite of the climate vari-

ability exhibiting over a 300-kyrs time slab, thus the boundary conditions and data prox-

ies interpretation are made as an averaged conditions over this long interval, which is now

considered as the main contributor to this data-model discrepancy(Haywood et al., 2015).

Therefore, the ongoing PlioMIP phase 2 (PlioMIP2) changes the strategy with choosing a

representative interglacial of marine isotope stage KM5c (MIS KM5c;3.205 Ma) during the

MPWP interval. This fixed time slice can help to improve the resolution in data proxies

and to better constrain the boundary conditions. Therefore, new boundary conditions

(known as PRISM4;(Dowsett et al., 2016)) are updated for PlioMIP2 which include a new

palaeogeography reconstruction containing ocean bathymetry and land/ice surface to-

pography, which represent closure of Bering Strait and North Canadian Archipelago re-

gion and a shrunk of Greenland ice sheet by 50% in comprison to PlioMIP1. Besides,

extra information of lake distribution and soil types(Pound et al., 2014) are also provided

in this new boundary conditions.

This study is conducted in the framework of PlioMIP2, hence we will employ the new

boundary conditions of PRISM4 to conduct the MPWP experiments by using two versions

of French AOGCM models (IPSL-CM5A and IPSL-CM5A2.1). The purpose of this study is

to better understand the warm climate of the MPWP and also to study the sensitivity of

IPSL AOGCM model to the change of boundary conditions and forcing factors. As IPSL

AOGCM model has been participated in PlioMIP1 by (Contoux et al., 2012), we will also

compare the modeling results of PlioMIP2 with those of PlioMIP phase 1.
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4.3.3 Model Description

To accomplish the modeling work, we employed two versions of Institute Pierre-Simon

Laplace (IPSL) coupled atmosphere-ocean general circulation model (AOGCM):IPSL-CM5A

and IPSL-CM5A2.1. IPSL-CM5A is a high resolution coupling model which has been ap-

plied in CMIP5 for historical and future simulations (Dufresne et al., 2013) as well as

for Quaternary and Pliocene paleoclimate studies (Contoux et al., 2012; Kageyama et al.,

2013). The version of IPSL-CM5A2.1 is designed based on IPSL-CM5A with mainly tun-

ing the cloud radiative effect to avoid the global cold bias in the model(Sepulchre et al.,in

prep). Moreover, the computational performance of IPSL-CM5A2.1 is improved by about

6 times ( 50 yrs/d) than that of IPSL-CM5A. For the purpose of comparison with PlioMIP1

Contoux et al. (2012), we launched PlioMIP2 core experiment with IPSL-CM5A, and we

also conducted PlioMIP2 core experiment and tire experiments with IPSL-CM5A2.1 to

save the computational cost. Components of these models are shortly presented as fol-

lowing. More details can be referred to Dufresne et al. (2013) and Chapter 2.

4.3.4 Experiment Design

This section describes the boundary and the initial conditions imposed in our exper-

iments. Here, the experiment names are consistent with the design of PlioMIP2 by Hay-

wood et al. (2015) which are referred by an abbreviated form Exc , where c is the con-

centration of atmospheric CO2 in ppmv and x represents boundary conditions that have

been changed from the pre-industrial (PI) such that x can be absent (for cases in which

no boundary conditions have been modified) or it can be "o" for a change in orography

and/or "i" for a change in land ice configuration.

Pre-industrial experiments

The pre-industrial control simulation in IPSL-CM5A was performed as required by

CMIP5/PMIP3 by the LSCE modelling group. It is a 2800-years simulation which already

started from equilibrium conditions.The pre-industrial control simulation in IPSL-CM5A2.1

was conducted by Sepulchre et al., (in prep) forced by CMIP5 pre-industrial boundary

conditions and has 3000-years integration length.
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Pliocene experiments

We conducted five AOGCM experiments for the PlioMIP2 study, they are respectively

core experiment Eoi 400 with IPSL-CM5A model and core experiment Eoi 400_v2.1 and

three tire experiments Eoi 450_v2.1 , Eoi 350_v2.1 , Eo400_v2.1 with IPSL-CM5A2.1 model.Although

a standard pCO2 of 400ppmv is selected for the Pliocene core experiments, the pCO2

records during this interval mostly range from 350 to 450 ppmv. Thus the tire experiments

Eoi 450_v2.1 and Eoi 350_v2.1 are conducted to learn the impact of pCO2 uncertainties on

the modeled Pliocene warm climate. The tire experiment Eo400_v2.1 is conducted to study

the importance of ice sheet configurations in simulating the warming period. As defined

by the abbreviated form, CO2 concentration imposed in each simulation can be refereed

to the number of the experiment’s name.Other greenhouse gases and orbital forcing are

kept the same as IPSL pi control run (Table4.1).

Vegetation scenarios are kept the same as PlioMIP1 AOGCM simulation by Contoux

et al. (2012). River routing and soil patterns are not changed in this study. Land sea mask

in these experiments are modified based on present level with closing Bering Strait, North

Canada Archipelago region,and augmenting the topography in Hudson Bay (Figure4.5).

Ice sheet mask are referred to PRISM4 dataset ((Dowsett et al., 2016)),except for Eo400_-

v2.1 experiment, which is imposed with modern ice sheet. Topography in these five ex-

periments are calculated based on modern topography used in IPSL model by superim-

posing on the anomaly between PRISM4 reconstructed topography and modern topog-

raphy provided by PlioMIP2 database (Haywood et al., 2015). When the new topography

was lower than zero, absolute PRISM4 topography was implemented.Figure4.5 shows the

new resulting topography in our PlioMIP2 experiments and topography anomaly between

PlioMIP2 and PlioMIP1 experiments.

The initial sea surface temperature and sea ice in Eoi 400 and Eo400_v2.1 are derived

from IPSL PlioMIP1 AOGCM simulation (Contoux et al., 2012).Eoi 400 is conducted based

on the equilibrium state of PlioMIP1 experiment ((Contoux et al., 2012),with 650 years of

integration length) and integrated for 800 years,while Eoi 400_v2.1 has 1500-years integra-

tion length.Average climatologies for these two experiments are calculated over the last 50

years. Three tire experiments: Eoi 450_v2.1 , Eoi 350_v2.1 , Eo400_v2.1 are conducted based

on the equilibrium state of Eoi 400_v2.1 core experiment and have 400 years of integration

length. Average climatologies for these three experiments are calculated over the last 30
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years. Table4.2 gives a summary for the experiments settings.
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Table 4.1 – Configuration common to all experiments described in this paper.

CH4 760 ppb
N2O 270 ppb
O3 Local modern
CFCs 0
Solar constant 1365 W/m2

Eccentricity 0.016715
Obliquity 23.441
Perihelion 102.7
Dynamic vegetation Off
Soil types and lakes Local Modern

Table 4.2 – Details of experimental settings

Exp names Models CO2(ppmv) Integration length Climatologies
Eoi400 IPSL-CM5A 400 650+800 yrs Last 50yrs

Eoi400_v2.1 IPSL-CM5A2.1 400 1500 yrs Last 50yrs
Eoi450_v2.1 IPSL-CM5A2.1 450 1500+400yrs Last 30yrs
Eoi350_v2.1 IPSL-CM5A2.1 350 1500+400yrs Last 30yrs
Eo400_v2.1 IPSL-CM5A2.1 400 1500+400yrs Last 30yrs

4.3.5 Results and Discussion

In this section, We will present the results of core experiments (Eoi 400 and Eoi 400_v2.1)

conducted respectively with IPSL-CM5A and IPSL-CM5A2.1. We will compare Eoi 400 with

the PlioMIP1 (Contoux et al., 2012) with the identical model to understand the impact of

boundary conditions change on the warm climate. We will also discuss the impacts of

pCO2 uncertainties and the ice sheet configurations on the Pliocene warm climate.Finally,

we will compare our simulated climate with the available data to learn the competence of

IPSL coupling model in simulating warm climate. Table4.3 gives the general diagnostics

for each experiments.

Pliocene runs with IPSL-CM5A

Results in the Atmosphere

Figure4.6 show the anomalies of global mean annual surface air temperature (SAT),precipitation

rate and sea surface temperature (SST) between Pliocene experiments and pre-industrial

control with IPSL-CM5A.The global mean annual SAT in Eoi 400 experiment is about 14.4◦C,

which is 2.3◦C warmer than that of pre-industrial.The warming in high latitude (4.2◦C)

is larger than that in the tropics (1.8◦C). The warming extent of Eoi 400 is slightly larger

than that of PlioMIP1 experiment which show a global warming by 2.1◦C.The major
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Table 4.3 – Diagnostics for each experiment

Exp Names
MA SAT & PRECIP (Anomaly)

(units: ◦C & mm/d)
MA SST (Anomaly)

(units: ◦C)
AMOC index (absolute)

(units: Sv)
Global Tropics High Latitudes(NH)

PlioMIP1 2.1&0.13 1.7&0.17 3.9&0.21 1.4 10.8
Eoi400 2.3&0.14 1.8&0.20 4.2&0.28 1.7 15.7

Eoi400_v2.1 2.2&0.13 1.6&0.19 3.8&0.23 1.6 17.9
Eoi450_v2.1 2.6&0.15 2.1&0.23 4.5&0.27 1.9 17.4
Eoi350_v2.1 1.5&0.09 1.0&0.13 2.5&0.14 1.2 17.6
Eo400_v2.1 2.0&0.13 1.5&0.18 3.0&0.20 1.2 18.3

differences in SAT between Eoi 400 and PlioMIP1 are found respectively in mid-latitude

Eurasian and arctic regions due to the change of regional topography and high latitude

seaways as well as the reduced Greenland ice sheet.The global mean annual precipitation

rate increases by 0.14 mm/d in Eoi 400,the major increase locates in the monsoon regions

and tropical oceans. Although the increased global mean precipitation rate in Eoi 400 is

similar to that in PlioMIP1,regional differences still exist that the precipitation rates in

Eoi 400 in the tropics and NH high latitudes are higher than those of PlioMIP1 by 0.03 -

0.05 mm/d.Regionally, the PlioMIP2 simulates an intensified precipitation in East Africa

than the PlioMIP1, which is better consistent with proxy data from East Africa inferring a

wetter vegetation condition and hydrological systems during this period (Drapeau et al.,).

The regional difference in topography between PlioMIP2 and PlioMIP1 may considered

to be a major influence. Further sensitivity studies are needed to verify it.

Results in the Ocean

Accordingly, The global mean annual SST of Eoi 400 increases by 1.7◦C than present

day,which is 0.3◦C warmer than PlioMIP1 and this warming majorly locates in the mid

to high latitude oceans of NH. The warming in Eoi 400 relative to PlioMIP1 may attribute

to the closure of Bering Strait,Canadian Archipelago which are the major difference be-

tween these two experiments. In control run, the water flux through Bering strait is about

1.0 Sv transporting much fresher and warmer water from the North Pacific to the Arctic

ocean. In Eoi 400, as showing in Figure4.8, the water currents from the North Pacific to

the Arctic through the Bering Strait and from the Arctic to the Baffin Bay are shut down.

Consequently, the Arctic sea water gets much denser, then the wind-drived Beaufort gyre

and transpolar drift get weakened that further reduce the associated East Greenland cur-

rent and the Labrador current, hence lead to a saltier condition in these adjacent regions

which can help to increase the convection and the formation of North Atlantic Deep Wa-
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ter. Accordingly, we observe a strengthened gulf stream and North Atlantic currents as

well as enhanced sub-polar gyre which can transport more heat energy to high latitudes

and may link to a stronger convection. Consequently, an enhanced and shallowed AMOC

by 4.9Sv is observed in Eoi 400, while AMOC in PlioMIP1 is not from present level Figure4.9.

The increased AMOC resulting from the closure of Bering Strait and Archipelagos is likely

consistent with previous studies of Hu et al., (2015), Kamae et al., (2016) and Chandan et

al.,(2016). However, the magnitude of AMOC strength change in our PlioMIP2 simulation

is much larger other models. Hu et al.,(2015) using CCSM3 and CCSM2 with different cli-

mate backgrounds show that the AMOC responses to the closure of the Bering strait are

about 2-3 Sv. Chandan et al.,(2016) show an increased AMOC strength by 2 Sv after clos-

ing the Bering strait in the CCSM4 model. In the study of Kamae et al.,(2016), they present

a much stronger AMOC in their PlioMIP2 than their pre-industrial level. However, they

use different flux adjustment in their PlioMIP2 simulation and their pre-industrial sim-

ulation, the AMOCs in these two simulations cannot be directly compared. In fact, the

simulated AMOC largely depends upon the vertical mixing schemes (Zhang et al., 2013b).

Thus it is expected to see variations of simulated AMOC across models. Although we ob-

serve a largely increased AMOC (4.9Sv) in our PlioMIP2 simulation with IPSL-CM5A, it

should be noted that the simulated modern AMOC (11 Sv) with this model is weaker than

the observations (17.2Sv , McCarthy et al.,2015) and the simulated AMOC in this model is

always weaker than other models (Zhang et al.,2013b).

The warming condition in Eoi 400 is unfavorable for the sea ice formation for both

hemisphere,especially during the cold season. In Figure4.11, we can find largely reduced

maximum sea ice cover in Eoi 400 by 5.6 Mkm2 and 8 Mkm2 respectively for NH and SH as

relative to control run. For the minimum sea ice cover,Eoi 400 reduces by 3.7 and 1 Mkm2

respectively for NH and SH. In comparison with PlioMIP1, NH sea ice cover in Eoi 400 re-

duces by 1.7 Mkm2 and 0.7 Mkm2 respectively for cold and warm season but no difference

in SH due to the relative warming between these two experiments.

Pliocene runs with IPSL-CM5A2.1

Results in the core experiment Eoi 400_v2.1

Figure4.7 show the anomalies of global mean annual SAT,precipitation rate and SST

between Eoi 400_v2.1 and the pre-industrial control with the identical model. The global
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mean annual SAT in Eoi 400_v2.1 is about 15.3◦C, which is 2.2◦C warmer than pre-industrial

conditions and the warming in high latitudes is much larger than in the tropics. It should

be noted that the absolute SAT in Eoi 400_v2.1 is warmer than that in Eoi 400, while the

SAT anomaly in Eoi 400_v2.1 is weaker than Eoi 400. This is due to the bias between these

two models: IPSL-CM5A2.1 present a warmer pre-industrial condition by 1.1◦C (Sepul-

chre et al.,in prep) than than with IPSL-CM5A. The global mean annual precipitation rate

increased by 0.13 mm/d in Eoi 400_v2.1 ,which is comparable to the results of core experi-

ments with IPSL-CM5A.

In Eoi 400_v2.1, the changes in the ocean conditions relative to its pre-industrial con-

trol are similar to Eoi 400.But due to the model bias, the absolute values are different from

Eoi 400. The global mean annual SST is 0.7◦C warmer than Eoi 400,the AMOC strength

(Fig.5) is about 17.9 Sv which is 2.2Sv larger than Eoi 400, while AMOC anomaly is about

4.7 Sv in comparison with its pre-industrial level of 13.2 Sv, which is similar to Eoi 400. The

Sea ice cover is also largely decreased due to the warming in high latitudes. Moreover, the

decreasing extents of sea ice cover during cold season are always larger than that during

warm season for each hemisphere. More details are shown in Table4.3 and in Figure4.11.

The impact of pCO2 uncertainties

Figure4.10 represents the anomalies of global mean annual SAT, precipitation rate and

SST between three tire experiments (Eoi 450_v2.1 , Eoi 350_v2.1, Eo400_v2.1) and core ex-

periments Eoi 400_v2.1 . After augmenting the pCO2 by 50ppmv in Eoi 450_v2.1, the earth is

slightly warmed up (0.48◦C ) and the warming in high latitudes is more important (0.7◦C).

However, when abasing pCO2 by 50ppmv in Eoi 350_v2.1, the change of climate is more

important than that in Eoi 450_v2.1 , as we observe a global cooling of 0.71◦C and cool-

ing of -1.29◦C over NH high latitudes. This asymmetric pattern in increasing/decreasing

temperatures when augmenting/lowering pCO2 majorly results from the change of sur-

face albedo associated with the snow fall. In Eoi 450_v2.1 , the mean annual snowfall de-

creases by 6% between 40 N and 80 N when comparing to Eoi 450_v2.1, while Eoi 350_v2.1

represents an increased mean annual snow fall by 30%. The asymmetric pattern between

Eoi 450_v2.1 and Eoi 350_v2.1 is also found in the changes of precipitation rates: Global cli-

mate gets slightly moister with an increased global precipitation rate by 0.02mm/d (+15%)

in Eoi 450_v2.1, while in Eoi 350_v2.1, the global precipitation rate reduces by 0.04mm/d (-

31%) and this reduction is more important in the tropical regions. Thus, our results show

that the response of IPSL coupling model to the lowering of pCO2 is larger than the in-
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creasing of pCO2 in the atmosphere section. But when exploring in the ocean,we find that

the increased or decreased extents of SSTs resulting from augmenting or lowering of pCO2

by 50ppmv are likely symmetric. The AMOC strengths are also similar between Eoi 450_-

v2.1 (17.4Sv) and Eoi 350_v2.1 (17.6Sv). More details are shown in Figure4.9. Nevertheless,

the changes of sea ice cover in these two tire experiments are far from each other (Fig-

ure4.11). As in Eoi 450_v2.1, the sea ice covers decrease slightly in relative to Eoi 400_v2.1

for both hemisphere (0.2-0.3 Mkm2 during cold season and 0.1-0.6 Mkm2 during warm

season), while in Eoi 350_v2.1 , the sea ice covers largely expand for both hemisphere, es-

pecially during the warm season and in the SH (1-1.5 Mkm2 during cold season and 2-3

Mkm2 during warm season).

The impact of ice sheet configuration In Eoi 450_v2.1 , the ice sheets in both hemi-

sphere are set as pre-industrial conditions. The relative increased ice sheets modify the

atmospheric conditions in high latitudes due to its strong albedo feedback which largely

decrease the local incoming radiation then further influence the atmospheric circula-

tion.A decrease of 0.8-1◦C is observed in polar regions in both hemisphere.The precipi-

tation rates change slightly in regional scale. Due to the relatively evenly distribution of

increased and decreased precipitation rate, the global mean annual precipitation rates

are not much perturbed. .SSTs also decreased in high latitudes of NH hemisphere result-

ing from the air sea interactions. The AMOC strength has slightly increased by 0.5Sv due

to the enhanced meridional temperature gradient. In summary, ice sheet boundary con-

ditions takes an important role in the high latitude climates.

Model data comparison

Figure4.12 shows the sea surface temperatures with the average of February and Au-

gust in both core experiments (Eoi 400;Eoi 400_v2.1 ) as well as the PRISM3D proxy-based

SST reconstruction during the late Pliocene (Dowsett et al., 2009). The simulated SSTs cor-

relate well with data in representing the reduced meridional temperature gradient and

in the mid-to-high latitudes warming. The best overlap between modeling results and

data locates in the tropics and lower latitudes.The discords mostly situate in high latitude,

especially in the North Hemisphere. Figure4.13 shows the relationship between model-

ing results and data. Modeling results here are got by extracting the values in the loca-

tions where data obtained. In summary, the PlioMIP2 simulated by new version CM5A2.1
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(Eoi 400_v2.1) fits better with data than the others due to its warming bias than the old

version. The linear correlation between the simulated PlioMIP2 with CM5A and data

seems like similar to the PlioMIP1 condition. However, when looking at the moderate

SSTs ranges (15-25◦C) which mostly represent the mid-to-high latitudes temperatures in

the data, the simulated PlioMIP2 (CM5A) usually is warmer than the PlioMIP1, which

better fits with the data. On the other hand, the two PlioMIP2 experiments show warmer

condition in high latitude continents in which the warming is always underestimated in

the PlioMIP1 studies.However, the proxy data PRISM3D (Dowsett et al., 2009) discussed

here is not proper for the data-model comparisons, as they are interpreted as the average

state of the MPWP, further data-model comparisons are needed to be done when the new

precise regional data are prepared (Dowsett et al., 2016).

4.3.6 Summary

In this paper, we describe the results of modeled warm interglacial of MIS KM5c (3.205

Ma) located in the interval of the MPWP (3.0-3.3 Ma) with imposing the new boundary

conditions of PRISM4 (Dowsett et al., 2016). Two versions of core experiments denoted

Eoi 400 and Eoi 400_v2.1 are conducted based on two versions of IPSL coupling model:

IPSL-CM5A and IPSL-CM5A2.1. Three tire experiments (Eoi 450_v2.1 , Eoi 350_v2.1 , Eo400_-

v2.1) are conducted based on IPSL-CM5A2.1 to study the roles of the uncertainties of

pCO2 and the ice sheet boundary conditions in the warming climate.

The new boundary conditions of PRISM4 adapted in our models produce an enhanced

global warming in the MPWP,especially for the mid-to-high latitudes when comparing to

the PlioMIP phase 1 results. This modeled meridional surface temperature gradient is

similar to the proxy data from PRISM3D. However, the magnitude of the high latitude

warming amplification is still underestimated. The enhanced warming can be majorly at-

tributed to the change of high latitude seaways which strengthening AMOC and transport

more heat energy to high latitudes and also to the reduced ice sheets and the sea ice cov-

ers, which largely decreasing the shortwave radiation. In the core Pliocene experiment,

Eoi 400 represents a global warming by 2.3◦C (mean annual SAT) and warming amplifi-

cation in the mid-to-high latitudes with 4.2◦C relative to the PI control.Eoi 400_v2.1 repre-

sents a relative warmer condition comparing to Eoi 400 due to the model bias but warming

anomalies in comparison with its related PI control ( 2.2◦C ) is slightly weaker than that
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of Eoi 400. The simulated warming in our model is weaker than other studies(Chandan

and Peltier, 2017; Kamae et al., 2016).In our two core experiments, AMOC strengths in-

crease remarkably (+4.7 Sv) in comparison with their related PI controls due to the clo-

sure of Bering strait and North Canadian Archipelago regions.This result is in agreement

with other studies (Hu et al., 2015; Kamae et al., 2016), but the extent of the increase of

the AMOC highly depends upon the processes including in the ocean models. The model

response to the pCO2 uncertainties (+-50ppmv based on the core simulation) is not sym-

metric. Based on Eoi 400_v2.1 , the augmenting of pCO2 by 50 ppmv produces warming in

the high latitudes (+0.7◦C), but the decreasing of pCO2 by 50ppmv leads to much strong

cooling in the high latitudes (-1.3◦C).This cooling effect is stronger than that produced

by the enlarged ice sheets. To conclude, further model intercomparisons and data-model

comparisons are needed to better understand the role of new boundary conditions and

the internal climatic processes in modeling the Pliocene warming climate.
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PlioMIP 2 - Pi control

PlioMIP 2 -  PlioMIP 1

Figure 4.5 – Anomalies prescribed in topography of PlioMIP2 respectively relative to PI control
(upper) and PlioMIP1 (lower).
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Figure 4.6 – Anomalies of mean annual surface temperature (a;b),mean annual precipitation
rates(c;d) and mean annual sea surface temperature for PlioMIP2 (or Eoi 400) and PlioMIP1
conducted with IPSL-CM5A in comparison with associated pre-industrial control experiment.
The middle panels represent the zonal mean of related anomalies(PlioMIP2 with red lines and
PlioMIP1 with blue lines)
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Figure 4.7 – Anomalies of mean annual surface temperature (a;b),mean annual precipitaion (c;d)
and mean annual sea surface temperature for PlioMIP2 (or Eoi 400_v2.1 ,) conducted with IPSL-
CM5A2.1 in comparison with associated pre-industrial control experiment. The middle panels
represent the zonal mean of related anomalies and the associated one sigma standard (shaded
region) deviation.
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Figure 4.8 – Mean annual Ocean current above 500 meters.
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     CTRL ( CM5A2.1 )                                                           Eoi400_v2.1 (Anomaly)                                           Eoi450_v2.1 (Anomaly)

                       CTRL (CM5A)                                                                   Eoi400  (Anomaly )                                                   PlioMIP 1 (Anomaly)

       Eoi350_v2.1 (Anomaly)                                                Eo400_v2.1   (Anomaly)                                                      
AMOC (absolute)        sv

AMOC (anomaly)        sv

(a)                                                                                              (b)                                                                                           (c)                                

(d)                                                                                              (e)                                                                                           (f )                                                                                           

(g)                                                                                              (h)                                                                                                                                                          

Figure 4.9 – Mean annual AMOC of PI controls (a,d) and AMOC anomalies of each experiment in
comparison with their related PI controls.
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Figure 4.10 – Anomalies of mean annual surface temperatures,mean annual precipitations and
mean annual sea surface temperatures in comparison with Eoi 400_v2.1 experiment. The last col-
umn represents the zonal mean of related anomalies (red,blue and black lines represent respec-
tively for Eoi 450_v2.1 , Eoi 350_v2.1 and Eo400_v2.1).
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Figure 4.11 – Maximum and Minimum sea ice covers for both hemispheres in each experiment
(units: 1E+106km2 ).
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Figure 4.12 – Modeled mean annual (average of February and August) sea surface temperatures
and PRISM 3D data (◦C).
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Figure 4.13 – Comparison of modeled mean annual (average of February and August) sea surface
temperatures and PRISM 3D data (◦C).
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4.4 Summary and conclusions

In this chapter, we firstly introduced the PlioMIP project and the results of the phase

1 as well as new boundary conditions developped for the phase 2. The paper prepared

for the special issue of PlioMIP2 described the models we used for these new boundary

conditions. The major interest may be summarized as follows. -We performed with the

same AOGCM model (IPSLCM5A) the core simulation designed with the boundary con-

ditions provided by PlioMIP1 and PlioMIP2. The major difference between these experi-

ments is the decrease of the thermal gradient (mainly due to higher temperature for mid

and high latitude) due to the Bering strait and Canadian archipelago for PlioMIP2 -Using

a new version of the IPSL AOGCM (IPSLCM5A2) for PlioMIP2, which is much faster, we

were able to provide sensitivity experiments to CO2 and ice sheet configurations. In our

study, the major results are that,the model response to the pCO2 uncertainties (+-50ppmv

based on the core simulation) is not symmetric. The decreasing of pCO2 by 50ppmv leads

to much strong cooling in the high latitudes. This cooling extent is more important than

the warming extent resulting from the increasing of pCO2 as well as is stronger than the

cooling extent produced by the enlarged ice sheets.
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Whereas since late Miocene, there are evidences of sporadic Greenland glaciations

(Larsen et al., 1994) that occurred but did not maintain, it is only during Pliocene that

pCO2 decrease creates favorable conditions to allow the build-up of GrIS (e.g Lunt et al.,

2008). Superimposed to this long term slow decrease of pCO2, changes in summer in-

solation around 2.7 Ma at high latitudes (Laskar et al., 2004) also played a major role in

triggering the onset of GrIS. We will focus here on this major transition from Pliocene to

Pleistocene (3.0-2.5 Ma).Following the warming period of the mid-Piacenzian, the earth

climate began a long-term cooling phase inferring from the decreasing trend of sea sur-

face temperatures (Herbert et al., 2010; Lawrence et al., 2009; Venti et al., 2013) and land

surface temperature (Brigham-Grette et al., 2013). All existed pCO2 records also repre-

sent decreasing trends after the MPWP (e.g., Bartoli et al., 2011; Martínez-Botí et al., 2015;

Seki et al., 2010). Evident ice-rafted debris (IRD) records are extensively observed around

2.7-2.4Ma (e.g., Flesche Kleiven et al., 2002; Jansen et al., 2000) indicating the establish-

ment of large North Hemisphere Glaciation (Maslin et al., 1998). This long-term cooling

phase known as "Plio-Pleistocne transtion" (PPT,3.0-2.5 Ma,Fig.5.2) is an important tip-

ping point in the Earth climate associated with perennial ice sheets in the Northern high

latitudes and triggered the glacial-interglacial cycle with a 41-kyrs periodicity. The third

part of my thesis work is based on the PPT transition and the study of the Greenland ice-

sheet evolution during this period. A summary of this work has been done and already

submit to the journals. We provide in Section 5.1 a brief history of Greenland ice sheet

evolution from late Miocene.
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5.1 Greenland ice sheet history

The Greenland ice sheet (GrIS,Fig.5.1), with a volume of 2.99 ± 0.02 (106 km3) (Morlighem

et al., 2017), is the second largest land ice in the world. When this vast land ice totally

melts, the seal level will increase by about 7.42 ± 0.05 meters (Morlighem et al., 2017) ,

which is an important issue in the vulnerability of the climate change. Under the global

warming, the rate of ice loss from Greenland is accelerate since 1990s. Studies show that

the total ice-sheet loss may result from warming of more than a few degrees above mean

20th century values,but this threshold is poorly defined (2-7◦C)(Alley et al., 2010). A long-

term history of Greenland ice sheet is very important for us to understand the Greenland

ice sheet response to the climate change. Evidences of glaciomarine diamictities and IRDs

collected off the shore of southeast show that the Greenland ice sheet has existed as early

as the late Miocene (about 7 Ma) (Larsen et al., 1994) and may constrict in the southeast

Greenland due to the high topography and precipitation rate. Then another marked sig-

nal for the Greenland ice sheet inferring from the IRDs is during the short glacial event

of MIS M2 (3.3 Ma,50kyrs) (Jansen et al., 2000) and full Greenland ice sheet likely ex-

isted during this period inferring from the estimated sea-level drops (e.g., Miller et al.,

2012) and modeling studies (Dolan et al., 2015a; Tan et al., 2017). Following MIS M2, the

Greenland ice sheet might largely melt and constrict only in the east Greenland during the

MPWP (Dolan et al., 2015b; Koenig et al., 2015). The first perennial Greenland glaciation

likely occurred around the 2.7-2.4 Ma along with the intensification of NHG during the

PPT, inferring from an abundance of IRD records (e.g., Flesche Kleiven et al., 2002; Jansen

et al., 2000). Then after entering the Quaternary, the Greenland glaciation is paced by the

glacial-interglacial cycle.

However, there are limitations on the records to understand the long-term history of

Greenland ice sheet. For example, based on the ice core records, it is more accurate to

reflect on the temperature change rather than the volume of the ice sheet.And the sea-

level estimates always include the impact of Antarctic ice sheet, it is difficult to separate

the sole impact of the GrIS. Moreover, the marine records of IRD can only predict the

existence of large enough GrIS providing continous calving but have no implications for

the shrinkage of the GrIS. Thus the constraints on the ice extent during the interglacial

period have much uncertainties. For example the estimates of the Greenland ice sheet

shrinkage during the last interglacial (130-115 kyrs) gain much debates and are highly
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uncertain, which varies from 1 meter to 5.5 meters of sea level equivalent volume based

on different studies (e.g., Cuffey and Marshall, 2000).

To understand the long-term history of Greenland ice sheet, the transient climate sim-

ulation with coupled climate and cryosphere model may provide an optimal way. How-

ever, the cryosphere evolution requires a longer response time (from centruies to mille-

nium) than other climate components. Therefore to simulate long term evolution of both

systems, the use of synchronously coupled climate cryosphere is very expensive in terms

of computing time especially for a high resolution model representing the local change of

Greenland ice sheet.

Till now, very few modeling studies succeeded to simulate the Greenland ice sheet

evolution. Willeit et al. (2015) applied a coupled regional climate and cryosphere model

to simulate the Greenland ice sheet evolution but with very important parameteriza-

tion scheme. In our study, we will apply a new physically based method to simulate the

Greenland ice sheet evolution which has been already successfully applied to simulate

the Antarctic transition by Ladant et al. (2014). More details are shown in the next section.

5.2 Paper under review in Nature Communications: Mod-

eling Greenland ice sheet evolution during the Plio-Pleistocene

transition:new constraints for pCO2 pathway

5.2.1 Abstract

The late Pliocene intensification of Northern Hemisphere glaciation (NHG) with high-

amplitude growth and decays of ice sheet has been documented through different obser-

vational studies. It is generally considered that the perennial glaciation of Greenland be-

gan around 2.7 Ma along with the intensification of NHG, indicated by records of ice rafted

debris (IRD). Both data and coupled model studies have demonstrated that a decline

in atmospheric pCO2 levels was instrumental in establishing a perennial Greenland ice

sheet (GrIS), yet models have generally used simplistic CO2 constraints rather than those

derived from data studies. Here, with a new fully physically based forward modelling ap-

proach designed for coupling climate and cryosphere models over several 100-kyrs inte-

grations, we simulate the Greenland ice sheet evolution during the Plio-Pleistocene Tran-
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sition (PPT, 3.0-2.5 Ma). We demonstrate the pivotal role of specific CO2 pathways, which

are confined in a narrow window to trigger and maintain an extended GrIS: values lower

than 280 ppmv are needed to produce the major extent of the GrIS at 2.7 Ma, whereas val-

ues higher than 320 ppmv, even with favourable insolation conditions, prevent the build-

up of a large GrIS. Moreover, this forward method enables us, for the first time, to simulate

GrIS evolution with different pCO2 scenarios derived from proxies and model reconstruc-

tions. When confronting simulated GrIS evolution to IRD reconstructions, there is a large

consistency between IRD reconstructions and GrIS results. Our study emphasizes the

crucial role of the pCO2 pathway for the GrIS evolution during PPT, which is particularly

relevant in the context of GrIS response to future pCO2 scenarios.

5.2.2 Introduction

The long-term trend that led to the initiation of the cyclic Northern Hemisphere glacia-

tions (NHG) can be dated from 3.6 Ma (Mudelsee and Raymo, 2005). A set of globally

spread reconstructed SST records (Herbert et al., 2010; Lawrence et al., 2009; Venti et al.,

2013) describes a gradual cooling trend for the middle to late Pliocene and early Pleis-

tocene (3.6-2.2 Ma), associated with a progressive increase of benthic foraminiferal δ18O

high peaks (Lisiecki and Raymo, 2005), which can both reflect lower deep-water temper-

ature and increased ice volume. Terrestrial data from Lake El’gygytgyn are also consistent

with long-term ocean cooling (Brigham-Grette et al., 2013). During this period, the first

marked peak of IRD was found around 3.4-3.3 Ma (MIS MG2 and MIS M2) East of Green-

land (ODP site 907, (Jansen et al., 2000)) and is interpreted as evidence for an important

glacial event before the establishment of the cyclic NHG around 2.7 Ma (Jansen et al.,

2000; Maslin et al., 1998). Significant quantities of IRD were recovered in different ocean

drilling sites in the North Atlantic during the PPT (Flesche Kleiven et al., 2002). This de-

posited IRD likely originated from Greenland, Iceland, North America and Scandinavia,

suggesting large land ice expansions to the coast during this interval (Flesche Kleiven

et al., 2002; Jansen et al., 2000). The onset of a perennial GrIS and of the cyclic NHG at

the end of the PPT stands out as a tipping point in Earth climate evolution. Indeed, it

marks the beginning of a low pCO2 world with perennial ice sheets in both hemispheres,

which is infrequent in Earth’s history (Ramstein, 2011), thereby creating specific geologic

and climatic conditions allowing the development of glacial/interglacial cycles. Green-
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land, however, may have experienced waxing and waning of ice before the intensification

of NHG, as suggested by Eocene, late Miocene and early Pliocene IRD records (Jansen and

Sjøholm, 1991; Larsen et al., 1994; Thiede et al., 2011). In particular, the last large glacia-

tion of Northern Hemisphere prior to the major intensification at 2.7 Ma occurred during

MIS-M2 (De Schepper et al., 2013; Dolan et al., 2015a; Mudelsee and Raymo, 2005; Tan

et al., 2017). This 50 kyrs glaciation was followed by the well-known Mid-Pliocene Warm

Period (MPWP) from 3.3 Ma to 3.0 Ma for which numerous observational and modelling

studies carried out in the framework of the PlioMIP project (Haywood et al., 2016, 2015)

have demonstrated that the warmer conditions led to a reduced GrIS (Hill, 2009; Koenig

et al., 2015). The subsequent build-up of a perennial GrIS across the PPT remains poorly

constrained from a spatio-temporal point of view because of its minor contribution to the

signal in global benthic foraminiferal δ18O records and of the paucity of direct geological

data associated with the GrIS expansion. Models have the potential to provide valuable

insights into the GrIS evolution but fully coupled GCM studies of the GrIS onset during

the PPT were not yet available. Pioneering studies were carried out under fixed rather

than transient climate conditions using snapshot simulations with the exception of the

constant CO2 simulations of (DeConto et al., 2008). An important step (Lunt et al., 2008)

demonstrated through a series of snapshot experiments of different forcing factors that

the pCO2 lowering was the major driver of the GrIS glaciation. However, this result was

obtained from equilibrium simulations for 2.7 Ma and using a pre-existent Pliocene GrIS

(Hill, 2009). A more recent study (Contoux et al., 2015b)still using snapshot equilibrium

simulations at 2.7 Ma suggested that, to maintain Greenland ice sheets after this initial

glaciation, CO2 values had to remain low enough when the insolation increased (see Fig-

ure5.3b). By contrast, low resolution, conceptual and intermediate complexity models

have indeed been useful to realize transient experiments (Berger et al., 1999; De Boer et al.,

2010; Stap et al., 2017) but these models remain simplified with respect to many processes

and do not have the spatial resolution to focus specifically on Greenland. Willeit et al.

(2015) have recently provided the first transient experiment coupling high-resolution re-

gional climate and ice sheet model. However, this study is based on pre-defined pCO2

data and simplified schemes in the method. Therefore, it remains still major challenge to

simulate the PPT with a forward physically-based model, that allows for the first time to

depict climate and ice sheet evolution over the 3.0-2.5 Ma time span.
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5.2.3 Methodology

Model Description

The climate model used in this study is the IPSL-CM5A GCM (Dufresne et al., 2013).The

ice sheet model used in this study is the GRenoble Ice-Shelf and Land-Ice model (GRISLI)

(Ritz et al., 2001). More details related to these models are found in the Chapter2.

Tri-interpolation method

In the absence of synchronous coupling between GRISLI and IPSLCM5A, we utilise an

interpolation that asynchronously couples both models and offers the possibility of carry-

ing long-term numerical integration of the ice sheet model while accounting for the time

evolution of main climatic forcings. This method consists in building a matrix of possible

climatic states that are generated by IPSLCM5A under various combinations of forcings,

which are chosen in the range of possible values taken by said forcings. The ice sheet

model GRISLI can then be continuously forced by temperature and precipitation fields

obtained by interpolation between the different IPSLCM5A climatic states; interpolation

that is based on the time evolution of the forcings. The principle of this method has been

described in details in Pollard and DeConto (2009) and an early version of it has been

applied to the Eocene-Oligocene Transition (EOT) in Antarctica (DeConto and Pollard,

2003). In this work, we use an improved version of this method that has first been applied

to the EO glaciation (Ladant et al., 2014) and that we have adapted to Greenland. Specifi-

cally here, we build a three dimensions matrix to account for the three main drivers of an

ice sheet evolution, that are: 1) realistic insolation variations, 2) the atmospheric CO2 evo-

lution, and 3) the ice sheet feedbacks on itself. The matrix hence comprises temperature

and precipitation fields that are obtained from reference IPSLCM5A runs initialized with

different combinations of orbital parameters, CO2 and ice sheet size. In a second step, the

temperature and precipitation fields that force GRISLI can be computed by interpolating

between the reference IPSLCM5A climatic states, based on the current value taken by the

65◦N summer insolation and by the atmospheric pCO2 and on the instantaneous size of

the ice sheet in GRISLI. This ensures that the climatic fields passed to GRISLI are appro-

priately updated at each time step to follow the evolution of both external (insolation and

CO2) and internal (ice sheet geometry) forcings.
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Experiment Design

In this study, we have chosen two orbital configuration that produce respectively the

maximal (warm orbit) and the minimal (cold orbit) mean summer insolation at 65◦N be-

tween 3.0 and 2.5 Ma, according to the astronomical solution calculated by the model of

Laskar et al. (2004). At each time step of the ice sheet model simulations for the 3–2.5 Ma

periods, the impact of the summer insolation can be included by appropriately interpo-

lating between reference IPSLCM5A runs with warm or cold orbits.

The reference IPSLCM5A runs are initialized with four different CO2 concentrations:

220 ppmv, 280 ppmv, 360 ppmv, and 405 ppmv. Late Pliocene CO2 records indeed docu-

ment a range of variation of the atmospheric pCO2 comprised between about 200 ppmv

and 400 ppmv (See in Figure5.3). Similarly, the instantaneous value of pCO2 over the

course of the simulation for the 3–2.5 Ma periods can be interpolated between reference

runs with aforementioned pCO2 values. As pCO2 and temperature are linked via a loga-

rithmic relationship, we prescribe a logarithmic interpolation between fixed pCO2 refer-

ence runs. Conversely, the interpolation is kept linear for the insolation.

To obtain the reference Greenland ice sheet sizes that are prescribed in the reference

IPSLCM5A runs, we carry out a preliminary experiment in which we model the ice sheet

development in an offline, one-way regrowth experiment (see (Contoux et al., 2015b) for

details). We initialise IPSLCM5A with standard PlioMIP phase 1 conditions Contoux2012,

which are then modified to start from an ice-free Greenland and extremely favourable

conditions represented by the cold orbit described above and a CO2 concentration of 220

ppmv. GRISLI is then force with constant temperature and precipitation fields from the

IPSLCM5A simulation until the ice sheet reaches equilibrium. The ice sheet geometry is

then fed back to IPSLCM5A while CO2 and orbital parameters are kept identical. New

climatic fields are thus obtained and GRISLI further simulates the ice sheet gain until a

new equilibrium is reached. The geometry of the ice sheet can then be again passed to IP-

SLCM5A. This process is repeated until a new iteration does not markedly increase the ice

volume. Here, seven iterations allow us to obtain seven Greenland ice sheet sizes ranging

from very small to nearly full size ice sheet (Figure5.4).
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Figure 5.3 – A synthesis of Late Pliocene evolution. (a) LR04 benthic isotope stack (Lisiecki and
Raymo, 2005) ; (b) July insolation at 65◦N (Laskar et al., 2004); (c) Ice rafted detritus (IRD) records
from different studies (DSDP Site 610 (Flesche Kleiven et al., 2002), DSDP Site 611 (Bailey et al.,
2013), ODP Site 644 (Jansen and Sjøholm, 1991), ODP Site 907 (Jansen et al., 2000) , ODP Site 984
(Bartoli et al., 2006) and site U1307 (Sarnthein et al.,2009) ); (d) Reconstructed pCO2 records and
model inverse data from different studies (Seki et al.,2010; Bartoli et al., 2011; Badger et al., 2013;
Martinez-Boti et al., 2015; Van de Wal et al., 2011; Stap et al., 2016).
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(a) (b)

(c) (d) (e)

(f ) (g) (h) (i)

Figure 5.4 – Greenland ice sheet configurations.(a) and (b) present respectively the Pre-industrial
and the reconstructed PlioMIP ( 3.2 Ma) Greenland topography (m). (c), (d), (e), (f), (g), (h),
(i) present the seven simulated GrIS scenarios in this study which are imposed in the reference
AOGCM experiments.
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multirow

Table 5.1 – Forcing factors of reference AOGCM experiments

Orbital Configuration
pCO2

(ppmv)
Vegetation Settings Prescribed GrIS size

Cold orbit (2.601 Ma) Or
Warm orbit (2.589 Ma)

220
Cold orbit: PlioMIP modified

S0,S1,S2...S6
Warm orbit: PlioMIP

280
Cold orbit: PlioMIP modified

S0,S1,S2...S6
Warm orbit: PlioMIP

360
Cold orbit: PlioMIP modified*

S0,S1,S2...S6
Warm orbit: PlioMIP

405
Cold orbit: PlioMIP modified*

S0,S1,S2...S6
Warm orbit: PlioMIP

The matrix of reference IPSLCM5A climatic states is then built using the forcings de-

scribed above. A total of 2 (for the insolation) x 4 (for CO2) x 7 (for Greenland ice sheet

sizes) simulations are run in parallel to provide reference T and P fields that cover the

range of possible variations of the three main drivers that are insolation, CO2 and ice sheet

size. A continuous T and P forcing can then be calculated based on the prescribed (for in-

solation and CO2) and emerging (for ice sheet) evolution of these drivers. Although com-

plex and fastidious to implement, this method offers in particular the possibility to test

virtually any CO2 scenario without additional GCM runs. It should be noted that vegeta-

tion feedbacks linked to vegetation changes under Late Pliocene conditions are taken into

account in our IPSLCM5A simulations, since the tundra-taiga feedback has been shown

to play a role in the onset of NH glaciation (Koenig et al., 2011). We divide the IPSLCM5A

boundary conditions into three types relative to their presumed impact on vegetation:

cold, intermediate and warm. The cold conditions are defined by the combination of the

cold orbit and either 220 ppmv or 280 ppmv of CO2 concentration. In the reference IP-

SLCM5A simulations whose boundary conditions fall under the cold criterion, we modify

the PlioMIP vegetation map (Salzmann et al., 2008) by specifying tundra north of 50°N.

The intermediate conditions are defined by the combination of the cold orbit and either

360ppmv or 405 ppmv of CO2 concentration and the PlioMIP vegetation map is modified

by specifying tundra north of 65°N. Finally, the warm conditions are defined by the warm

orbit, regardless of the CO2 concentration. Under these conditions, we keep the PlioMIP

vegetation map unchanged. All the reference AOGCM experiments are summarized in

Table5.1.
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5.3 Proxy factors and proxy data used to drive and validate

our study

5.3.1 pCO2 data

In this study, we used three reconstructed pCO2 records as the forcing factors respec-

tively from (e.g., Bartoli et al., 2011; Martínez-Botí et al., 2015; Seki et al., 2010). The for-

mer two records are based on the boron isotope composition of the planktic foraminferal

species from the ODP site 999, the last records are derived from alkenone estimates. We

applied average values and their uncertainties of each data as forcing factors in our sim-

ulations. The data from Martinez-Boti et al. and Bartoli et al. include two calculations

of uncertainties, and we only applied the smaller errors in the simulation. More details

about these data can be found in the reference.

Apart from the direct reconstruction of pCO2 using different proxy records, we also

applied three different model-based data of pCO2 in our simulation respectively from

Willeit et al.(2015) (3.2 Ma-2.4 Ma), Stap et al.(2016), Van De Wal et al.(2011) (3.5 Ma –

2.5 Ma). The first one are obtained from pre-defined dynamical CO2 function linked with

obliquity change based on the available pCO2 records and constrained by the criteria of

the both δ
18O and global SST. Here we only choose the best pCO2 scenario to drive our

model, which is shown in Figure5.7. The latter two data are obtained from low-resolution

coupled climate–ice sheet model, inversely forced by a stacked benthic δ18O record. The

modeled GrIS evolutions with these two pCO2 data are shown in the Figure5.8.

In Willeit’s study, the modeled GrIS evolution is from one-way simulation by coupling

regional climate and ice-sheet model. The feedback of GrIS change is not incorporated in

the global climate. Nevertheless, the approach developed by Wiley remains a first attempt

to constrain physically the most possible CO2 pathway, but it includes strong hypothesis

and parametrization. In their standard model set-up, the relationship between GrIS size

and surface temperature are linearized by an empirical correction: starting from 2 degree

for ice free Greenland linearly decreasing to zero degree for a nearly full Greenland ice

sheet. More details can be referred to the reference.
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5.3.2 IRD and SST records

The available IRDs used in this study are obtained respectively from ocean drilling

project (ODP) site 907 (Jansen et al., 2000), ODP site 611 (Bailey et al., 2013) and Inte-

grated Ocean Drilling Project (IODP) site U1307 (Sarnthein et al., 2009b).It is important

to note that the available IRD datasets differ in temporal resolution, in the method of IRD

detection, and the size fraction of mineral grains. The IRD peaks that occur during the

PPT are indicative of the presence of dynamic glacial margins. The peaks present in these

datasets are general smaller than those observed in Late Pleistocene IRD events which

have been considered to indicate the occurrence of large-scale ice sheet collapses (Hein-

rich, 1988)(Heinrich and Lotti, 1995). They do however represent significant influx of min-

eral grains from terrestrial provenances into deep marine settings, which in turn indicate

the presence glacial margin dynamics. The specific definition of IRD used in the studies

references here varies in some details. For ODP Site 907, Jansen et al. (2000) counted all

terrestrial non-volcanic mineral grains >125 um as IRD, giving IRD concentration data for

their samples. For Site 611, Bailey et al. (2013) counted mineral grains >150 um in size

and provide both IRD concentration and flux rate, which are largely in agreement with

each other (i.e. there is no significant effect of sedimentation rate on the IRD variability).

For IODP Site U1307, Sarnthein et al. (2009) do not provide a clear definition of IRD, sim-

ply displaying concentrations. The fact that, despite these differences in IRD definition

as well as the different regional settings, significant increases in IRD coincide at 2.7 Ma,

gives a clear indication of increased glacial margin dynamics.

According to (Andrews, 2000) an important difference between PPT and more recent

(Late Pleistocene) ice rafting may play a role in absolute IRD abundance differences as

well. Modern icebergs are relatively clean, containing only small amounts of terrestrial

mineral grains, which means that they would provide only small amounts of IRD. Early

expansions of the GrIS during the PPT could potentially have contained more mineral

grains per iceberg. Bailey et al. (2010) discuss a possible different type of ice sheet behav-

ior (movement of ice sheets over land) during the Pliocene-Pleistocene transition com-

pared to that of large (e.g. modern Greenland) ice sheets, which could potentially lead

to changes in IRD signals without large-scale changes in the GrIS volume in the Late

Pliocene-Early Pleistocene.

The available SST records used in this study are obtained respectively from ODP site
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982 (Lawrence et al., 2009) and from re-drill of Deep Sea Drilling Project (DSDP) site 607

(Naafs et al., 2010). These data are obtained by using the alkenone unsaturation index

U37
k ′

and show the reconstructed mean annual temperatures at the surface. The refer-

enced SST time series are resolved at orbital time scales (between 2 ka and 4 ka). Other

details about these data can be found in the given references. The location of all these

sites is shown in Figure5.9a.

5.3.3 Results and Discussions

In this study, we use a recent numerical interpolation method (Ladant et al. 2014),

which couples climate simulations obtained with the fully coupled IPSL-CM5A model

(Dufresne et al. 2013) and the 15-km resolution version of the ice sheet model GRISLI

(Ritz et al. 2001), in order to investigate the transient evolution of the GrIS across the PPT

under the combined influence of orbital and atmospheric pCO2 variations. The evolu-

tion of the 65◦N summer insolation is perfectly constrained across the PPT (Laskar et al.,

2004) (see Figure5.3b ) but measurements of the CO2 levels for this interval remain poorly

constrained because the reconstruction methods have many inherent uncertainties and

results are strongly divergent. The major advantage of our approach, however, is the abil-

ity to directly test the response of the climate–ice sheet system to different scenarios of

the pCO2 evolution in order to then define the plausible pCO2 pathways that led to the

GrIS inception and variability. We thus use different reconstructions coming from both

proxy records and inverse modelling studies (e.g. Bartoli et al., 2011; Martínez-Botí et al.,

2015; Seki et al., 2010; Willeit et al., 2015; Stap et al. 2016, Van de Wal et al. 2011), as well

as constant CO2 evolutions.

Threshold

We first present six experiments with constant pCO2 ranging from 220 to 405 ppmv

using realistic orbital variations (Laskar et al., 2004; Figure5.3b). As shown in Figure5.3c,

the evolution of the GrIS clearly shows that under 280 ppmv of pCO2, it is possible to trig-

ger and maintain a large perennial ice sheet over Greenland despite unfavourable orbital

condition occurring at 2.6 Ma following after the large extent of GrIS. Between 280 and 320

ppmv, the sensitivity of the GrIS volume to orbital variations is considerable, illustrating

the role of the complex interplay between pCO2 and orbital variations in the dynamics
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(a) (b)

Figure 5.5 – (a) Simulated GrIS volume with different constant CO2 concentrations (220ppmv,
240ppmv, 280ppmv, 320ppmv, 360ppmv, 405ppmv). (b) Simulated GrIS volume with the small-
est pCO2 concentration (220ppmv) and the largest one (405ppmv) but using two different initial
GrIS configurations: maximum full GrIS corresponding to present day and free GrIS with no ice
sheet. Light blue dash lines present the summer mean insolation at 65◦N.

of the GrIS, especially after 2.7 Ma when insolation becomes highly variable. Finally for

pCO2 levels higher than 320 ppm, we show that the ice sheet can be neither triggered

nor maintained after 2.7 Ma. The results of these constant simulations are in good agree-

ment but go one step beyond previous transient experiments at constant CO2 (DeConto

et al., 2008) in that we demonstrate that the GrIS possesses dynamics on orbital timescales

across the PPT only for a very narrow window of atmospheric pCO2 concentrations ( 50

ppm).
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Initial Conditions

According to existing knowledge the GrIS ice sheet largely retreated during the MPWP,

but the real state of the Greenland ice sheet and topography remain highly uncertain

(Dolan et al., 2015b). In order to investigate the impact of different initial GrIS on the

threshold of pCO2, we test two different initial GrIS: free GrIS and present GrIS. Our results

show that no matter if the pCO2 level is low (220ppmv) or high (405ppmv), the simulated

ice sheet evolution does not depend upon the original ice-sheet we begin with at 3.0 Ma.

Figure5.5b indicates that for this range of pCO2 values (220 / 405 ppmv) the insolation

driven changes are the same regardless of the initial ice sheet size.

GrIS evolution using pCO2 reconstructions

In the next step, we forced our setup with published reconstructions of atmospheric

pCO2, derived from recent empirical reconstructions (Martinez-Boti et al., 2015; Bartoli et

al., 2011; Seki et al., 2010) (Figure5.6) or from inverse modelling (Willet et al., 2015, Stap et

al., 2016, Van de Wal et al., 2011) (Figure5.7 and Figure5.8), in order to confront the mod-

elled GrIS evolution to previous work and to IRD records across the PPT. We employed re-

cent pCO2 reconstructions based on alkenones and boron measurements (Martinez-Boti

et al., 2015; Bartoli et al., 2011; Seki et al., 2010) (green lines on Figure5.6). These records

depict quite different CO2 evolution scenarios, from a mostly linear and low-resolution

decrease for the older record (Seki et al. 2010) to high resolution and high pCO2 variations

in the more recent record (Martinez-Boti et al., 2015). When forced by the high estimated

CO2 levels of Seki et al. 2010, the GrIS evolution confirms the major role of orbital varia-

tions when the CO2 levels are confined between 280 ppmv and 320 ppmv (Figure5.6c).

While CO2 levels remain above 350 ppm, even large orbital variations do not significantly

affect the extension of the GrIS (3.0 to 2.9 Ma). During the 2.9 - 2.7 Ma intervals, the low

variability in insolation does not enable the GrIS to grow in spite of CO2 levels decreasing

down to 300 ppm. The simulated GrIS evolution then shows a significant increase at 2.7

Ma and a pronounced orbital scale variability between 2.7 and 2.5 Ma, but importantly

no full retreat of the GrIS during the insolation maximum after 2.6 Ma because this maxi-

mum is associated with low CO2 levels less than 300 ppm (Figure5.6). In contrast, the low

estimates of CO2 levels generates a large perennial GrIS as early as 2.9 Ma triggered by the

combination of an insolation minimum and low CO2 levels. A similar modelled evolution
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of the GrIS is obtained when forced by the Bartoli et al. 2011 CO2 record. Regardless of

the uncertainties, the low CO2 levels in this record force an early onset of a perennial GrIS

(Figure5.6b). However, because of their low resolution, these two records do not show

any CO2 variability on the 10 kyrs timescale contrary to that of Martinez-Boti et al. 2015,

who demonstrate that the PPT CO2 evolution is in fact much more variable than previ-

ously thought. The uncertainties associated with the estimates of the Martinez-Boti et

al. 2015 record show that a completely different evolution of the GrIS can be simulated

(Figure5.6a). The high (low) estimates depict an evolution close to that driven by the high

(low) estimates of Seki et al. 2010, because CO2 levels during times of insolation extremes

(3.0 – 2.9 Ma and 2.7 – 2.6 Ma) are similar. However, the simulation forced with the mean

CO2 estimates of Martinez-Boti et al. 2015 (Figure5.6a, solid red line) shows an early at-

tempt of GrIS expansion (2.98 – 2.94 Ma) before a progressive onset from 2.8 Ma onwards

with significant increase in GrIS volume at 2.7 Ma and 2.65 Ma during times of coupled

low insolation and low CO2 levels. After 2.6 Ma, the GrIS melts rapidly down to small ice

caps in the southern and south-eastern margins because of a simultaneous increase in

summer insolation and CO2. The ice sheet expansion then resumes at 2.55 Ma. Interest-

ingly, the CO2 records of Martinez-Boti et al. 2015 generate a sharp GrIS volume decrease

after 2.6 Ma, regardless of the uncertainties and earlier shape of the expansion of the ice

sheet because of an increase in pCO2 values during the insolation maximum. This seems

contradictory to a presence of a large and perennial ice sheets from 2.7 Ma onwards but

the comparison to IRD records does not invalidate a scenario with a large deglaciation

after 2.6 Ma. A comparison to the Willeit et al., (2015) ice sheet evolution provides con-

fidence in the ability of our model to simulate the GrIS evolution across the PPT. Using

their monotonously-decreasing and obliquity-modulated best fit CO2 scenario, we find a

similar modelled GrIS evolution as Willeit et al., 2015, in particular in that we reproduce

the large increases in GrIS volume at 2.7 Ma and 2.55 Ma as well as the large decrease at

2.6 Ma, even though our GrIS volume displays less variability because of a lower sensitiv-

ity to the orbital forcing in our fully coupled climate-ice sheet model. Inverse modelling

studies (Stap et al., 2016, Van de Wal et al., 2011) have also provided potential CO2 recon-

structions for this interval (Figure5.8). However, the low CO2 concentrations throughout

most of these reconstructions lead to large perennial GrIS as early as 3.3 Ma, which is

inconsistent with a warmer MPWP interval (Haywood et al., 2013).
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Figure 5.6 – Simulated GrIS volume evolution based on different pCO2 records: (a) Martinez-Boti
et al.2015; (b) Bartoli et al. 2010; (c) Seki et al. 2010. In this panel, light blue dash line presents
the boreal summer insolation at 65◦N; green lines present the pCO2 records and their uncertain-
ties (green shaded region); the orange curves present the simulated GrIS volumes based on pCO2
records and their uncertainties. In (a, b), the middle orange curve present the simulated GrIS
volume with the average pCO2 values of each records; the upper and lower shaded orange range
present the simulated GrIS with the low and high pCO2 values considering the uncertainties of
each records. In (c), the upper and lower shaded orange range respectively present the simulated
GrIS volumes with the low and high pCO2 of Seki et al. (2010)
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Figure 5.7 – Simulated GrIS volumes with the best scenario of pCO2 built-up by Willeit et al. 2015
(green line). Orange line presents the result of this study, black dash line presents the result of
Willeit et al. 2015.
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Figure 5.8 – Simulated GrIS volumes during 3.5-2.5 Ma based on two sets of model inverse pCO2
data (Stap et al.2016 and van de Wal et al.2011). Light blue dash line presents the boreal summer
insolation at 65◦N, Green and orange dash lines present respectively the pCO2 data from van de
Wal et al. (2011) and the associated simulated GrIS volume. Green and orange solid lines present
respectively the pCO2 data from Stap et al. (2016) and the associated simulated GrIS volume.
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Data-model Comparison

In this work, we restrict the high-resolution ice sheet modelling to scenario of the evo-

lution of the GrIS across the PPT because Greenland is the primary location for ice nucle-

ation in the North Hemisphere (Larsen et al., 1994), although numerous evidence for ice

growth outside Greenland during this period have been reported (Knies et al., 2009, Bailey

et al., 2013, Maslin et al., 1998). The limitation to the sole Greenland ice sheet hampers

comparisons with 18O and sea level records because the maximum ice volume that can

be accommodated over Greenland represents roughly 7 m of equivalent sea level, i.e. in

the range of experimental and/or instrumental errors. However, significant insights can

be gained from adjacent IRD records (Kleiven et al., 2000) in order to further constrain

the possible evolution of the GrIS and of CO2 across the PPT. It must be kept in mind

that attempting to constrain the GrIS geometry and volume from IRD records remains

speculative because the absence of IRD does not necessarily correlate with the absence of

GrIS and because IRD peaks may contain material not only derived from melting Green-

land icebergs, iceberg trajectories may change, and the ambient temperature along the

iceberg trajectory may influence the melt-out rates of the IRD contained in the icebergs.

For instance, variations in North Atlantic SST and/or currents or changes in the sediment

contents of the calved icebergs could explain the absence of IRD even though the GrIS

maintain a significant iceberg discharge (Andrews 2000; Bailey et al. 2013). In addition,

IRD peaks can represent an ice growth phase, during which increasing GrIS volume may

lead to increased iceberg discharge, as well as an ice melt phase, during which the warmer

climatic conditions may lead to enhanced ice sheet melting and consequently enhanced

ice flux at the margin. Despite these uncertainties IRD records comprise a first order in-

sight into ice sheet dynamics, and their relation to orbital variations and coherent be-

haviour across several core sites indicate that they have a consistency that aid in defining

the most probable scenario for GrIS evolution. We used ODP Site 907 (Jansen et al., 2000),

IODP Site U1307 (Sarnthein et al., 2009) and ODP Site 611 (Bailey et al.2013) (Details about

these data are shown in SI.4;Figure5.9a) because the IRD records from these sites can be

confidently assumed to primarily originate from the GrIS (Bailey et al., 2013). Sites U1307

and 907 are located offshore the Greenland margins and show small but continuous IRD

deposition in the interval of interest here from as early as 3 Ma (Figure5.9b), with the ex-

ception of a single peak at 2.92 Ma at Site 907. Around 2.7 Ma, several IRD peaks in both
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records suggest intensification of the iceberg discharge, broadly correlated to North At-

lantic sea surface temperatures (SST) cooling events (Figure5.9c). Accordingly, the record

from Site 611, located further south from Greenland, shows absence of IRD deposition

before 2.72 Ma and several peaks afterwards. There is variable agreement between our re-

constructed GrIS volume scenarios and inferred GrIS extension as implied by IRD records.

For instance, the GrIS evolution forced by Bartoli et al. (2011) CO2 records agrees poorly

with the IRD records because it suggests a large to near complete perennial GrIS as early

as 2.98 – 2.95 Ma (Figure5.9b). By 2.9 Ma, a large ice sheet covering the totality of the

southern Greenland margin is present without any particular changes above the 3.0 – 2.7

Ma background IRD values at Site U1307. At Site 907, an early increase of a large GrIS

could explain the 2.92 IRD peak but in this case, the IRD deposition should have contin-

ued on higher levels relative to the pre-glaciation interval. In addition, the absence of any

IRD at Site 611 at that time suggests that the GrIS was still of relatively limited size. In con-

trast to the results from using the Bartoli et al. (2011) CO2 records, the mean and high CO2

estimates of Martinez-Boti et al. (2015) and the high estimate of Seki et al. (2010) generate

GrIS evolutions bearing increased consistency with the IRD records. The modelled GrIS

using these reconstructions is limited to small ice caps on the southern and south-eastern

margins of Greenland during the interval 3.0 – 2.7 Ma, which agrees well with small but

continuous IRD inputs at Site 907 and U1307 (Figure5.6a-c and Figure5.9a-b). The sharp

increase at 2.7 Ma in IRD deposition is also accounted for by these GrIS evolution sce-

nario. Furthermore, the IRD records of Site 611 (Bailey et al., 2013) displays four IRD

peaks (at 2.7 Ma, 2.64 Ma, 2.6 Ma and 2.52 Ma) that are relatively well correlated in time

with decreases in North Atlantic SSTs and large modelled GrIS variations (Figure5.9b,c , in

particular for the Martinez-Boti et al. (2015) mean and high CO2 scenario. Importantly,

the large GrIS volume decrease after 2.6 Ma in these scenarios is not at odds with the IRD

records, in that the minimal GrIS state still reaches the southern and south-eastern mar-

gins of Greenland, allowing small but uninterrupted iceberg discharge at Site 907. These

three pCO2 scenarios (Martinez et al., (2015) high, mean and Seki et al., (2010) high CO2

estimates) therefore seem to correlate relatively well with IRD records because the GrIS

expands preferentially from its southern and south-eastern margins and intervals of large

GrIS variations are synchronous with IRD peaks. However, the integration of these scenar-

ios into a broader context of NHG intensification reveals that the GrIS evolution driven by

the Martinez et al., (2015) mean CO2 estimates is likely the most consistent scenario. In-
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deed, evidences for ice sheets outside Greenland are numerous (Bailey et al., 2013; Knies

et al., 2009; Lisiecki and Raymo et al., 2005 ) and are more difficult to reconcile with an

only partially glaciated Greenland as reconstructed from the Martinez et al., (2015) and

Seki et al., (2010) high CO2 estimates.
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Figure 5.9 – (a) Map showing simplified main ocean currents in NATL and ocean deep drilling
sites referenced in this study (Ocean Data View, Schlitze et al.,2012) (b) Related IRD records in the
North Atlantic regions: site 907 (Jansen et al., 2000); site U1307 (Sarnthein et al.,2009); site 611
(Bailey et al. 2013) and simulated GrIS volume with the pCO2 reconstructions of Martinez-Boti
et al., 2015 mean and high estimates and Seki et al., 2010 high estimate.; (c) Reconstructed sea
surface temperature at ODP site 982 by Lawrence et al. (2009) and IODP site U1313 by Naafs et al.
(2010).
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5.3.4 Conclusions

Our forward physically based approach, modelling the GrIS evolution during the PPT,

shows that the long lasting paradigm which explained the huge GrIS extension occurring

at 2.7 Ma by a minimum summer insolation at 65°N is, by far, too simple. All along the

PPT period (3.0-2.5 Ma), the GrIS volume appears very sensitive to CO2 changes. Conse-

quently, our numerical experiments demonstrate that, to trigger and maintain GrIS dur-

ing the whole period, CO2 pathways have to be confined in a narrow window. Moreover,

we show that the GrIS evolution, simulated by using the most recent pCO2 reconstruc-

tion (Martinez-Boti et al. 2015 mean estimate), is in good agreement with relevant IRD

records. These records depict large variations of GrIS ice-sheet as well as indicating a

continuous presence of a GrIS large enough to calve icebergs. This result emphasizes the

crucial role of pCO2 pathways during PPT to maintain GrIS, which shapes the framework

for the quaternary NH glacial-interglacial cycles. This result is moreover relevant in the

context of future GrIS evolution due to different RCP pathways(IPCC AR5 WG1 (2013) ).

Indeed, because of its small size and location, GrIS appears to be very sensitive to CO2

variations. In the future there is a strong need for both new marine records and more

climate-ice sheet simulations to improve our understanding of the likely CO2 pathways

during PPT.Nevertheless, our methodology has indeed also some limitations. A major

one is that we hypothesis linear behavior between the phase space of 56 numerical sim-

ulations built to nest the evolution of the climate cryosphere system. However, we know

that there are also instabilities in the response of the ice sheets (Hodell et al., 2018). These

abrupt events are not accounted for in our simulation because very high temporal res-

olution for pCO2 records for this period are not yet available. Nonetheless, our study

contributes to shed light on the first order behavior of climate cryosphere evolution dur-

ing this key periods when the climate shifted from a asymmetric warm world with high

pCO2 to a more symmetric one corresponding to one ice sheet in each hemisphere, colder

temperatures and lower pCO2.
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6.1 General Conclusions

This thesis is devoted to understanding the interaction between cryosphere and cli-

mate from the mid Pliocene to the early Quaternary during the onset of Northern Hemi-

sphere Glaciation (NHG). Firstly, we investigate the causes for the development and decay

of the large but short living glaciation that occurred during Marine Isotope Stage 2 (M2,

3.264-3.312 Ma); Secondly, in the framework of the international Pliocene Model Inter-

comparison Project (PLIOMIP2), we study the climate of Mid-Piacenzian Warm Period

(MPWP, 3.3-3.0Ma). Thirdly, we explore the Plio-Pleistocene Transition (PPT, 3.0-2.5Ma)

with an appropriate asynchronously coupled climate cryosphere model. Through these

different periods, we provide a better understanding of the relationship between pCO2,

tectonics and climat during the transition from a warm and high-CO2 world to the cold

and low-CO2 Quaternary glaciations.

The Marine Isotope Stage M2 (3.264-3.312 Ma) occurred just prior to the well docu-

mented warm mid-Pliocene (mPWP). With a 0.5%%benthic foraminiferalδ18O shift (Lisiecki

and Raymo, 2005), MIS M2 is thought to be a glacial comparable period associated with

huge but uncertain sea-level records ranging from 20 to 60m being below present level

(Naish et al. 2009; Miller et al. 2012; Dwyer et al. 2009). However, the mechanism

of M2 initiation and termination are still an enigma, since CO2 records were relatively

higher than in the Quaternary glaciation period and the variations of summer insolation

during M2 were weaker than other glacial periods. By inferring from marine proxy data,

De Schepper (2013) proposed that the shallow open Central American Seaway (CAS) ob-

served during M2 could play as a trigger in M2 initiation, then the closure of this shal-

low CAS resulting from M2 large ice sheet buildup terminates this glacial period. But

this assumption had not been tested by models. In this attempt, we apply IPSL-CM5A

Atmosphere-Ocean coupled General Circulation Model (AOGCM) and GRISLI ice sheet

model to investigate mechanisms of M2 initiation and termination. We firstly investi-

gate the role of “shallow opening CAS” (De Schepper et al. 2013) on M2 initiation. In

the mean time we also take into account the main forcing during M2, which includes as-

tronomical parameters, Greenhouse gases and vegetation. Our results show that shallow

opening CAS plays an important role in reducing northward heat transport in Atlantic

low latitudes by 0.05-0.1 PW, but it is not a key factor in NH ice sheet build-up; Astro-

nomical parameters and low pCO2 concentration are essential to create a basic global
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cooling environment for M2 (cooling by about 3.65 K than mPWP); Cold vegetation re-

placement amplifies the cooling in north high latitudes by about 8 K, which finally allows

large ice sheet building up in Northern Hemisphere (12.25 m sea level drop is simulated

with considering ice sheet feedback on the climate) and a large expansion in West Antarc-

tic ice sheet which provides about 4m sea level drop. The simulated ice sheet locations

and areas correspond well to the terrestrial ice evidence. The diagnostics in the Atlantic

Ocean also suggest a better agreement with data especially in terms of sea surface tem-

perature and North Atlantic Current change. Finally, to explore the relationship between

M2 termination and the closure of shallow CAS, we close CAS based on the simulation

with large ice sheet built-up scenario. However, after the closure of this shallow CAS, we

observed a small change in NH ice sheet which is in the agreement with previous CAS

studies (Lunt et al. 2008). Our major finding in this study is therefore the crucial role of

pCO2 changes.Future studies should first bring more constrain on carbon climate inter-

action during MIS M2 and more modeling efforts should be done to simulate this glacia-

tion, notably by exploring potential synergistic effects between the CAS, Bering Strait and

Indonesian Seaway (Krebs et al.,2011).

The MPWP following MIS M2 glaciation is well documented and simulated within

PLIOMIP framework. Indeed its warming climate associated with similar-to-present pCO2

makes this period very appealing. In the PlioMIP phase 1, the MPWP is simply consid-

ered to be a whole warming period, which may make the great influence on the discord

between model data comparison. Thus in the PlioMIP phase 2,with the recognition of

the climate variability of the MPWP, a specific interglacial period (MIS KM5c, 3.205Ma),

in which the orbital parameters are similar, was selected to be the study target and new

boundary conditions are accordingly prepared for this new period. This part of the thesis

therefore contributes to the PLIOMIP phase 2. In this thesis, we describe the results of

modeled warm interglacial of MIS KM5c (3.205 Ma) located in the interval of the MPWP

(3.0-3.3 Ma) with imposing the new boundary conditions of PRISM4 (Dowsett et al., 2016).

Two versions of core experiments are conducted based on two versions of IPSL coupling

model: IPSL-CM5A and IPSL-CM5A2.1. Three tier experiments are conducted based on

IPSL-CM5A2.1 to study the roles of the uncertainties of pCO2 and the ice sheet boundary

conditions in the warming climate. The new boundary conditions of PRISM4 adapted in

our models produce an enhanced global warming in the MPWP,especially for the mid-to-

high latitudes when comparing to the PlioMIP phase 1 results. This modeled meridional
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surface temperature gradient is similar to the proxy data from PRISM3D. However, the

magnitude of the high latitude warming amplification is still underestimated. The en-

hanced warming can be majorly attributed to the change of high latitude seaways which

strengthens the AMOC and transports more heat energy to high latitudes and also to the

reduced ice sheets and the sea ice covers. However,the simulated warming in our model is

weaker than other studies(Chandan and Peltier, 2017; Kamae et al., 2016).In our two core

experiments, AMOC strengths increase remarkably (+4.7 Sv) in comparison with their re-

lated PI controls due to the closure of Bering strait and North Canadian Archipelago re-

gions.This result is in agreement with other studies (Hu et al., 2015; Kamae et al., 2016),

but the magnitude of the increase of the AMOC highly depends upon the processes in-

cluded in the ocean models. The model response to the pCO2 uncertainties (+-50ppmv

based on the core simulation) is not symmetric. The increase of pCO2 by 50 ppmv pro-

duces warming in the high latitudes (+0.7◦C), but the decreasing of pCO2 by 50ppmv leads

to much stronger cooling in the high latitudes (-1.3◦C). The increased snow fall in lower

pCO2 experiment associated with stronger albedo is the major influence for this asym-

metric pattern. Moreover, this cooling effect in the lowering pCO2 experiment is stronger

than that produced by the enlarged ice sheets experiment. To conclude, further model

intercomparisons and data-model comparisons are needed to better understand the role

of new boundary conditions and the internal climatic processes in modeling the Pliocene

warming climate.

The Plio-Pleistocene transition (3.0-2.5 Ma) is an important tipping point in the Earth

climate associated with perennial ice sheets in the Northern high latitudes. It is well

known that the NHG establishment around 2.7Ma is associated with the long-term de-

creasing trends of pCO2 and sea surface temperatures. Indeed, the PPT marks the be-

ginning of a low pCO2 world with perennial ice sheets in both hemispheres, which is

infrequent in Earth’s history (Ramstein 2011), thereby creating specific geologic and cli-

matic conditions allowing the development of glacial/interglacial cycles.The Greenland

ice sheet (GrIS) evolution during this transition is difficult to reconstruct due to the paucity

of direct geological data and its light delta O18 signal in benthic foraminifera.Our forward

physically based approach, modelling the GrIS evolution during the PPT, shows that the

long lasting paradigm which explained the huge GrIS extension occurring at 2.7 Ma by

a minimum summer insolation at 65°N is, by far, too simple. All along the PPT period

(3.0-2.5 Ma), the GrIS volume appears very sensitive to CO2 changes. Consequently, our
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numerical experiments demonstrate that, to trigger and maintain GrIS during the whole

period, CO2 pathways have to be confined in a narrow window. Moreover, we show that

the GrIS evolution, simulated using the most recent pCO2 reconstruction (Martinez-Boti

et al. 2015 mean estimate), is in good agreement with relevant IRD records. These records

depict large variations of GrIS ice-sheet and indicate a continuous presence of a GrIS large

enough to calve icebergs. This result emphasizes the crucial role of pCO2 pathways dur-

ing PPT to maintain GrIS, which shapes the framework for the quaternary NH glacial-

interglacial cycles. Moreover, this result is relevant in the context of future GrIS evolution

due to different RCP pathways(IPCC AR5 WG1 (2013) ). Indeed, because of its small size

and location, GrIS appears to be very sensitive to CO2 variations. In the future there is a

strong need for both new marine records and more climate-ice sheet simulations to im-

prove our understanding of the likely CO2 pathways during PPT.

In summary, this thesis brings new constraints and understanding on the cryosphere

and climate interaction from mid-Pliocene to the Quaternary glaciation. Our results points

out the necessity to further study the link between ocean dynamics, carbon cycle and cli-

mate.

6.2 Perspectives

6.2.1 Understanding the carbon cycle during the late Pliocene

As discussed before, the reconstructed pCO2 records for the late Pliocene ranged from

200 to 450 ppmv and have large uncertainties. The large variations of pCO2 might be a

crucial factor of the climate variability of the late Pliocene. In the MIS M2 study, we have

proved the important role of the large lowering of pCO2 in this short but evident glacia-

tion. The Plio-Pleistocene transition is along with the decreasing trend of the pCO2. How-

ever, the mechanism underlying the large variations of pCO2 is still unknown for us. The

focus on the carbon cycle and link between climate, tectonics,biological and surface pro-

cesses is strongly needed. Actually there is already some projects aiming at resolving the

carbon cycle puzzles for this period. For example, the project launched by Dr. Chamber-

lain in Standford university, to investigate the terrestrial climate history of the Earth focus-

ing on periods of time in the past that had CO2-levels similar to the present and to future

projections and addressing how the chemical weathering of the Earth’s crust affects both
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the long- and short-term carbon cycle (ht t ps : //bi ox.st an f or d .edu/about/people/a f f i l i ated−

f acul t y/pag e−chamber l ai n−pr o f essor−envi r onment al−ear th−s y stem−sci ence−

and).

6.2.2 The relationship between high latitude orography and ocean cir-

culation

In the PlioMIP2 study, we demonstrate a strong effect of the changed orography (clos-

ing Bering Strait, North Canadian Archipelago region) on the high latitudes ocean dynam-

ics. Thus we observe an obviously intensified AMOC, which helps to transport more pole-

ward energy and moisture. It is very important for understanding the high latitude warm-

ing amplification during the MPWP. Actually, the high latitude gateway changes gain more

and more attention recent years, since they are considered to be an very important role

for the Cenozoic and Pliocene climate evolution. However, the mechanism underlying

the ocean dynamics is poorly understood. Apart from the closure of the Bering strait and

North Canadian archipelago regions, the subsidence of Greenland Scotland Ridge (GSR),

the exposed Barents Sea are also very important for the ocean circulations, which are in-

cluded as one of the important objectives in the the Norwegian projects "Ocean Controls

on high-latitude Climate sensitivity – a Pliocene case study (OCCP)". In this project, the

primary objectives of the OCCP is to resolve the role of the Nordic Seas in determining

climate conditions at high northern latitudes during a warmer than present climate state.

New and high time-resolved marine proxy data are reconstructed in the Nordic regions

and the reconstructions will be combined with results from model experiments designed

to investigate the large-scale dynamics of the region. The model results will be used to

identify key processes responsible for the observed high latitude climate of the Pliocene

and the role of the Nordic Seas “gateway” between the North Atlantic and Arctic. This

project will enable us to make substantial progress towards understanding the mecha-

nisms behind the apparent high sensitivity of the Arctic in warm climates, the role of the

Nordic Seas in the arctic amplification of Pliocene warming, and will ultimately help con-

strain the long-term sensitivity of the climate system in a warming world.
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6.2.3 Low latitude climate systems during the warming Pliocene

This thesis work indeed focused more on the high latitude climate systems, since they

are crucial to understand the relationship between climate and cryosphere. However, the

low latitude climate systems like the monsoon system, the ENSO pattern, the Hardley

circulation etc are very important for understanding the climate variability for the late

Pliocene. More studies are strongly needed for understanding the changes of these cli-

mate processes in terms of model and data reconstructions. Moreover, the low latitude

climate changes link tightly with the dispersal of the hominoids, which is an very inter-

esting topic for recent years. The French project "Human Ancestors Dispersal: the role

of Climate (HADoC)" are launched for exploring the relationship between the human an-

cestors dispersal and the climate change from the early Miocene to the early Pleistocene.

This study is also involved in this project. Inferring from the records in the East African

by the Paleontologists, the East African regions during the mid Pliocene are likely to be

more humid relative to modern conditions. In our model, the simulated climate in the

PlioMIP2 can represent a relatively humid environment in these regions. However, in the

PlioMIP1 with the identical model, these regions are simulated representing more arid.

Since the reconstructed topography are much higher in the East African than present

levels. More sensitivity experiments are needed to explore the boundary conditions (to-

pograhpy, vegetation..etc) impact on these regions. Moreover, the dynamics linking the

low latitudes and high latitudes climate systems is also very important. As demonstrated

by Defrance et al.,2017, strong relationship exists between ice sheet dynamics and trop-

ical atmosphere redistribution of African monsoon in terms of amplitude and location.

This mechanism and other fresh water input due to ice sheet instability clearly linked the

dynamics of African tropical region of interest in this project to the evolution of northern

hemisphere ice sheet at the transition Eocene-Pleistocene.

6.2.4 Model intercomparison for the MPWP simulations

For the MPWP studies, we only described the results with our IPSL model hence the

results is likely model dependent. As it is the case in the frame of the PlioMIP projects, fur-

ther model intercomparison work will be intensively conducted. This work is necessary

for us to have a less-model-dependent conclusions and to well understand the climate

processes during the warm climate as well as the impact of the boundary conditions and
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forcing factors change. For example, Our model shows a strong sensitivity of ocean dy-

namics to the change of high latitude seaways in the MPWP simulations. But this result

is not consistent with other models, like the studies of Chandan et al.,2016 and Hu et

al.,2015, the change of ocean circulation in response to the modified high latitude sea-

ways is less sensitive than ours. This difference is however expected since the simulated

ocean dynamics like AMOC,NADW depends much upon the process and physiques in

the ocean model. As shown in the Zhang et al.,2014, although models show consistency

in simulating a similar to present AMOC strength in the PlioMP1, the simulated AMOC

strength are different among each model, and the IPSL model likely simulate a weakest

AMOC strength. Last but not least, all the simulations in the frame of PlioMIP are con-

ducted with a relative rough resolution. When studying the regional climate,like the East

African monsoon, a high resolution simulation is needed. Therefore, more efforts can be

put into the down-scaling simulations for the future work.
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