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Abstract 

 

Characterized by warm climate, small ice sheets and high sea level, 

past interglacials are quite relevant for a better understanding of our 

present-day warm climate and its future evolution. Investigating the 

response of climate system to different forcing factors, such as 

astronomical parameters, greenhouse gases (GHG) and ice sheets, 

could help better constrain the uncertainty of the sensitivity of the 

climate system and provide a basis for better understanding the 

internal climate processes and feedbacks. This thesis aims to perform 

a comprehensive and systematic investigation of the climate response 

in the two hemispheres to astronomical parameters, CO2 and Northern 

Hemisphere (NH) ice sheets during the interglacials of the past 800 ka 

mainly based on snapshot and transient simulations using the 

LOVECLIM model. 

 

The results show that the climate of the two hemispheres responds 

differently to astronomical parameters, CO2 and NH ice sheets. In 

terms of the effect of astronomical parameters, precession plays a 

dominant role on the Arctic sea ice, while obliquity plays a dominant 

role on the Southern Ocean sea ice. This is mainly related to the 

different geographical condition of the Arctic and the Southern Ocean 

and the related atmospheric and oceanic feedbacks. In the low 

latitudes of both hemispheres, SST shows a strong precession signal. 

However, in the mid and high latitudes, obliquity plays a dominant 

role on the Southern Hemisphere (SH) SST whereas precession is 

more important on the NH SST. This is largely due to the different 

response to insolation and feedbacks related to the different land-

ocean distribution in the two hemispheres. The model results also 

show that the effect of CO2 on the SST in the mid-high latitudes is 

larger than in the low latitudes of both hemispheres, and CO2 plays a 

more important role on the SST at mid-high latitudes and sea ice in 

the SH than in the NH. 
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The status of the Hudson Bay changed (closed or open) with the 

advance and retreat of the North American ice sheet. Therefore, before 

investigating the effect of the NH ice sheets on the climate, the effect 

of Hudson Bay closure on global and regional climate under different 

astronomical configurations was studied. The results show that the 

closure of the Hudson Bay could lead to a strengthening of the 

Atlantic Meridional Overturning Circulation (AMOC), which in turn 

leads to a warming in the NH with notable warming in the Labrador 

Sea and northeast North Atlantic, a cooling in the SH and a northward 

shift of the Inter-tropical Convergence Zone (ITCZ). In addition to the 

large-scale climate changes, the closure of Hudson Bay also leads to a 

strong cooling over the Hudson Bay region due to changes of surface 

properties and a cooling to the southeast of Greenland due to more 

wind-driven sea ice export from the Arctic. However, the effect of the 

Hudson Bay closure depends on background climate conditions, and it 

could weaken or slightly reinforce the effect of the ice sheets for 

different astronomical configurations. 

 

When the effect of the NH ice sheets is considered, the changes in 

Southern Ocean sea ice are highly and positively correlated with the 

NH ice volume, but the effect of the NH ice sheets on Arctic sea ice 

appears nonlinear, which depends on the size and location of the ice 

sheets as well as the NH summer insolation. The response of the mid-

high latitude SST to the NH ice sheets is similar to the sea ice 

response in the same hemisphere. If the relative effect of insolation, 

CO2 and NH ice sheets is concerned, the NH mid-high latitude SST 

and sea ice are dominated by insolation, while the SH mid-high 

latitude SST and sea ice are dominated by ice sheets. Both CO2 and 

NH ice sheets play an important role in the SST at low latitudes of the 

two hemispheres. 

 

The half-precession cycles are systematically investigated based on 

both proxy records and transient simulations for the past interglacials. 

A compilation of available proxy records and the reanalysis of seven 

long, high-resolution records covering a wide region from Arctic to 

Antarctic, show that the half-precession signals are persistent and 



 

xv 

 

widely distributed at least over the last 800 ka, although their strength 

varies in time and regions. Our simulated results show that in response 

to the maximum equatorial insolation, the half-precession cycles can 

be simulated in the SST, surface air temperature (SAT) and 

precipitation near the Equator, and the half-precession signals in the 

tropics can be transported to the mid and high latitudes through 

oceanic circulations. The half-precession cycles can also be simulated 

in the grass fraction in the ‘Asian’ and ‘African’ monsoon regions due 

to vegetation feedbacks. Both eccentricity (and therefore precession) 

and obliquity can affect the strength of the half-precession signals. It 

is suppressed when eccentricity is small (leading to weak variation of 

precession) and obliquity variation is large, and vice versa. The half-

precession signals are also weakened if the long-term variations of 

GHG and NH ice sheets are taken into account. 

 

Finally, the variations of the Arctic and Southern Ocean sea ice during 

the peak interglacials are investigated and compared with the sea ice 

of the present and future. The results show that the annual mean 

Arctic sea ice variation is primarily controlled by local summer 

insolation, while the annual mean Southern Ocean sea ice variation is 

more influenced by the CO2 concentration but the effect of local 

summer insolation can’t be ignored. The lowest Arctic sea ice area 

results from the highest summer insolation at MIS-15, and the lowest 

Southern Ocean sea ice area at MIS-9 is explained by the highest CO2 

concentration and moderate local summer insolation. As compared to 

the present, the last nine interglacials all have much less sea ice in the 

Arctic annually and seasonally due to high summer insolation. They 

also have much less Arctic sea ice in summer than the double CO2 

experiment, which makes to some degree the interglacials possible 

analogues for the future in terms of the changes of sea ice. However, 

compared to the double CO2 experiment, the interglacials all have 

much more sea ice in the Southern Ocean due to their much lower 

CO2 concentration, which suggests the inappropriateness of 

considering the interglacials as analogues for the future in the 

Southern Ocean. The results suggest that in the search for potential 



 

xvi 

 

analogues of the present and future climate, the seasonal and regional 

climate variations should be considered. 
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Chapter 1 Introduction 

 

1.1 An overview of interglacial climate research 

 

Global warming has been confirmed by numerous observational data, 

and many of the observed changes are unprecedented over the last 

millennium, mainly due to the increased anthropogenic CO2 emissions 

(IPCC, 2021). Global surface temperature is predicted to continue to 

increase at least over the next decades, which would have a great 

effect on the environment, ecosystems, biodiversity, agriculture and 

the society (IPCC, 2021). However, both the understanding of the 

present-day climate variability and the prediction of future climate 

changes are still facing great challenges largely due to the lack of 

long-term observations. 

 

An interglacial is the warmer time period between glacials where 

glaciers retreat and sea levels rise (Past Interglacials Working Group 

of PAGES, 2016). The Quaternary interglacials, as the most recent 

warm periods in the Earth’s history, provide a good opportunity to 

better understand internal climate processes and related feedbacks 

during warm intervals, which would be helpful for a better 

understanding of our present-day warm climate and its future changes. 

Moreover, past interglacials can also be used to investigate the 

response of climate system to different external forcings, including 

astronomical parameters, CO2 and ice sheets, over a wide range of 

background climate situations, which could help to improve our 

estimate of the sensitivity of the climate system to different drivers. 

 

Due to data availability, a large number of studies have focused on the 

interglacials of the last 800 ka. Our current interglacial, the Holocene, 

which is tightly related to our present-day climate and its future, has 

probably received the greatest attention (e.g. Crucifix et al., 2002; 

Renssen et al., 2009). In order to find possible analogues of our 

current interglacial and its future, Marine Isotope Stage (MIS)-5e, -9, -

11 and -19 are often considered. MIS-5e (the last interglacial) is the 
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most recent interglacial with higher temperature especially at NH high 

latitudes, reduced ice sheets and higher global sea level than our 

present interglacial, which may provide a suitable analog with the 

IPCC predictions of our future global warming climate (CAPE-Last 

Interglacial Project Members, 2006; NEEM community members, 

2013; Past Interglacials Working Group of PAGES, 2016). With small 

eccentricity related to the 400-kyr cycle of eccentricity, MIS-11 and 

MIS-19 have been considered as good astronomical analogues for the 

present interglacial MIS-1 (Berger and Loutre, 2002, 2003; Loutre and 

Berger, 2003; Tzedakis, 2010; Tzedakis et al., 2012; Yin and Berger, 

2010, 2012, 2015). MIS-11 and MIS-19 have also been confirmed to 

be possible analogues for the MIS-1 and its future by proxy records 

(e.g. McManus et al., 2003; Pol et al., 2010). Numerous 

reconstructions show that MIS-11 was characterized by significantly 

smaller ice sheets and higher sea level than MIS-1 (e.g. Olson and 

Hearty, 2009; Raymo and Mitrovica, 2012), which gives another 

reason of considering MIS-11 as a good analogue for the future 

climate. If the phasing between obliquity and precession, and the 

caloric summer half-year insolation are considered, MIS-9 was 

suggested to be the closest insolation analogue for the MIS-1 

(Ruddiman, 2007). In addition, modelling simulations show that MIS-

9 is the simulated warmest interglacial over the last 800 ka due to its 

high CO2 concentration and an in-phase relationship between 

obliquity maximum and precession minimum (Yin and Berger, 2012, 

2015). 

 

Different from MIS-1, -5, -9, -11 and -19 which are more popularly 

studied by the paleoclimate community, MIS-13 is less studied but it 

is a very intriguing interglacial due to its extremely asymmetrical 

hemispheric climate (Yin and Guo, 2008; Yin et al., 2008, 2009; Guo 

et al., 2009; Shi et al., 2020). The Antarctic ice core records show that 

MIS-13 is a cool interglacial (Jouzel et al., 2007) with relatively low 

CH4 and CO2 concentrations (Loulergue et al., 2008; Lüthi et al., 2008) 

among the nine interglacials of the past 800 ka, and the ocean 

sediments also indicate MIS-13 is a relatively weak interglacial 

compared with more recent interglacials, suggesting higher ice 
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volume and/or cooler deep-ocean temperature (Lisiecki and Raymo, 

2005). However, the Chinese loess records suggest an exceptionally 

strong East Asian summer monsoon (EASM) during MIS-13 (Guo et 

al., 1998, 2009; Yin and Guo, 2006, 2008). Besides the Chinese loess 

records, abundant proxy records in the NH also suggest a warm 

climate during MIS-13 (e.g. Rzechowski, 2020; Fawcett et al., 2011). 

In addition to the six interglacials discussed above, other three 

interglacials, MIS-7, MIS-15 and MIS-17, are also paid attention by 

both modelling and proxy communities (e.g. Asami et al., 2013; Rowe 

et al., 2014; Past Interglacials Working Group of PAGES, 2016; Goñi 

et al., 2019). 

 

Thanks to the numerous studies on the past interglacials, our 

understanding of the interglacial climate changes during the last 800 

ka has been greatly improved, but many questions still remain. Some 

key questions which are still not fully understood and deserve more 

in-depth study include for example: (1) what caused the Mid-Brunhes 

Event (or Transition) about 430 ka ago, (2) what caused the 

interglacial diversity in terms of their intensity, duration, internal 

variability and their temporal and spatial diversity, (3) how and when 

an interglacial start and end, (4) how the climate system respond to 

different external forcings, like insolation, CO2 and ice sheets, and 

what are the important internal processes and feedbacks, and (5) what 

cause the sub-orbital (here defined as the periodicities <15 ka) 

timescale climate changes within the interglacials.  

 

1.2 Diverse response of NH and SH climate to astronomical 

forcing, CO2 and ice sheets 

 

A large number of evidences show that the response of climate system 

to different external forcings depends strongly on different climate 

variables, different time periods and on different regions. For example, 

the pollen records of the past 1.7 Ma from eastern Tibetan Plateau 

indicate that the vegetation and climate changes there display strong 

~20 ka cycles during the interval 1.74-1.54 Ma and strong ~20 ka and 

~40 ka cycles during 1.54-0.62 Ma, while they are dominated by the 
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~100 ka cycle during the past 0.62 Ma (Zhao et al., 2020). For a given 

time period, proxies of different regions could show different 

characteristics. For example, during 1.25-0.7 Ma, the IRD record in 

the northeastern Atlantic show strong precession cycles, but no 

precession signal was found in the benthic δ18O record in the western 

Indian ocean (Barker et al., 2022). Although both are considered as 

indicators for the East Asian summer monsoon, the loess records in 

North China show strong glacial-interglacial cycles (Hao et al., 2012), 

but the speleothem records in South China mainly show precession 

cycles (Cheng et al., 2016). In Antarctica, the total air content in the 

ice core, which may represent the local summer temperature, is 

dominated by obliquity cycles (Raynaud et al., 2007), while the δD in 

the ice core, which may represent annual mean temperature, is 

dominated by glacial-interglacial cycles (Jouzel et al., 2007).  

 

On hemisphere scale, evidence from both proxy records and numerical 

simulations shows that the climate changes in the two hemispheres 

seem to respond differently to astronomical parameters, CO2 and ice 

sheets. Polyak et al. (2010) found that the Arctic sea ice was 

apparently most wide-spread during the Quaternary, which is related 

to the overall cooler climate due to the formation of NH permanent ice 

sheets. Nevertheless, there still exist time periods of considerably 

reduced sea ice and even seasonally ice-free conditions, which are 

mainly controlled by the orbital variations (Polyak et al., 2010). 

Cronin et al. (2017) suggested a major shift towards perennial sea ice 

in the western Arctic Ocean occurred after MIS-11 using sea-ice 

planktic and benthic indicator species. Based on the results of sea ice 

indicator (ostracode assemblages) in the western Arctic Ocean, Cronin 

et al. (2013) found that the Arctic sea ice varied mainly at precession 

and obliquity frequencies with precession playing a more important 

role during the last 600 ka. The novel organic geochemical proxies of 

sea ice (IP25) in the central Okhotsk Sea indicated that autumn Arctic 

sea ice extent was governed by insolation for an atmospheric CO2 

concentration ranging from 190 to 260 ppmv during the last 130 ka 

(Lo et al., 2018). In the Southern Ocean, the ssNa flux-reconstructed 

sea ice shows that it was dominated by glacial-interglacial cycles over 
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the past 800 ka, with the main periodicity of about ~100 ka (Wolff et 

al., 2006). These results indicate that the Arctic and Southern Ocean 

sea ice show significantly different characteristics on orbital timescale. 

The Arctic sea ice is mainly controlled by insolation with precession 

playing a dominant role, while the Southern Ocean sea ice is well 

followed the glacial-interglacials cycles (Figure 1.1). 

 

The SST variations at different latitudinal bands of the two 

hemispheres also show significant difference based on proxy 

reconstructions (Figure 1.2). In addition to the glacial-interglacial 

cycles (about ~100 ka), the SST variations also contain obliquity and 

precession signals. However, precession is more important at low 

latitudes than at mid and high latitudes in both hemispheres. 

Precession is also more important at mid and high latitudes in the NH 

than that in the SH, while obliquity is more important in the SH than 

in the NH (e.g. Ruddiman et al., 1989; Liu and Herbert, 2004; 

Medina-Elizalde and Lea, 2005; Schaefer et al., 2005; Lawrence et al., 

2009; Herbert et al., 2010). Based on snapshot and transient 

simulations during the last nine interglacials, Yin and Berger (2012, 

2015) found that insolation is more important in the NH, while CO2 is 

more important in the SH. 

 

Although hemisphere differences in climate response to astronomical 

forcing, CO2 and ice sheets have been widely observed in proxy 

records, the cause and mechanism are still not very well understood. 

This is mostly because in geological records, it is not easy to 

distinguish the individual effect of astronomical parameters, CO2 and 

ice sheets as they contain common periodicities and jointly act on the 

proxy records. Very few model simulations deal with this topic. 

Therefore, there is a need to comprehensively and systematically 

investigate the different response of different components of the 

climate system to astronomical parameters, CO2 and ice sheets 

between the two hemispheres using numerical simulations. 
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Figure 1.1 Reconstructed Arctic and Southern Ocean sea ice from 

proxy records over the past 800 ka and their possible external forcings. 

(a) eccentricity (green line) and precession (red line), (b) obliquity 

(Berger and Loutre, 1991), (c) IP25-reconstructed Okhotsk Sea sea ice 

(Lo et al., 2018), (d) ostracode-reconstructed western Arctic sea ice 

(Cronin et al., 2017), (e) ssNa flux-reconstructed Southern Ocean sea 

ice (Wolff et al., 2006), (f) CO2 concentration (Lüthi et al., 2008), (g) 

LR04 δ18O (Lisiecki and Raymo, 2005). The numbers of MIS stages 

are indicated; the yellow shaded vertical bars indicate interglacial 

periods and non-shaded bars indicate glacial periods. 
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Figure 1.2 Reconstructed SST at different latitudinal bands from 

proxy records over the past 800 ka and their possible external forcings. 

(a) eccentricity (green line) and precession (red line), (b) obliquity 

(Berger and Loutre, 1991), (c) SST at NH mid-high latitudes from 

cores DSDP607 (blue line, Ruddiman et al., 1989) and ODP982 (red 

line, Lawrence et al., 2009), (d) SST at low latitudes from cores 

ODP1146 (pink line, Herbert et al., 2010), ODP806 (green line, 

Medina-Elizalde and Lea, 2005) and ODP846 (yellow line, Liu and 

Herbert, 2004), (e) SST at SH mid-high latitudes from core DSDP594 

(Schaefer et al., 2005) (f) CO2 concentration (Lüthi et al., 2008), (g) 

LR04 δ18O (Lisiecki and Raymo, 2005). The numbers of MIS stages 

are indicated; the yellow shaded vertical bars indicate interglacial 

periods and non-shaded bars indicate glacial periods. 
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1.3 The half-precession cycles 

 

In addition to orbital timescale climate changes, a large number of 

sub-orbital timescale climate variations have also been discovered 

during the interglacials (e.g. Rutherford and D’Hondt, 2000; Guo et al., 

2012; Cheng et al., 2016; Hodell et al., 2015; Sun et al., 2021a). 

However, the climate changes on sub-orbital timescale are far less 

understood than those on orbital timescale, which are partly due to the 

lack of linear forcing mechanisms for different sub-orbital timescale 

climate variations.  

 

Among different sub-orbital timescale climate changes, the climate 

changes with a periodicity near ~10 ka, also called the half-precession 

cycle, have received more attention, including the forcing mechanisms 

and the related processes and feedbacks. This is because : (1) the 

climate variations with half-precession cycles can be directly 

explained by the equatorial maximum insolation (Berger et al., 2006), 

which would be the first step to understand the sub-orbital timescale 

climate variations; (2) both proxy records and numerical simulations 

indicate that a better understanding of the half-precession signal could 

help understand other important climate changes, like the Dansgaard-

Oeschger (DO) events (Hinnov et al., 2002; Deng et al., 2018) and the 

mid-Pleistocene transition (Rutherford and D’Hondt, 2000; Le Treut 

and Ghil, 1983; Berger et al., 2006); (3) the half-precession signals are 

normally originated from the tropics (Berger et al., 2006; Guo et al., 

2012) and can be transported to mid and high latitudes through 

atmospheric and oceanic circulations (Hernández-Almeida et al., 2012; 

Ferretti et al., 2010, 2015). Therefore, understanding the half-

precession cycles in climate variations could help to give a more 

comprehensive picture on how the low latitude climate would affect 

the global climate and on the high-low latitudes interactions (Wang et 

al., 2014, 2017). 

 

The half-precession signals have been found in different kinds of 

geological records, such as marine sediments (Weirauch et al., 2008; 

Billups and Scheinwald, 2014), lake sediments (Trauth et al., 2003; 
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Ulfers et al., 2022), ice cores (Guo et al., 2012), loess (Sun and Huang, 

2006) and vegetation (Turney et al., 2004). Some possible forcing 

mechanisms have been proposed to explain the half-precession signals, 

including the equatorial maximum insolation (Berger et al., 2006), the 

bi-hemisphere insolation at low latitudes (Guo et al., 2012), the 

combination tones of the orbital cycles due to a nonlinear climatic 

oscillator (Le Treut et al., 1988; Guo et al., 2012) and the internal 

processes and feedbacks in response to precession (Tuenter et al., 

2007). However, they are often not easy to be distinguished mainly 

due to the interactions of different climate components. For example, 

both the equatorial maximum insolation and the bi-hemisphere 

insolation at low latitudes are the tropic forcings and both of them 

have been used to explain the half-precession signals in the 

hydrological changes in equatorial East Africa (Trauth et al., 2003; 

Verschuren et al., 2009). Moreover, the spatial distribution of the half-

precession cycles is still unclear due to a lack of comprehensive 

compilation of the half-precessional signal. Therefore, a 

comprehensive and systematical investigation of the half-precession 

signals, including their forcing mechanisms and the related internal 

processes and feedbacks, is needed. 

 

1.4 Objectives and research questions 

 

1.4.1 Research questions and outlines 

 

Sections 1.1, 1.2 and 1.3 give an overview on the studies on 

interglacials, the hemisphere differences in climate response to 

different forcing factors and the half-precession cycles, and they 

highlight the major existing questions. This thesis does not intend to 

answer all the questions raised but tryies to focus on several major 

ones. Its main objective is to make a comprehensive and systematic 

investigation on the different response of major climate variables to 

astronomical parameters, CO2 and NH ice sheets, as well as the half-

precession cycles during the interglacials of the last 800 ka, including 

MIS-1, -5, -9, -11, -13, -15, -17 and -19. The major research questions 

that are intended to be answered in this thesis include: 
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(1) What are the major differences of the NH and SH climate in 

response to astronomical parameters, CO2 and ice sheets? 

(2) How about the spatial distribution of the half-precession signals 

and what are the major forcing mechanisms for selected climate 

variables? 

(3) What are the differences between the interglacials in terms of their 

response to different external forcings and between the past 

interglacials and the present and future? 

 

These questions will be answered mainly based on model simulations, 

but proxy records are also used to give a complementary view. The 

models used and the experiments design are described in Chapter 2. 

The results are presented in Chapters 3-7. Chapter 3 studies the 

hemisphere differences in the response of SST and sea ice to 

precession and obliquity. As the Hudson Bay could be strongly 

affected by the advance and retreat of the North American ice sheet, 

its effect on global and regional climate is studied in Chapter 4. In 

Chapter 5, the hemisphere differences in the response of sea ice and 

SST to astronomical forcing, CO2 and NH ice sheets during the 

interglacials MIS-13 and MIS-11 are comprehensively and 

systematically investigated. In Chapter 6, the half-precession signals, 

including their spatial distribution and different forcing mechanisms 

as well as the internal processes and feedbacks are investigated. In 

Chapter 7, the variations of the Arctic and Southern Ocean sea ice of 

the last nine interglacials are analyzed and compared with the present 

and future. Chapter 8 includes the main conclusions of this thesis and 

perspectives for future studies. 

 

1.4.2 Research strategy and innovation 

 

This study systematically investigates the response of different 

components of the climate system to astronomical parameters, CO2 

and NH ice sheets, as well as the half-precession cycles for the 

interglacials of the past 800 ka. The model used in this thesis is 

LOVECLIM, including two versions LOVECLIM1.2 and 

LOVECLIM1.3. LOVECLIM is a three-dimension Earth system 
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Model of Intermediate Complexity (EMIC). Due to its reduced 

complexity, LOVECLIM can be run faster and requires less compute 

resource as compared to more complex GCMs. It allows to perform 

long transient simulations and large ensemble of simulations. The 

number of modelling studies on investigating the individual and 

combined effect of insolation, CO2 and ice sheets on different 

components of the climate system remains low and most studies cover 

a short period and use acceleration technique which could bias some 

results. In this thesis, the effects of astronomical parameters, CO2 and 

ice sheets are investigated by using 28 long transient simulations 

without acceleration as well as many snapshot simulations performed 

for nine glacial-interglacial periods of the last 800ka.  

 

Although the half-precession cycles have been observed in numerous 

paleoclimate records, the understanding of their mechanisms remains 

poor. This thesis has provided a first compilation of the half-

precession signals during the Quaternary and reanalyzed seven high-

resolution proxy records to discuss the characteristics of the spatial 

and temporal distribution of the half-precession cycles. The forcing 

mechanisms, as well as the internal processes and feedbacks, are 

investigated using transient climate simulations. This study is 

expected to timely provide some new insights for the response of 

different components of climate system to different external forcings, 

as well as the half-precession cycles during the past warm periods. 
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Chapter 2 Methods 

 

2.1 Model description 

 

The model used in this thesis is LOVECLIM, it is a three-dimension 

Earth system Model of Intermediate Complexity (EMIC). Five main 

components of the climate system are contained in LOVECLIM 

(Goosse et al., 2010), including the atmosphere (ECBilt, Opsteegh et 

al., 1998), the terrestrial biosphere (VECODE, Brovkin et al., 2002), 

the Greenland and Antarctic ice sheets (AGISM, Huybrechts, 2002), 

the ocean and sea ice (CLIO, Goosse and Fichefet, 1999) and carbon 

and biogeochemical cycles (LOCH, Mouchet and François, 1996). A 

comprehensive description and evaluation of LOVECLIM1.2 are 

provided in Goosse et al (2010) and a more recent version 

LOVECLIM1.3 is introduced in Loutre et al (2014). In this thesis, 

most simulations were performed with LOVECLIM1.3, while some 

simulations which had been performed with LOVECLIM1.2 before 

the release of LOVECLIM1.3 are also analyzed (see Section 2.3). In 

all the simulations, the ECBilt, CLIO and VECODE are interactively 

coupled, while the AGISM and LOCH are uncoupled. 

 

The atmospheric model ECBilt, developed at KNMI, it is a spectral 

atmospheric model with truncature T21, which corresponds 

approximately to a horizontal resolution of 5.625°×5.625°. It has three 

vertical layers and its dynamics are governed by the quasi-geostrophic 

potential vorticity (Opsteegh et al., 1998). The sensitivity of ECBilt to 

small changes of topography is overall realistic (Timmerman et al., 

2004). The terrestrial biosphere model VECODE is a reduced-form 

dynamical global vegetation model (DGVM) that simulates changes in 

vegetation structure and terrestrial carbon pools (Brovkin et al., 2002). 

Two primary plant functional types (tree and grass) are identified as 

the vegetation cover based on the fractional bioclimatic classifcation. 

Both the tree fraction and the desert fraction are calculated based on 

the relationship between climate (annual mean precipitation and 

growing degree days above 0 (GDD0)) and vegetation, and the grass 
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fraction is the rest of the grid cell (Brovkin et al., 1997). Its horizontal 

resolution is the same as ECBilt. Despite the simplicity of VECODE, 

it has reasonably simulated the basic global vegetation patterns as 

compared to the present-day observations and proxy records, as well 

as the results of other more complex DGVM (Cramer et al., 2001). 

The ocean and sea ice model CLIO results from the coupling of a 

global free-surface ocean general circulation model (OGCM) and a 

thermodynamic-dynamic sea ice model, both developed at the Institut 

d’Astronomie et de Géophysique G. Lemaître, Louvain-la-Neuve 

(ASTR) of the UCLouvain (Goosse and Fichefet, 1999). A detailed 

formulation of boundary layer mixing based on Mellor and Yamada’s 

(1982) level-2.5 turbulence closure scheme (Goosse and Fichefet, 

1999) and a parameterization of density-driven downslope flows 

(Campin and Goosse, 1999) is included in OGCM. The heat capacity 

of the snow-ice system, the storage of latent heat in brine pockets 

trapped inside the ice, the effect of the subgrid-scale snow and ice 

thickness distributions on sea-ice thermodynamics, the formation of 

snow ice under excessive snow loading and the existence of leads 

within the ice cover all are considered in the sea ice model. The 

horizontal resolution of CLIO is 3° in longitude and latitude, and there 

are 20 unevenly spaced levels along vertical in the ocean (Goosse and 

Fichefet, 1999). 

 

Within the hierarchy of EMICs, LOVECLIM is classified into the 

“simplified comprehensive model group” (Goosse et al., 2010). Its 

main advantage is that it is much faster and costs less compute 

resources, allowing to perform long transient simulations and large 

ensemble of simulations, as required by this study. 

 

2.2 Model evaluation 

 

The performances of LOVECLIM1.2 and LOVECLIM1.3 have been 

evaluated in Goosse et al. (2010) and Loutre et al. (2014) respectively. 

The performance of LOVECLIM1.2 have been evaluated from 

different aspects and for different time periods, including the last 

decades, the past millennium, the Holocene, the last glacial maximum 
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and the last interglacial (Goosse et al., 2010). However, the 

performance of LOVECLIM1.3 was mainly evaluated for the last 

interglacial (Loutre et al., 2014). In this study, we mainly investigate 

the climate changes at different latitudes bands in response to 

astronomical parameters, CO2 and NH ice sheets. Therefore, here the 

performance of LOVECLIM1.2 is further evaluated based on the 

comparison of its climate sensitivity with other models, and the 

performance of LOVECLIM1.3 is further evaluated based on the 

comparison of simulated present-day climate at different latitudinal 

bands with the observations. 

 

2.2.1 The climate sensitivity of LOVECLIM1.2 

 

To further evaluate the performance of LOVECLIM1.2, the climate 

sensitivity of LOVECLIM1.2 is investigated and compared with other 

model results from Phase 6 of the Coupled Model Intercomparison 

Project (CMIP6). First, the PI and 2xCO2 experiments are used to 

analyze the equilibrium climate sensitivity (ECS). The ECS is a key 

point in projecting future climate change (Cox et al. 2018; Nijsse et al. 

2020), and it is defined as the global mean surface air temperature 

increase once radiative equilibrium is reached in response to the 

atmospheric CO2 concentration twice the pre-industrial level (Hansen 

et al. 1984; Rugenstein et al. 2020). The results show that the ECS of 

LOVECLIM1.2 is relatively low in comparison with other models 

from CMIP6 (Figure 2.1a). In addition to the ECS, the sensitivity of 

surface air temperature in the high latitudes of both two hemispheres 

to double CO2 is also analyzed, because sea ice is essentially 

influenced by temperature in the high latitudes. For the sensitivity of 

surface air temperature in the northern mid-high latitudes (40°N-

90°N), LOVECLIM1.2 is at the middle level of the CMIP6 models 

(Figure 2.1b), and it is at high level in the southern mid-high latitudes 

(40°S-90°S) (Figure 2.1c). 
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Figure 2.1 Surface air temperature anomaly of the 2xCO2 experiment 

relative to the PI experiment simulated by different models for (a) 

global, (b) NH mid-high latitudes (40°N-90°N) and (c) SH mid-high 

latitudes (40°S-90°S). The data of LOVECLIM1.2 is from this study, 

and those of other models are from CMIP6 and the data link is: 

https://esgf-data.dkrz.de/search/cmip6-dkrz/. 

 

When the sea ice is concerned, the sensitivity of the global sea ice area 

in response to double CO2 concentration in LOVECLIM1.2 is at the 

medium level (5th) among the nine models (Figure 2.2a). For the 

sensitivity of the Arctic sea ice area, LOVECLIM is within the low 

range and is only higher than CESM2 and MRI-ESM2-0 (Figure 2.2b), 

but it is at high level for the sensitivity of the Southern Ocean sea ice 

area (Figure 2.2c). These results have a good consistency with the 

sensitivity of surface air temperature to double CO2 in the Arctic and 

Southern Ocean respectively. Considering the global, Arctic and 

Southern Ocean sea ice, LOVECLIM 1.2 is the closest to CESM2 

among the nine models. Nevertheless, the sea ice concentration 

anomalies between the 2xCO2 and the PI simulations of these two 

models show some spatial difference. The extent of sea ice reduction 

in CESM2 is slightly larger than in LOVECLIM (Figure 2.3), which 

may be partly related to the higher resolution in CESM2.  
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Figure 2.2 Sea ice area anomaly of the 2xCO2 experiment relative to 

the PI experiment simulated by different models for (a) global, (b) 

Arctic and (c) Southern Ocean. The data of LOVECLIM1.2 is from 

this study, and those of other models are from CMIP6 and the data 

link is: https://esgf-data.dkrz.de/search/cmip6-dkrz/. 

 

 

Figure 2.3 Comparison of the sea ice anomaly between the 2xCO2 and 

the PI simulations using LOVECLIM1.2 (a) in the Arctic and (b) in 

the Southern Ocean, and using CESM2 (c) in the Arctic and (d) in the 

Southern Ocean. 

https://esgf-data.dkrz.de/search/cmip6-dkrz/
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In addition to the 2xCO2 experiment, to further investigate the 

sensitivity of sea ice in LOVECLIM, three experiments are also 

performed with only time-varied GHG concentrations under the 

Shared Socioeconomic Pathway (SSP)1-2.6, SSP2-4.5 and SSP5-8.5 

scenarios from 2015 AD to 2100 AD, which represent the low, mid 

and high GHG emissions scenarios, respectively (IPCC, 2021). The 

last 5-year average climatology is compared with the model results 

from CMIP6. Figure 2.4 shows that under these three scenarios, the 

global, Arctic and Southern Ocean sea ice areas simulated by 

LOVECLIM1.2 all fall in the range of the multi-model results from 

CMIP6, which indicate that LOVECLIM has a reasonable sensitivity 

in simulating the global, Arctic and Southern Ocean sea ice. 

 

Figure 2.4 Sea ice area simulated by different models under the (a) 

low (SSP1-2.6), (b) mid (SSP2-4.5), and (c) high (SSP5-8.5) GHG 

emission scenario for global, Arctic (40°N-90°N) and Southern Ocean 

(40°S-90°S). These simulations are from 2015 AD to 2100 AD, and 

the last 5-year average climatology is analyzed. The data of 

LOVECLIM1.2 is from this study (only with varied GHG), and those 

of other models are from CMIP6 and the data link is: https://esgf-

data.dkrz.de/search/cmip6-dkrz/. 

https://esgf-data.dkrz.de/search/cmip6-dkrz/
https://esgf-data.dkrz.de/search/cmip6-dkrz/
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2.2.2 The performance of LOVECLIM1.3 in simulating present-

day climate 

 

The performance of LOVECLIM1.2 in simulating present-day climate 

has been evaluated in detail in Goosse et al. (2010). Their results show 

that LOVECLIM1.2 has a good performance in simulating the climate 

at mid and high latitudes. For example, LOVECLIM1.2 can 

reasonably simulate the sea ice extent in both hemispheres, the surface 

temperature spatial distribution, the deep convection in the Greenland-

Norwegian Sea and Labrador Sea. In addition, LOVECLIM1.2 can 

also reasonably simulate the main characteristics of large-scale 

climate changes, including the large-scale structure of the near-surface 

circulation and the magnitude of zonal mean precipitation at different 

latitudinal bands. Due to the relatively coarse resolution and the low 

level of complexity of some parameterizations, it also has some 

limitations. For instance, an overestimation of temperature at low 

latitudes, especially in the equatorial Eastern Pacific, and the 

temperature gradient between the Eastern and Western Pacific is too 

weak. Due to the relatively weak atmospheric circulation in 

LOVECLIM1.2, an overestimation of the Aleutian low and the 

simulated low-pressure center in the North Atlantic is located too far 

eastwards. In addition, the simulated zonal mean precipitation is too 

symmetric between the Northern and Southern hemispheres and the 

Intertropical Convergence Zone is not as well reproduced as in 

observation, and there is an overestimation of the vegetation cover in 

tropics. The sea ice concentration is slightly overestimated in the 

Southern Ocean in both summer and winter. 

 

As compared to LOVECLIM1.2, some new or revised modules and 

some important mechanisms have been implemented in 

LOVECLIM1.3, for example, the representation of atmospheric 

dynamics in the tropics, the cloud feedbacks (these two both are 

contributed to Axel Timmermann) and the katabatic winds 

(Barthélemy et al., 2012). These have been shown to have reduced the 

model biases and improved the simulation of the present-day and past 

climate (Loutre et al., 2014). In order to evaluate the performance of 
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LOVECLIM1.3 in simulating present-day climate, a transient 

simulation over the past 2 ka (1-2000 AD) is performed following the 

protocol of the Paleoclimate Modeling Intercomparison Project Phase 

4 (PMIP4) (Jungclaus et al., 2017), using the model LOVECLIM1.3 

(L2M_PMIP4). The major forcings include the astronomical forcing, 

GHG, solar activity and aerosols from volcanic eruptions over the last 

2 ka (Jungclaus et al., 2017). The last 20-year (1981-2000 AD) 

average climatology (surface temperature, sea surface temperature, 

precipitation and sea ice) is compared with the observations. For the 

observations, the surface temperature data is from the fifth generation 

European Centre for Medium-Range Weather Forecasts (ECMWF) 

reanalysis data (ERA5), and it covers the Earth on a 30 km grid and 

resolves the atmosphere using 137 levels from the surface up to a 

height of 80 km 

(https://cds.climate.copernicus.eu/cdsapp#!/search?text=ERA5, Bell et 

al., 2021). The precipitation data is from the Global Precipitation 

Climatology Project analysis data (GPCP), and its resolution is 

2.5°×2.5° (144×72 grid points) 

(https://psl.noaa.gov/data/gridded/data.gpcp.html, Adler et al., 2018). 

Both the SST data and sea ice data are from the Hadley Centre Sea Ice 

and Sea Surface Temperature data set (HadISST), and their resolution 

are 1°×1° (360×180 grid points) 

(https://www.metoffice.gov.uk/hadobs/hadisst/, Titchner and Rayner, 

2014). 

 

As quite expected, LOVECLIM1.3 shares many fundamental 

similarities as LOVECLIM1.2. It simulates reasonably well the main 

characteristics of the present-day mean climate as compared with the 

observations. For example, the simulated annual mean and seasonal 

global temperature distribution, both surface temperature and sea 

surface temperature, have a good consistence with the observations 

(Figure 2.5 and Figure 2.6). The simulated precipitation spatial pattern 

and the magnitude of zonal mean precipitation at different latitudinal 

bands are very similar with the GPCP observation data (Figure 2.7). In 

addition, LOVECLIM1.3 simulates well the sea ice extent in both the 

Arctic and Southern Ocean as compared to the HadISST data (Figure 



 

21 

 

2.8). As compared to LOVECLIM1.2, some simulated results of the 

present-day climate are improved in LOVECLIM1.3. For example, 

the simulated Arctic and Southern Ocean sea ice concentration and sea 

ice extent in LOVECLIM1.3 are closer to the observations than in 

LOVECLIM1.2. The temperature biases in LOVECLIM1.3 are also 

smaller than in LOVECLIM1.2, especially in the tropics and Southern 

Ocean. However, LOVECLIM1.3 still have some limitations. Both the 

simulated annual mean and seasonal temperature over the Greenland 

and in the tropics are still warmer than the observations (Figure 2.5 

and Figure 2.6). For the annual mean precipitation, the maximum rain 

belt in the tropics is a little moved southward in LOVECLIM1.3 as 

compared to the GPCP observation data, which is mainly due to their 

difference in NH winter (Figure 2.7). In addition, the simulated ENSO 

signal is very weak in LOVECLIM1.3 as compared to observation and 

the simulated results of CESM, due to its poor performance at low 

latitudes mainly related to its simple atmosphere component (Figure 

2.9). 

 

In addition to the present day, LOVECLIM can also reasonably 

simulate the climate changes during some past important periods as 

compared to the proxy records and other models. For example, 

LOVECLIM well simulated the warmer summer climate during the 

mid-Holocene than the present-day, and a large cooling of more than 

25 ℃ over the Laurentide and Fennoscandian ice sheet regions during 

the last glacial maximum (Goosse et al., 2010). LOVECLIM also 

successfully simulated the sea ice variations in the central Okhotsk 

Sea over the past 130 ka that are dominated by precession, which have 

a good consistence with the sea ice reconstruction using the proxy 

IP25 (Lo et al., 2018). In addition, the abrupt climate changes at the 

end of the interglacials simulated by LOVECLIM1.3 have a good 

consistence with the marine sediments, ice cores and stalagmite 

records, and the results further show that these abrupt climate changes 

were triggered by the insolation threshold (Yin et al., 2021). At the 

peaks of the last nine interglacials, the Southern Ocean sea ice 

variations simulated by LOVECLIM are in line with the sea ice 

reconstructions using the ssNa from Antarctic ice core (Yin and 
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Berger, 2012). Probably due to its stronger polar amplification, the 

mid-high latitude temperature of the last interglacial simulated by 

LOVECLIM was closer to the reconstructions than many other GCMs 

(Berger and Yin, 2012; Lunt et al., 2013). Although LOVECLIM’s 

performance in tropical regions is considered poor as mentioned 

above, it has been shown to well capture the response of the tropical 

and sub-tropical monsoons to changes in external forcing and 

boundary conditions. For example, LOVECLIM simulates a strong 

East Asian summer monsoon during MIS-13 under different external 

forcings (Yin et al., 2008, 2009), which is in agreement with many 

proxy records (Guo et al., 2009). The reinforcement of the East Asian 

summer monsoon by the Eurasian ice sheet and the related 

atmospheric wave pattern were confirmed by other more complex 

GCMs like HadCM3 (Muri et al., 2013).   

 

The results above show that LOVECLIM can reasonably simulated 

the climate changes at mid-high latitude latitudes, such as the Arctic 

and Southern Ocean sea ice changes and the temperature changes. It 

also has a reasonable performance in simulating the long-term 

evolution of the regional average climate changes at different 

latitudinal bands, which as required in this thesis. Due to the relatively 

coarse resolution of LOVECLIM and its simple atmosphere 

component, the performance of LOVECLIM in low latitudes is 

relatively poor.  
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Figure 2.5 Comparison of the annual mean and seasonal surface 

temperature between the ERA5 reanalysis data and the 

LOVECLIM1.3 simulation. 
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Figure 2.6 Comparison of the annual mean and seasonal sea surface 

temperature between the HadISST observation data and the 

LOVECLIM1.3 simulation. 
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Figure 2.7 Comparison of the annual mean and seasonal precipitation 

between the GPCP observation data and the LOVECLIM1.3 

simulation. 
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Figure 2.8 Comparison of the annual mean and seasonal Arctic (a) and 

Southern Ocean (b) sea ice between the HadISST observation data and 

the LOVECLIM1.3 simulation. 
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Figure 2.9 Standard deviations of winter (DJF) SST. From top to 

bottom: observation data (HadISST, Titchner and Rayner, 2014), 

simulated results of LOVECLIM1.3 and simulated results of CESM1-

LME (Otto-Bliesner et al., 2016). 

 

2.3 Experiments design and climate forcing  

 

The experiments used in this thesis are summarized in Table 2.1. 

 

2.3.1 Simulations with LOVECLIM1.2 

 

Using the model LOVECLIM1.2, a more than 90,000-years transient 

simulation with only time-dependent insolation is first performed 

(T511_Orb in Table 2.1), to investigate the hemisphere differences in 

the response of sea surface temperature (SST) and sea ice to 

precession and obliquity (the results are presented in Chapter 3). The 

simulated time period is between 511 and 417 ka BP, a time interval 

corresponding to MIS-13, MIS-12 and the beginning of MIS-11. 

Covering four precessional cycles and two obliquity ones, it allows to 
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investigate the impact of a large range of precession and obliquity. In 

order to investigate the impact of insolation alone, only astronomical 

parameters (Berger, 1978) vary in time (Figure 2.10). Constant GHG 

concentrations (CO2 = 236 ppmv, CH4 = 530 ppbv, N2O = 265 ppbv) 

are used and the ice sheets are fixed to present-day condition. In order 

to avoid any possible influence of the acceleration technique, no 

acceleration is used in this simulation. The initial condition of the 

transient simulation is the equilibrium climate state of a 2000-year 

snapshot simulation performed with the astronomical parameters at 

511 ka BP and the GHG concentrations same as the transient 

experiment. It is worth noting that this experiment is actually a 

sensitivity experiment and the GHG concentrations and ice sheets 

conditions do not correspond to the real conditions during MIS-13, 

MIS-12 and MIS-11. The GHG concentrations used here are the 

average values over 20,000 years between 511 to 491 ka BP, and are 

intermediate between a typical interglacial level (e.g. 280 ppmv) and a 

glacial level (e.g. 180 ppmv). 
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Figure 2.10 Benthic δ18O (Lisiecki and Raymo, 2005), eccentricity, 

precession and obliquity (Berger, 1978) between 511 ka BP and 417 

ka BP. 

 

To investigate insolation and CO2 induced variations in the Arctic and 

Southern Ocean sea ice during the last nine interglacials and their 

comparison with the present-day and future (Chapter 7), the nine 

control experiments (f11) performed in Yin and Berger (2012) are also 

used in this study. In these control experiments, both insolation and 

CO2 are taken at their interglacial levels, and details of experiments 
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setup have been given in Yin and Berger (2012), here I only describe 

it briefly. First, the benthic δ18O stack (Lisiecki and Raymo, 2005) 

peaks of the interglacials were selected. Then, the values of the 

astronomical parameters (Berger, 1978) at the dates when NH summer 

occurs at perihelion just preceding the δ18O peaks were taken based on 

the hypothesis that the maximum insolation in the NH summer 

controls the interglacials (Kukla et al., 1981). However, there are two 

exceptions: NH summer at perihelion occurs 3 ka later than the δ18O 

peak during MIS-17 and the peak selected is at 501 ka BP rather than 

at 491 ka BP in the δ18O stack (Lisiecki and Raymo, 2005) during 

MIS-13.1. Finally, the GHG concentrations at the dates of the CO2 

peaks just preceding the δ18O peaks were taken in order to maximize 

the climate response. The details of the dates and values of the 

astronomical parameters and GHG concentrations at these nine 

interglacials can be found in Table 1 of Yin and Berger (2012).  

 

Three new experiments are also performed using LOVECLIM1.2 in 

this study to represent the present and future climate, in order to 

compare them with the interglacials (Chapter 7). Two experiments are 

used to represent the present climate: one is the pre-industrial 

experiment (hereafter abbreviated as PI experiment) which could be 

considered as the present-day climate under the natural climate 

variability, its astronomical parameters are taken the values at 0 ka 

(Berger 1978), CO2 = 280 ppmv, CH4 = 760 ppbv, and N2O = 270 

ppbv; the other is a transient simulation from 1500 AD to 2000 AD in 

which the effect of the anthropogenic forcing is also included, and the 

last 30-year average climatology is analyzed (hereafter abbreviated as 

PD experiment). The CO2 concentration is increased with time in the 

PD experiment, and the last 30-year average CO2 concentration is 66 

ppmv higher than the PI one (346 vs. 280 ppmv). For the future 

climate, the CO2 concentration projected at the end of the 21th century 

is most likely much higher with the largest probability between 446 

and 1135 ppmv (IPCC, 2021) and as a nearly ice-free Arctic Ocean in 

the summer sea ice minimum is projected near mid-century under mid 

and high GHG emissions scenarios (IPCC, 2021), it would be 

interesting to see if sea ice conditions similar to projected for the 
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future happened during the interglacials. The double CO2 experiment 

(CO2 doubled as compared to the PI) was early used to discuss the 

global warming with increased atmospheric CO2 concentration in the 

future (Manabe and Wetherald, 1967), and now has become a standard 

and classic experiment in climate science (Manabe and Wetherald, 

1967; Myhre et al., 2017), and this CO2 concentration being very close 

to the mid GHG emissions scenarios (IPCC, 2021). In this study, a 

double CO2 experiment is also performed to represent the future 

(hereafter abbreviated as 2xCO2 experiment). 

 

2.3.2 Simulations with LOVECLIM1.3 

 

Using the latest version LOVECLIM1.3, three sets of transient 

simulations with no acceleration are performed for the nine glacial-

interglacial periods over the past 800 ka. The model setup is the same 

as the one used in Yin et al. (2021). Each simulation period is centered 

on an interglacial and covers also part of the transitions of the glacial 

termination and inception before and after each interglacial. To be 

simple, hereafter we use Marine Isotope Stage (MIS)-1, -5, -7, -9, -11, 

-13, -15, -17 and -19 to represent these nine simulated time periods. 

The simulation periods are 17-0 ka BP for MIS-1, 133-75 ka BP for 

MIS-5, 247-192 ka BP for MIS-7, 340-282 ka BP for MIS-9, 424-382 

ka BP for MIS-11, 538-471 ka BP for MIS-13, 627-564 ka BP for 

MIS-15, 719-679 ka BP for MIS-17 and 794-766 ka BP for MIS-19 

(Figure 2.11). This leads to large amplitude variations of both CO2 

and ice sheets. For example, the CO2 concentration varied between 

180 ppmv and 290 ppmv (Lüthi et al., 2008), and the NH ice volume 

varied between 4 million km3 and 40 million km3 (Ganopolski and 

Calov, 2011). These nine periods also cover a wide range of 

astronomical forcing. They include high and low values of eccentricity 

which lead to large and small amplitude variations of precession, and 

they also include large and small amplitude variations of obliquity 

(Berger and Loutre, 1991). In addition, they include both situations 

where precession minimum and obliquity maximum are in-phase and 

anti-phase, which could be critical for the climate system (Yin and 

Berger, 2010, 2015). In terms of the half-precession cycle, all of the 
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simulation periods cover more than one half-precession cycle, and 

seven of them cover more than four half-precession cycles. Therefore, 

the last nine interglacials over the past 800 ka are suitable to 

investigate the response of different climatic variables at different 

regions to astronomical parameters, CO2 and NH ice sheets between 

the two hemispheres, as well as the half-precession signals. 

 

Figure 2.11 Benthic δ18O (Lisiecki and Raymo, 2005), eccentricity, 

precession and obliquity (Berger and Loutre, 1991), CO2 

concentrations (Lüthi et al., 2008) and NH ice volume anomaly as 

compared to pre-industrial (Ganopolski and Calov, 2011) over the past 

800 ka. The numbers of MIS stages are indicated, and the red lines 

indicate the time periods of simulations performed in this thesis. 
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In the first set of simulations, only astronomical parameters (Berger 

and Loutre, 1991) vary with time (hereafter they are referred as Orb 

experiments), the GHG concentrations and ice sheets being fixed at 

the pre-industrial values. The initial conditions are provided by a 

2000-year equilibrium experiment with the astronomical parameters at 

the starting date of the simulated period and the pre-industrial GHG 

concentrations and ice sheets. In the second set of simulations, both 

the GHG concentrations (Lüthi et al., 2008; Loulergue et al., 2008; 

Schilt et al., 2010) and astronomical parameters vary with time 

(hereafter they are referred as OrbGHG experiments), the ice sheets 

being fixed at the pre-industrial values. The initial conditions are 

provided by a 2000-year equilibrium experiment with the 

astronomical parameters and GHG concentrations at the starting date 

of the simulated period and the pre-industrial ice sheets. The GHG 

concentrations are reconstructed from the Antarctic ice core (Lüthi et 

al., 2008; Loulergue et al., 2008; Schilt et al., 2010), and they are 

linearly interpolated to one-year resolution and used in this study. 

Detailed description of these two sets of simulations can also be found 

in Yin et al. (2021). In the third set of simulations, the NH ice sheets 

(Ganopolski and Calov, 2011), GHG concentrations and astronomical 

parameters all vary with time (hereafter they are referred as 

OrbGHGICE experiments), the Antarctic ice sheet being fixed at the 

pre-industrial condition. The initial conditions are provided by a 2000-

year equilibrium experiment with the NH ice sheets, GHG 

concentrations and astronomical parameters at the starting date of the 

simulated period.  

 

In the presence of land ice, albedo, topography, vegetation and surface 

soil types corresponding to ice-covered condition were prescribed at 

corresponding model grids in LOVECLIM1.3. The ice sheet data is 

from the simulated results of Ganopolski and Calov (2011) and 

interpolated to LOVECLIM grid, and it is updated every one thousand 

years. In addition, the status of the Hudson Bay (closed or open) is 

changed based on the extent of the North American ice sheet. If the 

extent of the North American ice sheet over the Hudson Bay is more 

than a half, the Hudson Bay is changed to closed, otherwise it keeps 
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open. Moreover, if the North American ice sheet is large and the 

Hudson Bay is closed, the prescribed river routes were disrupted. For 

the changes of the river routes over North America, we follow the 

protocol for Last Glacial Maximum (LGM) experiments in the 

Paleoclimate Modelling Intercomparison Project-Phase 4 (PMIP4) 

(Kageyama et al., 2017). For instance, the river runoff that previously 

entered into the Hudson Bay was consequently rerouted, partly 

northward entering into the Arctic Ocean and partly southward 

entering into the Atlantic. 

 

As discussed above, the status of the Hudson Bay (closed or open) is 

changed due to the advance and retreat of the North American ice 

sheet. In order to investigate the effect of the Hudson Bay closure on 

global and regional climate under different background climate 

conditions (Chapter 4), a pair of sensitivity experiments were 

performed at the initial date of each simulation period shown in Figure 

2.11. At these dates, the North American ice sheet was sufficiently 

large to cover completely the Hudson Bay, and there are large 

variations in the astronomical parameters, GHG concentrations and 

NH ice volume. For example, obliquity ranges from 24.2º at 538 ka 

BP to 22.7º at 719 ka BP, precession ranges from 0.00409 at 794 ka 

BP to -0.00735 at 247 ka BP (Berger and Loutre, 1991), and the CO2 

equivalent (CO2eq, which is calculated based on the formula in 

https://gml.noaa.gov/aggi/aggi.html) ranges from 267 ppmv at 424 ka 

BP to 171 ppmv at 719 ka BP (Luthi et al., 2008; Loulergue et al., 

2008; Schilt et al., 2010). In addition, the total NH ice volume ranges 

from 39 million km3 at 17 ka BP to 21 million km3 at 424 ka BP 

(Ganopolski and Calov, 2011). Therefore, these experiments allow to 

explore the effect of the Hudson Bay closure on global and regional 

climate under different background climate conditions. 

 

At each date (and each pair), the astronomical parameters (Berger and 

Loutre, 1991), GHG concentrations (Luthi et al., 2008; Loulergue et 

al., 2008; Schilt et al., 2010) and the NH ice sheet configurations 

(Ganopolski and Calov, 2011) are taken at the values of this date for 

both experiments in each pair, the Antarctic ice sheet being kept the 

https://gml.noaa.gov/aggi/aggi.html
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same as the pre-industrial one. Within each pair of experiments, the 

Hudson Bay is open in one experiment and is closed in another one 

(hereafter they are referred as OHB and CHB respectively). In the 

OHB experiments, the ocean-land mask was kept the same as the 

present-day one (Figure 2.12a), while the ocean over the Hudson Bay 

was changed to land in the CHB experiments (Figure 2.12b). Actually, 

the nine CHB experiments are the initial conditions of the nine 

transient OrbGHGICE experiments discussed above. As land ice 

covers only land grids in LOVECLIM1.3, the Hudson Bay was 

covered by land ice in the CHB experiments, while it was still kept as 

ocean in the OHB experiments. Figure 2.13 gives an example of the 

NH topography anomaly at 133 ka BP and 424 ka BP relative to the 

pre-industrial conditions in the OHB and CHB experiments. 

 

Figure 2.12 The ocean-land mask over North America in the OHB (a) 

and CHB (b) experiments. 
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Figure 2.13 Topography anomaly (m) at 133 ka BP and 424 ka BP 

relative to the pre-industrial conditions in the OHB and CHB 

experiments. The ice sheet data is from the simulated results of 

Ganopolski and Calov (2011) and interpolated to LOVECLIM grid. 

 

All the 18 experiments were run for 2000 years to reach equilibrium, 

and the last 100-year average climatology was analyzed. In addition, 

in order to compare the effect of the Hudson Bay closure with the 

effect of the NH ice sheets, the snapshot experiments with the present-

day ice sheets but the insolation and GHG at 133 ka BP and 424 ka 

BP are also analyzed. The difference between the CHB and OHB 

experiments gives the impact of the Hudson Bay closure, and the 
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difference between the OHB and OG experiments gives the impact of 

the NH ice sheets (Chapter 4). 

 

Table 2.1 A summary of all the experiments used in this thesis. For 

the simulations of past time periods, GHG concentrations (Lüthi et al., 

2008; Loulergue et al., 2008; Schilt et al., 2010) and NH ice volume 

(Ganopolski and Calov, 2011) are used, and astronomical parameters 

of Berger (1978) are used in LOVECLIM1.2 and astronomical 

parameters of Berger and Loutre (1991) are used in LOVECLIM1.3. 

For the L2M_PMIP4 experiment, the forcing data is from Kageyama 

et al. (2018). For the SSP experiments, the GHG data is from O'Neill 

et al. (2016). For the insolation, GHG, NH ice sheets and Hudson Bay 

status, √ represents the true values are used in these experiments, 

otherwise they are fixed at the PI condition. 
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Chapter 3 Hemisphere differences in response of sea 

surface temperature and sea ice to precession and 

obliquity1 

 

3.1 Introduction 

 

As one of the most important drivers of the climate system, the 

incoming solar radiation (insolation), depends on the three 

astronomical parameters: eccentricity, obliquity and climatic 

precession (Berger, 1976, 1978). The total energy received by the 

whole Earth over one year is only a function of eccentricity, while 

obliquity and precession can modify the latitudinal-seasonal 

distribution of insolation (Berger, 1988; Loutre et al., 2004; Berger et 

al., 2010). The astronomical signals related to these three parameters 

have been found in plenty of geological records like deep-sea 

sediments, continental archives and ice cores.  

  

The relationship between different climatic variables and the 

astronomical parameters has long been a center topic in paleoclimate 

study. For example, the relationship between SST and the 

astronomical parameters have been discussed based on marine records 

from the Pacific (e.g. de Garidel-Thoron et al., 2005), Atlantic (e.g. 

Lawrence et al., 2009) and Indian Ocean (e.g. Howard and Prell, 

1992). The response of other climatic variables to astronomical 

forcing have also been discussed, like sea ice (e.g. Cronin et al., 2013), 

vegetation (e.g. Joannin et al., 2011; Goñi et al., 2016; Oliveira et al., 

2018) and the Asian monsoon (e.g. Cheng et al., 2016). Climate model 

simulations have also been used to understand the response of the 

climate system to the astronomical forcing. For example, Earth system 
 

1 This chapter is published in Wu Z.P., Yin Q.Z., Guo Z.T., Berger A., 2020. Hemisphere 

differences in response of sea surface temperature and sea ice to precession and obliquity. 

Global and Planetary Change, 192, 103223. 
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models of intermediate complexity (EMICs), such as CLIMBER 

(Ganopolski and Calov, 2011) and GENIE (Holden et al., 2011), have 

been used to perform long transient simulations to study the climate 

response to astronomical parameters, GHG and NH ice sheets over 

many glacial-interglacial cycles. More complex atmosphere-ocean 

general circulations models, such as HadCM3 (Singarayer et al., 2011), 

have been used to perform snapshot experiments to study the response 

of one or more components of the climate system to changes in 

insolation. Both proxy and modelling studies show that the climate 

response to the astronomical forcing depends strongly on regions and 

on different climatic variables. 

 

On hemisphere scales, evidence from both paleoclimate records and 

simulations shows that the two hemispheres seem to respond 

differently to obliquity and precession. For the sea ice, Lo et al. (2018) 

found that the autumn sea ice extent was governed by insolation and 

showed strong precession cycles when the atmospheric CO2 

concentrations ranging from 190 to 260 ppmv during the last 130 ka in 

the central Okhotsk Sea. Cronin et al. (2013) reconstructed the sea ice 

extent during the last 600 ka in western Arctic Ocean and found that 

the sea ice varied mainly at precessional and obliquity frequencies 

with precession playing a more important role. In the Southern Ocean, 

Wolff et al. (2006) reconstructed winter sea ice extent using the ssNa 

flux over the past eight glacial cycles, and found that its variation was 

dominated by periodicities on time scales of 80-120 ka although the 

obliquity and precessional components can also be found. For SST, 

the reconstructed results also show an obvious difference between the 

NH and SH. Besides the 100 ka periodicity, the SST reconstructions 

show a clear obliquity signal in both hemispheres, but the precessional 

signal is much stronger in the NH than in the SH (Martrat et al., 2007; 

Bard and Rickaby, 2009). Based on snapshot and 10-times accelerated 

transient simulations, Yin and Berger (2012, 2015) found that in 

general the NH climate responds more to precession whereas the SH 

responds more to obliquity, but in-depth analysis on internal processes 

and feedbacks are still needed. In addition, Timmermann et al. (2014) 

investigated the response of the SH climate to obliquity and CO2 using 
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a series of snapshot simulations and a 5-times accelerated transient 

simulation. They found that the SH westerlies were mainly controlled 

by the obliquity cycle and the temperature changes in Antarctica were 

determined by the combined effect of shortwave obliquity forcing, 

GHG forcing, and meridional heat transport. 

  

In spite of many existing studies, the different response of the climate 

system to obliquity and precession between the two hemispheres is 

still not very clear. This is mainly due to: (1) in the geological records, 

it is not straightforward to distinguish the impact of the astronomical 

parameters from the other forcings, like GHG and ice sheets, because 

they can contain the same periodicities; and (2) the numerical 

simulations, which focus on understanding the response of the climate 

system to obliquity and precession and especially the differences 

between the two hemispheres, are still scarce. Thus, there is a need to 

investigate the response of the different climatic variables to obliquity 

and precession using long and continuous transient simulations. 

 

Here we focus on understanding the relative importance of precession 

and obliquity on two important components in the climate system, sea 

ice and sea surface temperature, in both hemispheres as well as the 

internal processes and feedbacks involved to explain the differences 

between the two hemispheres. The study of this Chapter is based on a 

transient simulation using the model LOVECLIM1.2 (T511_Orb, see 

Chapter 2). Although LOVECLIM is classified as an Earth system 

model of intermediate complexity, its complexity is on the top of this 

kind of models and thus it cannot be used easily to run a transient 

simulation spanning several glacial cycles. Therefore, in our study, we 

choose the time interval between 511 and 417 ka BP which covers the 

interglacial peak of MIS-13, the glacial MIS-12 and the beginning of 

MIS-11. There are three reasons to choose this period. First, this 

period includes relatively high and low values of eccentricity which 

leads to both large and small amplitude of variations in precession and 

therefore in daily insolation. In particular, it covers MIS-11 with near-

zero eccentricity that has been considered as an astronomical analogue 

of our present-day interglacial (Loutre and Berger, 2003). Second, this 
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period includes both situations where precession minima and obliquity 

maxima are in-phase and are anti-phase (Figure 3.1) (the phase 

relationship between precession and obliquity could be critical for the 

climate system (Yin and Berger, 2010, 2015)). Third, this period 

covers the Mid-Brunhes Transition or Event (MBT or MBE) that is 

characterized by relatively warmer interglacials after about 430 ka BP 

than before (e.g. Jansen et al.,1986; Jouzel et al., 2007). The causes 

proposed to explain the MBE includes for example astronomical 

forcing (Pisias and Rea, 1988; Yin, 2013) and a major ice-sheet 

expansion during MIS-12 (Bard and Rickaby, 2009). In this study, we 

don’t intend to investigate the MBE, but our results and simulation 

might be useful for other studies working on this topic.  

 

3.2 The response of sea ice to precession and obliquity 

 

Figure 3.1 shows clearly that the responses of the Arctic and Southern 

Ocean sea ice to the astronomical forcing are different. In the Arctic, 

the variation of the annual mean sea ice is highly correlated with 

precession, while in the Southern Ocean, it is highly correlated with 

obliquity. In order to quantify the relative weight of each astronomical 

parameter on the sea ice variations, multiple linear regression analyses 

(using the standardized values of the variables) are performed. The 

results (Table 1) show that precession plays a dominant role on the 

Arctic sea ice and the importance of obliquity is also obvious, but 

obliquity is more important for the Southern Ocean sea ice. Our 

results on the Arctic sea ice is in line with the finding of Lo et al. 

(2018) where both proxy records and numerical simulations show that 

the sea ice in the central Okhotsk sea during the last 130,000 years is 

mainly governed by precession-dominated insolation changes when 

the atmospheric CO2 concentrations range from 190 to 260 ppmv. 

Cronin et al. (2013) also indicate that the sea ice in western Arctic 

Ocean during the last 600 ka varied primarily at precessional and 

obliquity frequencies, and precession plays a dominant role. As CO2 

and ice sheets are fixed in our simulation, it is impossible for us to 

discuss about the 100 ka cycle that might be strongly related to these 

forcings (Clark et al., 1999). However, the Southern Ocean sea ice 
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reconstruction of Wolff et al. (2006) shows a dominant 80-120 ka 

cycle. This indicates that other forcings than insolation, such as GHG 

and ice sheets, must have a major influence on the Southern Ocean sea 

ice. Indeed, Yin and Berger (2012) show that GHG plays a dominant 

role in the SH whereas insolation is more important in the NH. 

 

Figure 3.1 Comparison of the simulated annual mean Arctic and 

Southern Ocean sea ice fraction with obliquity and precession. A 

1000-year running mean is performed on the curves of the Arctic and 

Southern Ocean sea ice fraction to reduce the high-frequency 

fluctuations.  
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Table 3.1 Regression coefficients of a linear multiple regression 

between the insolation-induced climatic variables (the predictand) and 

E (eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the whole simulation period 

between 511 and 417 ka BP. The variables are annual mean sea ice 

fraction and sea surface temperature. All the values have been 

standardized to have the regression coefficients representing 

comparable weights of the predictors on the predictand. 

 

 

Our simulation period contains a period of high amplitude variation of 

precession (511-460 ka BP) and a period of low amplitude variation of 

precession (460-417 ka BP). We might expect a dominant role of 

obliquity when the variation of precession is small, as shown in Yin 

and Berger (2015) for MIS-11. Therefore, we also performed 

separately linear multiple regression analyses for 511-460 ka BP and 

for 460-417 ka BP. The results of 511-460 ka BP are very similar to 

those obtained from the whole time period (see supplementary Table 

S3.1), but the results of 460-417 ka BP (Table S3.2) show that 

obliquity is more important than precession in both the Arctic and 

Southern Ocean sea ice, which is quite expected from the low 

amplitude variation of precession. However, obliquity still plays more 

important role in the SH than in the NH and precession is more 

important in the NH than SH even in the latter case. 

 

To better understand the different response of the Arctic and Southern 

Ocean sea ice to precession and obliquity, and related internal 

processes and feedbacks, the seasonal variations of the Arctic and 

Southern Ocean sea ice are also analyzed (Figure 3.2). In the Arctic, 

the amplitude of the sea ice variation is much larger in summer than in 

other seasons (Figure 3.2a), this is in line with the results of snapshot 
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simulations of the last nine interglacials (Yin and Berger, 2012) and 

the observation records over the last 30 years (Titchner and Rayner, 

2014). This can also be observed by comparing the seasonal 

geographical distributions of sea ice fraction between a precession 

maximum (e.g. 496 ka BP) and a precession minimum (e.g. 486 ka BP) 

(Figure S3.1 and Figure S3.2). The variation of the annual mean sea 

ice is therefore dominated by the variation of the summer sea ice, 

which is mainly controlled by local summer insolation that in turn is 

mainly a function of precession. When climatic precession is low (NH 

summer at perihelion), the local summer insolation is high, leading to 

low sea ice fraction (Figure 3.3, left). In addition, the Arctic sea ice is 

also influenced, but to a lesser degree, by the northward oceanic heat 

transports across 60°N (Goosse and Renssen, 2001) which is also 

dominated by precession (not shown). However, the local summer 

insolation also contains obvious obliquity signal, a smaller obliquity 

directly leading to lower summer insolation and finally to a cooling 

and more sea ice formation, which could explain why obliquity is also 

present in the Arctic sea ice (Table 3.1). In the Southern Ocean, the 

difference in the magnitude of sea ice variations between the four 

seasons is smaller than in the Arctic, but the amplitude is still the 

largest in local summer (Figure 3.2b, Figure S3.1 and Figure S3.2). 

The annual mean sea ice variation is more equally influenced by the 

variations of the sea ice of the four seasons when compared to Arctic. 

Different from the summer sea ice variation in the Arctic, the variation 

of the summer sea ice in the Southern Ocean shows a very strong 

obliquity signal. These explain why obliquity is more important for 

the sea ice in the Southern Ocean than in the Arctic. A smaller 

obliquity directly leads to lower insolation at high latitudes and finally 

to a cooling and more sea ice formation (Figure 3.3, right), and vice 

versa. In addition, obliquity could also influence the Southern Ocean 

sea ice through its influence on the westerlies. Our results (Figure 3.3, 

right) show that a smaller obliquity leads to larger latitudinal 

temperature and pressure gradients, and finally to stronger westerly 

winds. In line with Timmermann et al. (2014), in our simulation the 

SH westerlies are mainly influenced by obliquity. The strong obliquity 

signal in the SH westerlies could also help to explain the obliquity 
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signal in the Southern Ocean sea ice. The formation of the Southern 

Ocean sea ice may also be influenced by the southward oceanic heat 

transports across 60°S that is dominated by precession (not shown). 

This might partly explain why there is a weak precessional signal in 

the annual mean Southern Ocean sea ice (Table 3.1). This agrees with 

the geological evidence that the Southern Ocean sea ice variation also 

contains precession periodicity (Wolff et al., 2006).  

 

Figure 3.2 The seasonal variations of the sea ice fraction in the (a) 

Arctic and (b) Southern Ocean. A 1000-year running mean is 

performed on the curves to reduce the high-frequency fluctuations. 

 

 

Figure 3.3 The forcing mechanisms for the annual mean Arctic (left) 

and Southern Ocean sea ice (right). (a) 65°N summer solstice 

insolation (Berger, 1978), (b) standardized annual mean Arctic sea ice 

fraction, (c) obliquity (Berger, 1978), (d) standardized SH westerlies 

of 500hPa, (e) standardized annual mean Southern Ocean sea ice 

fraction. A 1000-year running mean is performed on the curves of (b), 

(d), and (e) to reduce the high-frequency fluctuations. 
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The key internal processes responsible for the response of sea ice to 

precession and obliquity lie in the relationships between the surface 

energy budget (surface solar radiation – surface thermal radiation + 

surface sensible heat flux + surface latent heat flux), SST and sea ice. 

The surface energy budget is dominated by the surface shortwave 

radiation. Figure 3.4 shows that the surface energy budget (40°N-

90°N and 40°S-90°S) is directly related to the SST (40°N-90°N and 

40°S-90°S) which in turn influence the sea ice: when the surface 

energy budget is high, SST is high, leading finally to less sea ice, for a 

relationship which happens in both hemispheres (but the sea ice could 

also influence the SST, a feedback which will be discussed below). 

The surface energy budget is directly and strongly influenced by 

precession and obliquity: linear multiple regression analyses (Table 

3.2) show that obliquity plays a dominant role in the SH surface 

energy budget whereas precession is more important in the NH, 

explaining the different response of the NH and SH sea ice to 

precession and obliquity. The different response of the annual mean 

sea ice between the Arctic and Southern Oceans to obliquity and 

precession is related to their different geographic locations. The Arctic 

is located in the northern highest polar latitudes, while the Southern 

Ocean is located between about 60°S and 75°S; so the amplitude of 

the local summer insolation variation is much larger in the Arctic than 

in the Southern Ocean. In addition, the large area of the SH ocean 

makes it reacting more slowly than lands surrounding the Arctic 

Ocean and therefor more sensitive to the total energy integrated over 

time that is only a function of obliquity (Berger and Pestiaux, 1984; 

Berger et al., 2010). If the two periods 511-460 ka BP and 460-417 ka 

BP are considered separately, the results of the surface energy budget 

are in line with those of sea ice, the importance of obliquity being 

enhanced during 460-417 ka BP due to the low amplitude variation of 

precession (Table S3.3 and Table S3.4). 
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Figure 3.4 Comparison of the standardized annual mean sea ice 

fraction with the standardized annual mean SST, surface energy 

budget and surface shortwave radiation. (a) surface shortwave 

radiation in the NH (40°N-90°N), (b) surface energy budget in the NH 

(40°N-90°N), (c) SST in the NH (40°N-90°N), (d) Arctic sea ice 

fraction, (e) surface shortwave radiation in the SH (40°S-90°S), (f) 

surface energy budget in the SH (40°S-90°S), (g) SST in the SH 

(40°S-90°S), (h) Southern Ocean sea ice fraction. A 1000-year 

running mean is performed on the curves to reduce the high-frequency 

fluctuations. 
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Table 3.2 Regression coefficients of a linear multiple regression 

between the surface energy budget (the predictand) and E 

(eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the whole simulation period 

between 511 and 417 ka BP. The surface energy budget has been 

standardized to have the regression coefficients representing 

comparable weights of the predictors on the predictand. 

 

 

3.3 The response of SST to precession and obliquity 

 

The SST variations at the low latitudes of both NH and SH show 

strong precessional signals (Figure 3.5), which can be partly explained 

by the very strong precessional signal in the daily insolation at low 

latitudes (Berger, 1978). In addition, the oceanic heat transports have 

a great contribution to the variations of the SST at low latitudes of 

both hemispheres, as shown from modern reanalysis data (Trenberth 

and Caron, 2001). Our simulated oceanic heat transports at low 

latitudes show very strong precessional signals (not shown), which 

could also explain the strong precessional signal in our simulated SST 

at low latitudes.  

 

 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.91 0.84  0.87 0.83 

E 0.04 0.18  0.01 0.10 

O 0.70 0.86  0.69 0.90 

P -0.75 -0.28   -0.74 -0.18 
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Figure 3.5 Comparison of the simulated standardized annual mean 

SST in the NH (left) and SH (right) with obliquity and precession. A 

1000-year running mean is performed on the curves of the SST to 

reduce the high-frequency fluctuations. 

 

At mid and high latitudes, there are obvious differences between the 

NH and SH in the SST response. In the SH, the SST variations are 

highly correlated with obliquity, while they are highly correlated with 

both obliquity and precession in the NH (Figure 3.5 and Table 3.1). In 

terms of proxy data, almost all SST records show strong periodicity 

around 100 ka after the mid-Pleistocene transitions. This is not shown 

in our simulated SST, most probably because only insolation is used 

in our experiment as forcing, GHG and ice sheets being kept constant. 

Besides the 100 ka cycle signals, in geological record, the SST of both 

hemispheres shows strong obliquity signal, but the precessional signal 

is much stronger in the NH than in the SH (Martrat et al., 2007; Bard 

and Rickaby, 2009). This is consistent with our simulated results. 

Compared to low latitudes, obliquity has a larger effect on the daily 

insolation at mid and high latitudes (Berger, 1978). Thus, the SST 

variations at mid and high latitudes of both hemispheres show stronger 

obliquity signals. In the meantime, the different distribution of 

continents and oceans between the NH and SH lead to different 

response in the two hemispheres. Due to the relatively slow response 

of oceans, the SST variations in the SH, where large area of oceans 

appear, are more sensitive to integrated insolation which is only a 

function of obliquity (Berger and Pestiaux, 1984; Berger et al., 2010). 

In the NH, the precessional forcing can be amplified by vegetation 

dynamics, leading to strong precessional signal in the annual mean 
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SST variations (Claussen et al., 2006; Ganopolski and Roche, 2009). 

In a previous study where LOVECLIM was used to study the last nine 

interglacials, it was also shown that the vegetation change in the NH 

mid and high latitudes is mainly controlled by precession (Yin and 

Berger, 2012). The same is found in our study for the time period 

investigated and the simulated vegetation shows strong precession 

signal (not shown). In addition, the variation of the Arctic sea ice 

shows strong precessional signal while the variation of the Southern 

Ocean sea ice shows strong obliquity signal, which would also 

influence the SST variations through sea ice-temperature feedbacks. 

Both vegetation and sea ice feedbacks in the NH explain the strong 

precessional signals in the NH SST variations. As discussed above, 

the key internal processes responsible for the response of SST to 

precession and obliquity are related to surface energy budget. Our 

results show that the surface energy budget and SST have a very good 

and positive relationship (for instance, at high latitudes of both 

hemispheres, Figure 3.6). When the surface energy budget is high, the 

SST is also high, and vice versa. Obviously, the surface energy budget 

is highly correlated with obliquity in the SH, while it is highly 

correlated with both precession and obliquity in the NH (Figure 3.6 

and Table 3.2), which could explain the different response of the NH 

and SH SST at mid and high latitudes to precession and obliquity. The 

different response of the surface energy budget to precession and 

obliquity between two hemispheres is also due to the different 

distribution of continents and oceans in the NH and SH as discussed 

above. 

  

If we analyze the results of 511-460 ka BP and 460-417 ka BP 

separately (Table S3.1 and Table S3.2), the results of 511-460 ka BP 

are similar to those obtained from the whole time period, but 

precession signal is more amplified as expected from the high 

amplitude variation of precession during this time period. It is also as 

expected from the low amplitude variation of precession during 460-

417 ka BP, obliquity plays a more important role than precession in 

the SST in both NH and SH mid and high latitudes during this time 

period. Nevertheless, precession is still more important in the NH than 
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SH, similar to the results of sea ice. The results of the multiple linear 

regression analyses for the surface energy budget are consistent with 

the SST (Table S3.3 and Table S3.4). 

 

Figure 3.6 Comparison between the standardized annual mean SST at 

high latitudes and the standardized annual mean surface energy budget 

and surface shortwave radiation. A 1000-year running mean is 

performed on the curves to reduce the high-frequency fluctuations.  

 

3.4 Conclusions 

 

In this study, the different responses of the SST and sea ice to 

precession and obliquity between the two hemispheres are 

investigated through a transient simulation with the LOVECLIM 

model. 
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Our results show that the responses are different between the two 

hemispheres. The Arctic sea ice is highly correlated with precession, 

while the Southern Ocean sea ice is highly correlated with obliquity. 

In the Arctic, the variation of the annual mean sea ice is dominated by 

the variation in local summer which, through the surface energy 

budget and SST, is controlled by local summer insolation that in turn 

is mainly a function of precession. It is also influenced by the 

northward oceanic heat transports across 60°N which is mainly 

controlled by precession. In the Southern Ocean, the sea ice variations 

are more equally weighted between seasons with the amplitude being 

slightly larger in local summer during which the sea ice variation is 

dominated by obliquity. The large area of the SH oceans makes it 

reacting more slowly and being more sensitive to total energy 

integrated over time that is only a function of obliquity. 

 

At low latitudes of both two hemispheres, the SST variations show 

strong precessional signal, due to strong precessional signal in the 

daily insolation at the low latitudes and also in the oceanic heat 

transports. Compared with low latitudes, the SST variations at mid-

high latitudes show stronger obliquity signal in both two hemispheres 

due to the increased importance of obliquity in the daily insolation at 

mid-high latitudes. Due to sea ice and vegetation feedbacks and also 

large continental area, the SST variations in the mid-high latitudes of 

the NH show stronger precessional signal and weaker obliquity signal 

than in the SH.  

  

Our results also show that during the period of low eccentricity and 

therefore of low amplitude variation of precession, obliquity always 

plays the dominant role in both sea ice and SST, which is quite 

expected, but precession is still more important in the NH than in the 

SH. Half-precessional signal vanishes during low-eccentricity period 

due to the reduced impact of precession. 
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Chapter 4 Effect of Hudson Bay closure on global and 

regional climate under different astronomical 

configurations2 

 

4.1 Introduction 

 

The Hudson Bay is one of the largest inland seas in the world and it 

receives a large amount of freshwater through riverine input (~760 

km3/yr; Déry et al., 2011). It is connected with the Arctic Ocean 

through the Canadian Arctic Archipelago and with the Labrador Sea 

through the Hudson Strait. The outflow through Hudson Strait into the 

Labrador Sea and on to the North Atlantic is thought to play an 

important role in the Labrador current, the northern North Atlantic 

circulation and its dense water formation (Figure 4.1; Straneo and 

Saucier, 2008). It thus has a great effect on the weather/climate of the 

Northern Hemisphere (NH), especially in the Labrador Sea and 

Atlantic, and perhaps over the whole globe (dos Santos et al., 2010). 

 

2 This chapter is published in Wu Z.P., Yin Q.Z., Ganopolski A., BergerA., Guo Z.T., 2023. 

Effect of Hudson Bay closure on global and regional climate under different astronomical 

configurations. Global and Planetary Change, 222, 104040. 
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Figure 4.1 Map of Hudson Bay and surroundings showing modern 

surface circulations with cold (blue) and warm (red) currents (adopted 

from Straneo and Saucier, 2008; Lochte et al., 2020). The topography 

data is from https://www.ngdc.noaa.gov. 

 

Due to the importance of the Hudson Bay on local and remote climate, 

some studies have been performed on the role of the Hudson Bay on 

climate variations in different time periods of the past. For instance, 

both geological records (e.g. Lochte et al., 2019) and numerical 

simulations (e.g. Wagner et al., 2013) suggested that the Hudson Bay 

Ice Saddle collapse may have played a significant role in the 

noticeable reduction of the Atlantic Meridional Overturning 

Circulation (AMOC) and the rapid NH cooling 8200 years before 

present (BP). Rennermalm et al. (2007) used the University of 

Victoria Earth system climate model (UVic ESCM) to investigate the 

sensitivity of the AMOC to the variations of freshwater flux into the 

Arctic Ocean and the Hudson Bay through riverine input, and their 

results show that, compared to the Arctic Ocean, decreasing 

freshwater flux into the Hudson Bay has a much greater effect on 

intensifying the AMOC. Using an early version of LOVECLIM, 

https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO5/TOPO/ETOPO5/ETOPO5.DAT
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Friedrich et al. (2010) found that the atmospheric anomalies triggered 

by the internal variability over the Hudson Bay could drive freshwater 

release from the Hudson Bay into the Labrador Sea, which played a 

significant role in the centennial-to-millennial scale AMOC variability. 

Their study also showed that the centennial-to-millennial scale AMOC 

variability could only happen when the Hudson Bay was open, and it 

was suppressed under the last glacial maximum (LGM) boundary 

conditions when the Hudson Bay was closed. However, sensitivity 

experiments taking into account the time-varying insolation, 

greenhouse gases concentrations (GHG) and the NH ice sheets during 

the last interglacial showed that the Hudson Bay closure could not 

prevent the abrupt reduction of AMOC which was instead strongly 

dependent on the external forcings (Loutre et al., 2014). 

 

During periods of maximum extent of the Laurentide ice sheet, the 

Hudson Bay was the geographic center of the Laurentide ice sheet and 

it was covered by ice sheet during a large portion of the Quaternary. 

During these times, Hudson Bay was partially or completely closed, 

leading to a very different hydrological condition in northeastern 

Canada. This could cause significant changes not only in local climate 

but also in climate of other places through its effect on the Atlantic 

Ocean circulations. However, the effect of the Hudson Bay closure is 

seldomly investigated in paleoclimate simulations, most probably due 

to the technical difficulty in modifying the land-sea mask in many 

models, and only a few studies have taken into account the changes of 

the Hudson Bay during different time periods (e.g. Friedrich et al., 

2010; Meccia and Mikolajewicz, 2018; Tan et al., 2020). In most 

transient simulations with time-dependent ice sheets covering the 

glacial-interglacial cycle(s), the Hudson Bay was kept open (e.g. 

Smith and Gregory, 2012). It is unclear how the Hudson Bay 

condition (open or closed) affects the regional and global climate, 

especially under different background climate conditions. It could be 

one of the factors contributing to the simulation uncertainty and to 

model-proxy discrepancy. 
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In this study, we aim to investigate the effect of the Hudson Bay 

closure on the mean climate state under different background 

conditions (different astronomical configurations, GHG 

concentrations and ice sheet configurations). This would help us better 

understand the importance of the proper treatment of the ice mask and 

elevation of the Laurentide ice sheet in modelling studies, especially 

during the glacial times. The study of this Chapter is based on nine 

pairs of sensitivity experiments using the model LOVECLIM1.3. 

Within each pair of experiments, the Hudson Bay is open in one 

experiment and is closed in another one (OHB experiment and CHB 

experiment respectively, see Chapter 2). 

 

4.2 The effect of Hudson Bay closure on global and regional 

climate 

 

Figure 4.2 shows the sea surface temperature (SST) changes at the 

nine dates when the Hudson Bay is closed, and they can be divided 

into two groups according to their different characteristics. In group 

one which includes seven of the nine dates, 17, 133, 340, 538, 627, 

719 and 794 ka BP, the NH becomes warmer with the largest warming 

of ~4 ℃ in the Labrador Sea, whereas the oceans in the Southern 

Hemisphere (SH) get cooler (Figure 4.2). The mean SST over the 

eastern North Atlantic (40° N-80° N, 50° W-30° E) increases with the 

maximum of about ~0.59 ℃ at 719 ka BP, and the average warming 

of the seven dates is about ~0.45 ℃. In group two which includes only 

247 and 424 ka BP, the SST changes in the NH are very weak and 

even slightly opposite to the changes in group one, with a cooling of 

~0.03 ℃ and ~0.26 ℃ respectively in the mean SST over the eastern 

North Atlantic. The changes in surface air temperature (SAT) show a 

similar pattern with the SST changes in both group one and group two 

(Figure 4.3). In group one, there is a warming over most regions of the 

NH and a cooling in the SH. Over the Labrador Sea, the SAT 

increases by ~6 ℃. In group two, the SAT change over the eastern 

North Atlantic is very weak at 247 ka BP, and there is a cooling at 424 

ka BP. However, a large cooling of ~6 ℃ occurs over the Hudson Bay 

in both groups (Figure 4.3), which is due to the replacement of ocean 

by ice-covered land over this region. On the other hand, a warming 

occurs over the Baffin Bay, Davis Strait and north Labrador Sea in 

both groups (Figure 4.3), which is mainly due to the topography effect 
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of the ice sheet over the Hudson Bay that alters the atmospheric 

stationary wave field.  

 

Figure 4.2 Impact of the Hudson Bay closure on annual mean sea 

surface temperature (SST) at (a) 17 ka BP; (b) 133 ka BP; (c) 247 ka 

BP; (d) 340 ka BP; (e) 424 ka BP; (f) 538 ka BP; (g) 627 ka BP; (h) 

719 ka BP; (i) 794 ka BP. The difference between the CHB and OHB 

experiments are shown. Stippling indicates the statistically 95% 

significant changes by using a double sided t-test. 



 

60 

 

 
Figure 4.3 Same as Figure 4.2 but for annual mean surface air 

temperature (SAT). 

 

In addition to temperature changes, the Hudson Bay closure also 

causes precipitation change at global scale especially in the tropical 

regions. In group one, there is more precipitation in the tropics of the 

NH and less precipitation in the tropics of the SH (Figure 4.4), which 

is related to a northward shift of the Inter-tropical Convergence Zone 

(ITCZ). While in group two, the variation of the ITCZ is very weak at 

247 ka BP, and the ITCZ shifts southward at 424 ka BP, which leads 

to more precipitation in the tropics of the SH and less precipitation in 

the tropics of the NH (Figure 4.4). 
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Figure 4.4 Same as Figure 4.2 but for annual mean tropical 

precipitation. 

 

The results above show that the simulated effect of the Hudson Bay 

closure depends on background climate conditions. In group one, a 

warming in the NH and a cooling in the SH, and a northward shift of 

the ITCZ occur when the Hudson Bay is closed; while in group two, 

these climate changes are very weak and even slightly opposite to the 

changes in group one. In order to further investigate the mechanisms 

involved, the results of 133 ka BP and 424 ka BP are analyzed in 
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Section 4.3 to represent group one and group two respectively for 

illustration, and our additional analyses show that the processes are 

similar at the other dates of each group. 

 

4.3 The forcing mechanisms for the global and regional climate 

changes 

 

As mentioned above, the closure of the Hudson Bay causes a warming 

in the NH and a cooling in the SH, and a northward shift of the ITCZ 

at 133 ka BP (similar results are obtained for other dates in group one). 

The opposite change in temperature in the two hemispheres and a 

northward shift of the ITCZ are associated with a strengthening of 

AMOC (Figure 4.5a). The increase of the AMOC strength is 8.4% at 

133 ka BP, and the average increase of the seven dates in group one is 

5.5%. Accompanying the strengthening of AMOC, more heat is 

transported into the subpolar North Atlantic from the tropical-

subtropical Atlantic, leading to an increase of the northward 

meridional heat transport (MHT). At 40° N in the North Atlantic, the 

Hudson Bay closure leads to an MHT increase of 6.98% at 133 ka BP, 

and the average increase of the seven dates in group one is 6.22%.  

 
Figure 4.5 Differences between the CHB and OHB experiments in 

Atlantic meridional streamfunction at (a) 133 ka BP and (b) 424 ka BP. 

 

In response to the enhanced northward MHT and the large warming in 

the Labrador Sea (Figure 4.6a and also Figure 4.2, Figure 4.3), sea ice 

substantially declines in the Labrador Sea (Figure 4.6c), which would 

further enhance the warming. However, sea ice increases to the 
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southeast of Greenland due to more sea ice export from the Arctic 

(Figure 4.6c) which is driven by northeasterly wind anomaly (Figure 

4.6b). The increased sea ice in turn leads to a cooling to the southeast 

of Greenland (Figure 4.6a and also Figure 4.2, Figure 4.3). This 

cooling anomaly and the one over the Hudson Bay lead to subsidence 

anomaly over these regions; the warming anomalies in the Labrador 

Sea and the northeast North Atlantic lead to ascent anomaly over these 

regions (Figure 4.6d). These ascent and subsidence anomalies finally 

lead to more precipitation over both the northeast North Atlantic and 

the Labrador Sea but less precipitation over the Hudson Bay and 

southeast of Greenland (Figure 4.6e). 

 
Figure 4.6 Differences between the CHB and OHB experiments at 133 

ka BP in: (a) SAT, (b) 800 hPa wind, (c) sea ice fraction (shaded) and 

ice velocity (arrows) over the sea ice increased regions, (d) 650 hPa 

omega field indicating vertical motion in the atmosphere (negative 

anomalies for ascent and positive anomalies for subsidence), and (e) 

precipitation. Stippling indicates the statistically 95% significant 

changes by using a double sided t-test. 

 

To have a better understanding of the effect of the Hudson Bay 

closure at 133 ka BP, it is essential to understand how it affects the 

AMOC. When the Hudson Bay is closed, the evaporation minus 

precipitation is increased in the Labrador Sea (Figure 4.7a) due to the 
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strongly increased evaporation, which is related to the largest warming 

there (Figure 4.6a and also Figure 4.2, Figure 4.3), and the sea surface 

water becomes saltier in the Labrador Sea (Figure 4.7b), leading to 

denser surface water (Figure 4.7c), and finally stronger deep 

convection there (as diagnosed by mixed layer depth; Figure 4.7d). 

Again, the results of other dates in group one (not show) are similar 

with the results at 133 ka BP. The Labrador Sea is one of major 

centers for deep-water formation in the North Atlantic (e.g. 

Thornalley et al., 2018) and also in LOVECLIM1.3 (Yin et al., 2021). 

The stronger deep convection in the Labrador Sea leads to a more 

vigorous AMOC. 

 

Figure 4.7 Differences between the CHB and OHB experiments at 133 

ka BP in (a) E - P (evaporation minus precipitation), (b) SSS, (c) sea 

surface density and (d) mix layer depth. Stippling indicates the 

statistically 95% significant changes by using a double sided t-test. 

 

On the other hand, as mentioned above, the effect of the Hudson Bay 

closure at 424 ka BP is slightly opposite as compared to that at 133 ka 

BP, which causes a cooling in the NH and a southward shift of the 

ITCZ at 424 ka BP. However, both the AMOC (Figure 4.6b) and the 

northward MHT at 40° N in the North Atlantic vary very small (less 

than 1%) at 424 ka BP. The cooling in the NH and a southward shift 

of the ITCZ at 424 ka BP should be related to the cooling over the 

Hudson Bay (Figure 4.3) which could cool the climate locally and also 

in the mid-high latitudes through atmospheric circulations and sea ice 

feedbacks. The different effect of the Hudson Bay closure on the 

global and regional climate in group one and group two must be 
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related to differences in background climate conditions. However, a 

simple relationship is hard to be found mainly due to the joint effect of 

several different forcing factors. 

 

4.4 Comparison of the effect of Hudson Bay closure with the effect 

of ice sheets 

 

In order to assess the effect of the Hudson Bay closure in comparison 

with the effect of the property changes of the ice sheets themselves, 

we compare their respective effects on the annual mean SST and SAT 

using the results at 133 ka BP and 424 ka BP (Figure 4.2, Figure 4.3 

and Figure 4.8). 

 

Figure 4.8 The combined effect of the NH ice sheets and Hudson Bay 

closure on temperature at 133 ka BP, and the individual effect of the 

NH ice sheets on temperature at 133 ka BP and 424 ka BP. (a) SST 

anomaly and (d) SAT anomaly between the CHB and OG experiments, 

(b, c) SST anomaly and (e, f) SAT anomaly between the OHB and OG 

experiments. Stippling indicates the statistically 95% significant 

changes by using a double sided t-test. 

 

As compared to the pre-industrial condition (PI), the NH ice volume 

increases by 23.04 and 16.52 million km3 at 133 ka BP and 424 ka BP 

respectively (it is 36.93 million km3 for the Last Glacial Maximum) 

(Ganopolski and Calov, 2011). The large NH ice sheets at these dates 

cause substantial cooling almost everywhere over the globe, especially 

in the high latitudes and over the ice sheets. Over the Labrador Sea, 
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the SST decreases by ~7 ℃ and SAT decreases by ~10 ℃ at 133 ka 

BP (Figure 4.8). The cooling in the NH at 424 ka BP is smaller than 

that at 133 ka BP, which is mainly due to its smaller NH ice sheets. 

However, there is a notable warming in the northern North Pacific in 

both SST and SAT. This warming has also been found in the ice 

sheets experiments of other studies (e.g. Yin et al., 2009; Muri et al., 

2012; Ullman et al., 2014) and it is related to the topography effect of 

the North American ice sheet, which significantly alters the 

atmospheric stationary wave field and induces an increased energy-

flux convergence in the northern North Pacific (e.g. Ullman et al., 

2014; Liakka and Lofverstrom, 2018; Shi et al., 2020). 

 

As compared to the effect of the NH ice sheets, the effect of the 

Hudson Bay closure could be quite significant, especially in the 

northern North Atlantic region and the surrounding continents (Figure 

4.2, Figure 4.3 and Figure 4.8). For example, at 133 ka BP, the SST 

increases by ~4 ℃ over the Labrador Sea and ~1.1 ℃ over the North 

Atlantic (40° N-80° N, 90° W-30° E) when the effect of the Hudson 

Bay closure is considered, while it decreases by ~7 ℃ over the 

Labrador Sea and ~2.1 ℃ over the North Atlantic when the effect of 

the NH ice sheets is considered. However, as showed in Section 4.2, 

the effect of the Hudson Bay closure could vary according to 

background climate conditions. It causes strong warming in the North 

Atlantic in most cases, but it could also lead to slight cooling or be 

very weak. Thus, in glacial climate simulations, the ice-sheet-induced 

cooling in the North Atlantic and a large area of the NH would be 

weakened (like in group one) or with no obvious change and even be 

slightly reinforced (like in group two) if the effect of the Hudson Bay 

closure is considered, depending on background climate conditions. 

For example, at 133 ka BP, the cooling in the Labrador Sea would be 

significantly decreased under the combined effect of NH ice sheets 

and Hudson Bay closure, as compared to the individual effect of NH 

ice sheets (Figure 4.8). 

 

 

 



 

67 

 

4.5 Conclusions 

 

In this study, the effect of Hudson Bay closure on AMOC and on 

global and local climate during different glacial times is investigated 

using the model LOVECLIM1.3. The model results show that, at 133 

ka BP (other dates in group one show similar results), the Hudson Bay 

closure could lead to an intensification of the AMOC mainly due to 

the increased evaporation minus precipitation over the Labrador Sea 

which leads to saltier water and stronger deep convection in the 

Labrador Sea. The intensification of AMOC in turn leads to a 

warming in the NH especially in the Labrador Sea and northeast North 

Atlantic, a cooling in the SH, and a northward shift of the ITCZ. 

However, the effect of the Hudson Bay closure on AMOC and on 

global climate depends to some degree on background climate 

conditions. For example, its effect is opposite at 424 ka BP as 

compared to that at 133 ka BP.  

 

In addition to the large-scale climate changes related to the variations 

of AMOC, the closure of Hudson Bay also leads to notable local 

cooling in all the experiments. The change of the Hudson Bay from 

ocean to ice-covered land causes a strong cooling over the Hudson 

Bay region due to the modifications of surface properties and 

elevation. It also leads to a cooling to the southeast of Greenland due 

to more sea ice export from the Arctic driven by northeasterly wind 

anomaly.  

 

The large-scale climate response to the NH ice sheets in our model is 

similar to the results obtained in other models. As compared to the 

effect of the NH ice sheets that existed during the studied glacial times, 

the effect of the Hudson Bay closure also could be very significant, 

especially in the northern North Atlantic and the surrounding 

continents. In glacial climate simulations, the ice-sheet-induced 

cooling in the North Atlantic and in the NH would be weakened or 

even be slightly enhanced if the effect of the Hudson Bay closure is 

considered, depending on background climate conditions. 
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Our simulated results show that the effect of Hudson Bay closure 

could be significant especially at regional scale in the Hudson Bay and 

North Atlantic regions. However, we also note that the 

LOVECLIM1.3 model has a relatively coarse resolution and it has 

only one grid in the Strait between the Hudson Bay and the Labrador 

Sea, which could be a limitation in resolving well the currents in the 

Strait and thus the exchanges between the Baffin Bay and the 

Labrador Sea. Higher resolution ocean models including more 

detailed processes could be used to test the effect of the Hudson Bay 

closure. 
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Chapter 5 Hemisphere differences in response of sea ice 

and sea surface temperature to astronomical parameters, 

CO2 and Northern Hemisphere ice sheets 

 

5.1 Introduction 

 

As mentioned in Chapter 3 Section 3.1, both geological records and 

numerical simulations show that the climate in the two hemispheres 

seems to respond differently to astronomical parameters, CO2 and ice 

sheets. However, systematic study is rare and the mechanisms remain 

not very well understood. In Chapter 3, the hemisphere differences in 

the response of sea ice and SST to precession and obliquity has been 

investigated based on a transient simulation with only varied 

insolation from 511 to 417 ka BP using the model LOVECLIM1.2 

(T511_Orb experiment, see Chapter 2). This Chapter 5 focuses on 

investigating the effects of CO2 and NH ice sheets on the climate of 

the two hemispheres, but also briefly includes some results on the 

response to astronomical forcing using new simulations with 

LOVECLIM1.3. Three sets of transient simulations are performed 

during MIS-13 (T538_Orb, T538_OrbGHG and T538_OrbGHGICE 

experiments) and MIS-11 (T424_Orb, T424_OrbGHG and 

T424_OrbGHGICE experiments) (see Chapter 2 for experiment 

description). In the Orb experiments, only astronomical parameters 

(Berger and Loutre, 1991) vary with time, the GHG concentrations 

and ice sheets being fixed at the pre-industrial values; in the OrbGHG 

experiments, the influence of GHG concentrations (Lüthi et al., 2008; 

Loulergue et al., 2008; Schilt et al., 2010) is additionally considered; 

in the OrbGHGICE experiments, the influence of NH ice sheets 

(Ganopolski and Calov, 2011) is additionally considered. The effects 

of CO2 and NH ice sheets are depicted based on the difference 

between the OrbGHG and Orb experiments, and between the 

OrbGHGICE and OrbGHG experiments respectively. 
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These two interglacials are chosen here mainly due to the reasons 

below. In terms of the different external drivers, the different 

astronomical configurations lead to different insolation changes 

during MIS-13 and MIS-11. Eccentricity is large, leading to large 

amplitude variation of precession during MIS-13, while the amplitude 

variation of precession is small during MIS-11 due to its small 

eccentricity (Berger and Loutre, 1991). On the other hand, the 

amplitude variation of obliquity is larger during MIS-11 than during 

MIS-13 (Berger and Loutre, 1991). The CO2 concentration is higher 

(280 ppmv VS 240 ppmv) but its amplitude variation is smaller during 

MIS-11 than during MIS-13 (Lüthi et al., 2008), and the amplitude 

variation of the NH ice volume is larger during MIS-13 than MIS-11 

(Ganopolski and Calov, 2011). Therefore, MIS-13 and MIS-11 show 

significant differences in forcings and they contain different 

background climate conditions. In addition, MIS-11 is one of the 

longest and warmest interglacials during the last million years (e.g. 

Lang and Wolff, 2011; Dutton et al., 2015) and it has been regarded as 

a possible analogue of our present interglacial (MIS-1) due to its 

similar astronomical configurations and CO2 concentration (e.g. 

Berger and Loutre, 2002, 2003; Tzedakis, 2010; Yin and Berger, 

2015). MIS-13 is a special interglacial at least over the last million 

years with extremely asymmetrical hemispheric climate (e.g. Yin and 

Guo, 2008; Yin et al., 2008, 2009; Guo et al., 2009; Shi et al., 2020). 

Both of them have received much attention in paleoclimate study. 

 

5.2 Influence of astronomical parameters on sea ice and SST 

 

Figure 5.1 shows the variabilities of the annual mean Arctic and 

Southern Ocean sea ice area during MIS-13 and MIS-11 in response 

to astronomical parameters alone. During MIS-13, the variability of 

the annual mean Arctic sea ice area is dominated by precession, while 

the variability of the annual mean Southern Ocean sea ice area is 

dominated by obliquity (Figure 5.1, left). During MIS-11, the 

variabilities of the annual mean sea ice in both Arctic and Southern 

Ocean are dominated by obliquity (Figure 5.1, right). However, 

precession still plays a more important role in the Arctic than in the 
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Southern Ocean, and obliquity is more important in the Southern 

Ocean than in the Arctic (Figure 5.1, right). 

 

For the SST, Figure 5.2 shows that, during MIS-13, the variabilities of 

the annual mean SST at low latitudes of both hemispheres are 

dominated by precession, while they are dominated by obliquity at SH 

mid and high latitudes, and they are dominated by both obliquity and 

precession at NH mid and high latitudes (Figure 5.2, left). During 

MIS-11, the variabilities of the SST at low latitudes of both 

hemispheres are still dominated by precession (Figure 5.2, right), and 

obliquity plays a dominant role at mid and high latitudes.  

 

The relative importance of precession and obliquity on the annual 

mean Arctic and Southern Ocean sea ice and SST at different 

latitudinal bands in LOVECLIM1.3 are well consistent with those in 

LOVECLIM1.2 (Chapter 3, Wu et al., 2020). The internal climate 

processes and feedbacks are also similar and as they have been 

explained in Chapter 3, they are not repeated here. 

 

In addition to orbital timescale variations which well follow the 

variations of precession and obliquity, the Arctic and Southern Ocean 

sea ice and the SST at different latitudinal bands also show some 

abrupt and millennial changes. These changes are related to abrupt 

and millennial AMOC changes triggered by insolation threshold as 

shown in Yin et al. (2021). 
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Figure 5.1 Comparisons of the simulated annual mean Arctic and 

Southern Ocean sea ice area with precession and obliquity (Berger and 

Loutre, 1991) during MIS-13 (left) and MIS-11 (right). The 

simulations, T538_Orb and T424_Orb, are driven by insolation 

change only. A 1000-year running mean is performed on the curves of 

the sea ice area to reduce the high-frequency fluctuations. 

 



 

73 

 

 
Figure 5.2 Comparisons of the simulated annual mean SST at different 

latitudinal bands with precession and obliquity (Berger and Loutre, 

1991) during MIS-13 (left) and MIS-11 (right). The simulations, 

T538_Orb and T424_Orb, are driven by insolation change only. A 

1000-year running mean is performed on the curves of the SST to 

reduce the high-frequency fluctuations. 
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5.3 Impacts of CO2 on sea ice and SST 

 

Figure 5.3 shows the impacts of CO2 on the annual mean Arctic and 

Southern Ocean sea ice. During MIS-13, the CO2 forcing induced 

changes of the annual mean Arctic and Southern Ocean sea ice areas 

both are near out-of-phase with the CO2 forcing. As expected, 

increased CO2 concentration leads to a warming in both the Arctic and 

Southern Ocean, which finally reduces the sea ice area (Figure 5.3). In 

addition, the amplitude of variation of the annual mean sea ice area in 

the Southern Ocean is larger than in the Arctic (Figure 5.4), and the 

variation of CO2 has a higher correlation with the annual mean sea ice 

area change in the Southern Ocean (correlation coefficient R2=0.92) 

than in the Arctic (correlation coefficient R2=0.69), showing that CO2 

plays a more important role in the annual mean sea ice area in the 

Southern Ocean. This is in agreement with previous results obtained 

from the snapshot experiments for the last nine interglacials using 

LOVECLIM1.2 (Yin and Berger, 2012). To investigate the impacts of 

CO2 on the annual mean Arctic and Southern Ocean sea ice, the 

results of the Orb and OrbGHG experiments at 531.7 ka BP are 

analyzed, because they have the largest difference in CO2 

concentration (280 ppmv VS 191 ppmv) during the MIS-13 

simulation period. The results (Figure 5.4) show that as compared to 

the high CO2 concentration, the SST decreases and sea ice 

concentration increases in both the Arctic and Southern Ocean when 

the CO2 concentration is low. In addition, the changes of both the SST 

and sea ice concentration are larger in the Southern Ocean than in the 

Arctic (Figure 5.4). 

 

As compared to MIS-13, the amplitude of variations of the Arctic and 

Southern Ocean sea ice area changes are smaller during MIS-11, 

which are quite expected due to the smaller amplitude variation of 

CO2 during MIS-11 (Figure 5.3). Nevertheless, the amplitude 

variation of the sea ice area change is still larger in the Southern 

Ocean than in the Arctic (Figure 5.3), and CO2 still has a larger 

correlation with the Southern Ocean sea ice area difference 
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(correlation coefficient R2=0.93) than with the Arctic sea ice area 

difference (correlation coefficient R2=0.78) during MIS-11. 

 

Figure 5.3 The impacts of CO2 on the annual mean Arctic and 

Southern Ocean sea ice area during MIS-13 (left) and MIS-11 (right). 

The sea ice area anomaly represents the sea ice area difference 

between the OrbGHG and Orb experiments. 
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Figure 5.4 The impacts of CO2 on the annual mean SST and sea ice 

concentration. Difference in SST and sea ice concentration in the 

Arctic (a, c) and Southern Ocean (b, d) at 531.7 ka BP between 

OrbGHG and Orb experiments. 

 

Figure 5.5 shows the impacts of CO2 on SST at different latitudinal 

bands of both hemispheres. During MIS-13, the CO2 forcing induced 

changes of SST at all latitudinal bands are near in-phase with the CO2 

forcing. The amplitude of variations of SST at mid-high latitudes are 

larger than at low latitudes of both the NH and SH, and the variation 

of CO2 has a higher correlation with the SST changes at SH mid-high 

latitudes (correlation coefficient R2=0.95) than at NH mid-high 

latitudes (correlation coefficient R2=0.78), showing that CO2 plays a 

more important in the SST at SH mid-high latitudes than at NH mid-

high latitudes, which is similar with the results of sea ice area. As 

compared to MIS-13, the amplitude of variations of the SST at all 

latitudinal bands are smaller during MIS-11, which is due to its 

weaker variation of CO2 (Figure 5.5). The amplitude of variations of 
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SST are still larger at mid-high latitudes than at low latitudes of both 

hemispheres, and the variation of CO2 always has high correlations 

with the SST changes at SH mid-high latitudes (correlation coefficient 

R2=0.95) and at NH mid-high latitudes (correlation coefficient 

R2=0.86) (Figure 5.5). 

 

Figure 5.5 The impacts of CO2 on the annual mean SST at different 

latitudinal bands during MIS-13 (left) and MIS-11 (right). The SST 

anomaly represents the SST difference between the OrbGHG and Orb 

experiments. 

 

In addition to the changes which well fellow the variations of CO2, 

both the sea ice and SST also show some abrupt and millennial 

changes, especially in the NH. For example, the sea ice and SST 

changes at about 523-514 ka BP, 497-494 ka BP and 480-471 ka BP 

during MIS-13 and 399-395 ka BP during MIS-11 do not follow the 

variations of CO2, but show obvious abrupt and millennial changes 

(Figure 5.3 and Figure 5.5). These could be explained by the 
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modulated effect of CO2 on the abrupt and millennial climate changes 

triggered by the insolation threshold, which lead to some differences 

in the start and end time of the abrupt climate changes, as well as the 

amplitude and periodicities of the millennial climate changes between 

the OrbGHG and Orb experiments (Yin et al., 2021).  

 

5.4 Effect of NH ice sheets on sea ice and SST 

 

In our experiments, the NH ice sheets affect the climate system mainly 

via the changes in topography, albedo and land surface, as well as the 

changes of the Hudson Bay (Wu et al., 2023), but the potential effect 

of fresh water induced by ice melting is not included. Normally, the 

high albedo of the ice sheets would have a cooling effect, but the ice 

sheet topography could lead to a warming in some land regions and 

over the surrounding oceans, like in the North Pacific (Yin et al., 2009; 

Muri et al., 2012; Ullman et al., 2014; Lyu and Yin, 2022; Wu et al., 

2023). The effect of the Hudson Bay also depends on the background 

climate conditions (Chapter 4, Wu et al., 2023). 

 

Figure 5.6 shows the effect of NH ice sheets on the Arctic and 

Southern Ocean sea ice. During MIS-13, the relationship between the 

Arctic sea ice change and the NH ice volume seems quite complex 

and nonlinear. Previous studies have shown that the influence of NH 

ice sheets on the climate system especially the Asian monsoon 

depends on their size, shape and location, as well as the NH summer 

insolation (Yin et al., 2008, 2009; Lyu and Yin, 2022). In order to 

further investigate the influence of NH ice sheets on the Arctic sea ice, 

four time periods (531, 520, 503, 490 ka BP) characterized by 

different combinations of ice sheets and insolation are selected. 

 

At 531 ka BP, the NH ice volume anomaly relative to PI is about 18 

million km3 (49% of the LGM one), with relatively large North 

American and Eurasian ice sheets (Figure 5.7a), and the NH summer 

insolation reaches a maximum. The North Pacific becomes warmer 

due to the topography effect of the North American ice sheet (Figure 

5.8a, 5.8b), which leads to less sea ice there (Figure 5.7e). In response 
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to the large ice sheets at 531 ka, the AMOC gets intensified (Figure 

5.9a), which could, together with the topography effect of the ice 

sheets, contribute to the warming to the east of Greenland (Figure 5.8a, 

5.8b) and thus less sea ice there (Figure 5.7e). On the other hand, the 

high albedo of the ice sheets contributes to a cooling in the Arctic and 

North Atlantic (Figure 5.8a, 5.8b) and therefore more sea ice (Figure 

5.7e).  

 

At 520 ka BP, the NH ice volume anomaly relative to PI is about 23 

million km3 (60% of the LGM one), also with large North American 

and Eurasian ice sheets (Figure 5.7b) like at 531 ka BP, but the NH 

summer insolation is low. As compared to 531 ka BP, the topography 

effect of the North American ice sheet is much stronger under the low 

summer insolation condition of 520 ka BP, leading to a stronger 

warming and thus much less sea ice in the North Pacific (Figure 5.8c, 

5.8d, 5.7f). The ice-sheet-induced AMOC intensification is also 

stronger at 520 ka BP (Figure 5.9b), which leads to a warming in the 

Labrador Sea and Greenland-Iceland-Norwegian (GIN) Seas (Figure 

5.8c, 5.8d) and thus less sea ice there (Figure 5.7f).  

 

At 503 ka BP, the NH ice volume anomaly relative to PI is only about 

3 million km3, with a very small North American ice sheet and almost 

no Eurasian ice sheet (Figure 5.7c), and the NH summer insolation is 

relatively high. The change of ice sheets leads to a warming and thus 

less sea ice in the Arctic, North Pacific and Labrador Sea, but a 

cooling and more sea ice in the North Atlantic (Figure 5.8e. 5.8f, 

Figure 5.7g). At 490 ka BP, the total NH ice volume is almost the 

same as at 503 ka BP, and the NH summer insolation is also relatively 

high, but the ice sheet is mainly concentrated on Eurasia (Figure 5.7d). 

These lead to a warming and less sea ice in the Labrador Sea, but a 

cooling and more sea ice in other regions (Figure 5.8g, 5.8h, Figure 

5.7h).  

 

The results at these four dates clearly show that the effect of the NH 

ice sheets on the Arctic sea ice is nonlinear, which depends on the size 

and location of the ice sheets, as well as the NH summer insolation. 



 

80 

 

As compared to the Arctic, the response of the Southern Ocean sea ice 

to the NH ice volume change is more linear. It follows well the 

variations of the NH ice volume (Figure 5.6) with a high correlation 

(correlation coefficient R2=0.94). A larger NH ice volume leads to a 

stronger cooling and more sea ice in the Southern Ocean. The cooling 

in the Southern Ocean induced by the NH ice sheets has also been 

reported in Ganopolski and Roche (2009) and Roberts and Valdes 

(2017). Their results suggested that a stronger northward oceanic heat 

transport is responsible for the cooling in the SH, which is in line with 

our results. At 520 ka BP, the large NH ice sheets lead to a strong 

intensification of the AMOC (Figure 5.9b) and a strong northward 

oceanic heat transport (the oceanic heat transport across 30°S in the 

Atlantic is enhanced about 0.14 Pw (70%)). While at 490 ka BP, in 

response to the small NH ice sheets, the change of AMOC is small 

(Figure 5.9d) and the oceanic heat transport across 30°S in the 

Atlantic is only 0.02 Pw. Moreover, the cooling in the Southern Ocean 

could be amplified by sea ice feedbacks, like what has also been found 

for the LGM (Sherriff-Tadano and Abe-Ouchi, 2020).  

 

During MIS-11, the effect of NH ice sheets on the Arctic and 

Southern Ocean sea ice is similar with that during MIS-13, but the 

amplitudes of both the Arctic and Southern Ocean sea ice area 

changes are smaller than theose during MIS-13 due to its smaller 

amplitude of variation of NH ice volume (Figure 5.6). 
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Figure 5.6 The effect of NH ice sheets on the annual mean Arctic and 

Southern Ocean sea ice area during MIS-13 (left) and MIS-11 (right). 

The sea ice area anomaly represents the sea ice area difference 

between the OrbGHGICE and OrbGHG experiments. 

 

 

Figure 5.7 The effect of NH ice sheets on the annual mean Arctic and 

Southern Ocean sea ice concentration. The topography anomaly is 

relative to the PI and the difference in sea ice concentration is between 

the OrbGHGICE and OrbGHG experiments at 531 ka BP (a, e, i), 520 

ka BP (b, f, j), 503 ka BP (c, g, k) and 490 ka BP (d, h, l). 
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Figure 5.8 The effect of the NH ice sheets on the annual mean TS (left) 

and SST (right). The difference in TS and SST between the 

OrbGHGICE and OrbGHG experiments are shown for 531 ka BP (a, 

b), 520 ka BP (c, d), 503 ka BP (e, f) and 490 ka BP (g, h). 
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Figure 5.9 The effect of the NH ice sheets on the Atlantic meridional 

streamfunction. The difference between the OrbGHGICE and 

OrbGHG experiments are shown for 531 ka BP (a), 520 ka BP (b), 

503 ka BP (c) and 490 ka BP (d). 

 

Figure 5.10 shows the effect of NH ice sheets on SST at different 

latitudinal bands of both hemispheres. During MIS-13, the variations 

of the SST at the NH mid-high latitudes are nearly opposite to the 

variations of the Arctic sea ice area, so their relationship with the NH 

ice volume also appears complex and nonlinear, while the SST 

changes at the SH mid-high latitudes are highly and negatively 

correlated with the NH ice volume, like what has been observed for 

the sea ice. The SST response at low latitudes is similar to that in the 

mid-high latitudes of the same hemisphere, but their amplitude is 

smaller (Figure 5.10). 
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In order to discuss the effect of the NH ice sheets on the spatial 

changes of SST, the four selected dates mentioned above are also used 

to analyze the SST changes. The results (Figure 5.8) show that the 

SST changes over the Arctic are well negatively correlated with the 

Arctic sea ice changes, with higher SST corresponding to less sea ice. 

In general, the NH ice sheets lead to a cooling in the SH mid-high 

latitudes, and the strength of the cooling is positively correlated with 

the NH ice volume. For example, the cooling in the SH mid-high 

latitudes is stronger at 531and 520 ka BP than at 503 and 490 ka BP 

(Figure 5.8) due to the larger NH ice volume in the former dates. The 

spatial response of SST at low latitudes are more complex (Figure 5.8), 

and is probably related not only to the direct influence of ice sheets 

but also to the ice sheet-induced changes in the tropical precipitation 

which could also affect SST. This will be further investigated in future 

study especially with the help of sensitivity experiments using a more 

complex GCM. 

 

Figure 5.10 The effect of NH ice sheets on the annual mean SST at 

different latitudinal bands during MIS-13 (left) and MIS-11 (right). 

The SST anomaly represents the SST difference between the 

OrbGHGICE and OrbGHG experiments. 
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5.5 The relative importance of insolation, CO2 and NH ice sheets 

on sea ice and SST 

 

To investigate the relative importance of insolation, CO2 and NH ice 

sheets on sea ice, the results of OrbGHGICE experiments which 

reflect the total effect of insolation, CO2 and NH ice sheets, are 

compared with the results of Orb experiments which reflect the effect 

of insolation alone, with the effect of CO2 (OrbGHG - Orb), and with 

the effect of NH ice sheets (OrbGHGICE - OrbGHG) (Figure 5.11). 

For the Arctic sea ice area, the result of Orb experiment is the most 

similar with the result of OrbGHGICE experiment during MIS-13 

(correlation coefficient R2=0.79), showing that insolation plays a 

primary role on the variability of the Arctic sea ice area. For the 

Southern Ocean sea ice area, the effect of NH ice sheets is the most 

similar with the result of OrbGHGICE experiment during MIS-13 

(Figure 5.11) (correlation coefficient R2=0.91), showing that NH ice 

sheets play a dominant role on the variability of the Southern Ocean 

sea ice area. Similar results are found for MIS-11 (Figure 5.11). These 

results are in good agreement with the proxy records that the 

variations of Arctic sea ice show strong precession cycles and they are 

dominated by insolation (Lo et al., 2018; Cronin et al., 2013), and the 

variations of Southern Ocean sea ice show strong glacial-interglacial 

cycles (Wolff et al., 2006). 
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Figure 5.11 The individual and combined effects of insolation, CO2 

and NH ice sheets on the Arctic and Southern Ocean sea ice area 

during MIS-13 (left) and MIS-11 (right). The red lines are the results 

of the OrbGHGICE experiments and reflect the total effect of 

insolation, CO2 and NH ice sheets; the green lines are the results of 

the Orb experiments and reflect the effect of insolation alone; the 

yellow lines are the difference between the OrbGHG and Orb 

experiments and reflect the effect of CO2; and the blue lines are the 

difference between the OrbGHGICE and OrbGHG experiments and 

reflect the effect of NH ice sheets. 

 

For the SST at the NH mid-high latitudes, the result of the Orb 

experiment is the most similar with the result of the OrbGHGICE 

experiment during MIS-13 (Figure 5.12) (correlation coefficient 

R2=0.57), showing that insolation plays a primary role on the 

variations of SST at the NH mid-high latitudes, which are similar with 

the results of the Arctic sea ice area. For the SST at low latitudes of 

both hemispheres, both the effect of CO2 and the effect of NH ice 

sheets are similar with the result of OrbGHGICE experiment (Figure 

5.12), showing that both CO2 and NH ice sheets play an important role 

in the variations of SST at low latitudes. For the SST at the SH mid-

high latitudes, the effect of NH ice sheets is the most similar with the 

result of the OrbGHGICE experiment (Figure 5.12) (correlation 
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coefficient R2=0.86), showing that NH ice sheets play a dominant role 

on the variations of SST at the SH mid-high latitudes, similar to what 

is observed for the Southern Ocean sea ice area. During MIS-11, the 

results of the relative importance of insolation, CO2 and NH ice sheets 

on SST at different latitudinal bands are similar with the results during 

MIS-13. 

 
Figure 5.12 The individual and combined effects of insolation, CO2 

and NH ice sheets on the SST at different latitudinal bands during 

MIS-13 (left) and MIS-11 (right). The red lines are the results of the 

OrbGHGICE experiments and reflect the total effect of insolation, 

CO2 and NH ice sheets; the green lines are the results of the Orb 

experiments and reflect the effect of insolation alone; the yellow lines 

are the difference between the OrbGHG and Orb experiments and 

reflect the effect of CO2; and the blue lines are the difference between 

the OrbGHGICE and OrbGHG experiments and reflect the effect of 

NH ice sheets. 
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5.6 Comparison between simulated sea ice and SST with proxy 

records 

 

To evaluate the simulated results, the simulated sea ice and SST of the 

OrbGHGICE experiments are compared with geological records. As 

the reconstructed Arctic sea ice is usually of short-duration and low-

resolution, it is hard to find suitable proxy records to compare with the 

simulated Arctic sea ice of the last nine interglacials. The sea ice 

reconstruction in the central Okhotsk Sea over the last 130 ka show 

that it is dominated by precession (Lo et al., 2018), which is in line 

with our simulated results. The reconstructed Southern Ocean sea ice 

based on the ssNa flux from Antarctic ice core spanning last eight 

glacial cycles (Wolff et al., 2006) is also used here to compare with 

our simulated Southern Ocean sea ice. The results show that this 

comparison is quite good over the last eight simulated periods (Figure 

5.13), showing the good ability of LOVECLIM in simulating the 

Southern Ocean sea ice at orbital timescale.  

 

As far as SST is concerned, four high-resolution proxy records from 

low latitudes, NH mid-high latitudes and SH mid-high latitudes are 

compared with our simulated results (Figure 5.14). In terms of the 

variation pattern, the reconstruced and simulated SST have a good 

consistence, especially over the last 400 ka. However, the magnitude 

of SST changes in our simulations is lower than in the reconstructions. 

There are also other discrepancies. For example, the simulated SST at 

SH mid-high latitudes show stronger precession signals than the 

reconstruction. These discrepancies between the simulations and 

reconstructions could be related to uncertainties in both simulations 

and proxy records and will be better investigated in the future. 
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Figure 5.13 Comparison of simulated Southern Ocean sea ice of the 

OrbGHGICE experiments (red lines) with the reconstruction (blue 

lines) based on the ssNa flux from Antarctic ice core (Wolff et al., 

2006). 

 

 

Figure 5.14 Comparison of simulated SST of the OrbGHGICE 

experiments (red lines) with proxy-reconstructed SST (blue lines) (a) 

at ODP 982 (57.5°N, 15.9°W, Lawrence et al., 2009), (b) at ODP 

1090 (42.9°S, 8.9°E, Martínez-Garcia et al., 2010), (c) at ODP 1143 

(9.4°N, 113.3°E, Li et al., 2011) and (d) in the Solomon Sea (9.3°S, 

151°E, Lo et al., 2022). 
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5.7 Conclusions 

 

In this chapter, three transient simulations were performed for each of 

MIS-13 and MIS-11 to investigate the different response of sea ice 

and SST to astronomical parameters, CO2 and NH ice sheets. 

 

The results show that the response of sea ice and SST is different 

between the two hemispheres. Under the combined effect of insolation, 

CO2 and NH ice sheets, the variations of the Arctic sea ice area are 

dominated by insolation, while the NH ice sheets play a dominant role 

in the variations of the Southern Ocean sea ice area. In terms of the 

astronomical parameters, precession is more important role in the 

Arctic sea ice area, while obliquity is more important in the Southern 

Ocean sea ice area. CO2 plays a more important role in the Southern 

Ocean sea ice area than in the Arctic sea ice area. When the effect of 

NH ice sheets is considered, the response of the Southern Ocean sea 

ice is highly and positively correlated with the variations of the NH 

ice volume, but the response of the Arctic sea ice to NH ice sheets is 

more complex and appears nonlinear. It depends on the NH summer 

insolation as well as the ice sheet size and distribution. 

 

The response of SST at mid-high latitudes in the NH and SH to 

astronomical parameters, CO2 and NH ice sheets is very similar with 

the results of the Arctic and Southern Ocean sea ice area respectively. 

The annual SST at low latitudes of the two hemispheres is mainly 

controlled by CO2 and the NH ice sheets. In terms of the astronomical 

parameters, it is dominated by precession.  
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Chapter 6 The half-precession signals during the 

Quaternary 

 

6.1 Introduction 

 

Earth’s climate has experienced co-evolution and interactions of 

orbital and sub-orbital timescale climate variations during the 

Quaternary based on numerous proxy records and numerical 

simulations (e.g. Rutherford and D’Hondt, 2000; Guo et al., 2012; 

Cheng et al., 2016; Hodell et al., 2015; Sun et al., 2021a; Yin et al., 

2021). Sub-orbital timescale climate variations have received 

increasing attention, including their forcing mechanisms, internal 

processes and feedbacks, due to their more direct linkage with our 

future (e.g. Tzedakis et al., 2018; Galaasen et al., 2020). However, the 

understanding about the climate variations on sub-orbital timescale is 

far less than those on orbital timescale, which is partly due to the lack 

of linear forcing mechanisms to directly explain these sub-orbital 

timescale climate variations (Tuenter et al., 2007). 

 

Among different sub-orbital timescale climate variations, the 

variations characterized by a periodicity near ~10 ka, also called the 

half-precession cycle, receive more attention. This is mainly because: 

(1) the climate variations with half-precession cycles could be directly 

linked with the maximum insolation near the Equator (Berger and 

Loutre, 1997; Berger et al., 2006); (2) the Dansgaard-Oeschger (DO) 

events are amplitude-modulated by half-precession cycles (Hinnov et 

al., 2002; Deng et al., 2018); (3) both proxy records and numerical 

simulations suggested that half-precession cycles play a critical role in 

explaining the high amplitude variations of the “100-kyr world” 

(Rutherford and D’Hondt, 2000; Le Treut and Ghil, 1983; Berger et 

al., 2006); (4) the half-precession signals are normally originated from 

the tropics (Berger et al., 2006; Ashkenazy and Gildor, 2008) and can 

be transported to mid and high latitudes through atmospheric and 

oceanic circulations (Hernández-Almeida et al., 2012; Ferretti et al., 
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2010, 2015). Therefore, a better understanding of the climate 

variations with half-precession cycles would be the first step to 

investigate the sub-orbital timescale climate variations, and is helpful 

for disentangling other climate events like DO oscillations and mid-

Pleistocene climate transition, and could provide a more 

comprehensive picture of the role of low latitudes in the global 

climate changes and the interaction between high and low latitudes 

(Wang et al., 2014, 2017). 

 

The half-precession cycles have been found in different proxy records, 

like marine sediments (Weirauch et al., 2008; Billups and Scheinwald, 

2014), lake sediments (Trauth et al., 2003; Ulfers et al., 2022), ice 

cores (Guo et al., 2012), loess (Sun and Huang, 2006) and vegetation 

(Turney et al., 2004). However, the spatial and temporal 

characteristics of the half-precession cycles are still unclear, due to the 

lack of a compilation for the global half-precession signals. On the 

other hand, four possible forcing mechanisms have been proposed to 

explain the half-precession signals: (1) the maximum insolation near 

the Equator; (2) the bi-hemisphere insolation in the low latitudes; (3) 

the combination tones of the orbital cycles due to a nonlinear climatic 

oscillator; and (4) the internal processes and feedbacks in response to 

precession. However, they are often not easy to be distinguished 

mainly due to the interactions of different climate components. For 

example, different mechanisms, either the maximum equatorial 

insolation or the bi-hemispheric insolation, have been proposed by 

different researchers to explain the half-precession cycles in the 

hydrological changes in equatorial East Africa (Trauth et al., 2003; 

Verschuren et al., 2009) and in the CH4 concentration recorded in the 

ice cores (Delmote et al., 2004; Guo et al., 2012). The half-precession 

cycles found in the mid and high latitudes have been proposed by 

some researchers to be related to the maximum equatorial insolation 

either via its more direct control on oceanic and atmospheric 

circulations (Ferretti et al., 2010, 2015) or via its indirect influence on 

the polar ice sheets (Hernández-Almeida et al., 2012), while they are 

also proposed to originate from the high latitudes themselves (Wara et 

al., 2000; Hodell and Channell, 2016). Moreover, the conditions that 
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are favorable for the half-precession cycles could vary between proxy 

records. Therefore, the forcing mechanisms of the half-precession 

cycles and internal processes and feedbacks involved are still 

controversial. 

 

To have a better understanding about the half-precession cycles, this 

Chapter intends to comprehensively and systematically investigate the 

half-precession signals based on both proxy records and numerical 

simulations. In order to investigate the spatial and temporal 

characteristics of the half-precession signals, a compilation of 

available published Quaternary proxy records which contain clear 

half-precession cycles has been completed, and seven classic proxy 

records of high resolution and long duration over the last 800 ka are 

analyzed using our method. In addition, some forcing mechanisms of 

the half-precession signals, as well as the effect of the astronomical 

parameters, GHG and NH ice sheets on the half-precession signals, 

are investigated with the LOVECLIM1.3 simulations. All the time 

series analysis performed in this study is made by using the Morlet 

software package (Melice and Servain, 2003). 

 

6.2 The first compilation of the half-precession signals during the 

Quaternary 

 

To investigate the spatial characteristics of the half-precession signals 

during the Quaternary, we compiled as many as possible available 

proxy records from publications where the authors have clearly 

identified the half-precession signals (Figure 6.1). Based on the 

different forcing mechanisms mentioned above, these records are 

divided into five groups, and each group is described as below. 

 

6.2.1 Maximum insolation near the Equator 

 

In the inter-tropical regions, the Sun passes overhead twice a year at 

each latitude. Particularly at the Equator, the Sun culminates at the 

zenith at both equinoxes. Therefore, the Earth can receive the 

maximum insolation twice during one precession cycle when both 
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spring and autumn equinoxes occur at the perihelion (Berger and 

Loutre, 1997; Berger et al., 2006; Ashkenazy and Gildor, 2008). If the 

climatic proxies directly or indirectly respond to the maximum 

insolation, the half-precession signals could be recorded in them. 

Moreover, the half-precession signals could be transported from 

tropics to mid and high latitudes by atmospheric and oceanic 

circulations (Hernández-Almeida et al., 2012; Ferretti et al., 2010, 

2015). 

 

In response to the maximum insolation in the inter-tropics, the half-

precession signals have been recorded in a number of proxy records, 

from low to high latitudes (red dots in Figure 6.1). In equatorial East 

Africa, the hydrological changes well followed maximum equatorial 

insolation in March or September, with half-precession cycles (Trauth 

et al., 2003). The hydrological changes with half-precession cycles 

were recorded in the precipitation variations (Ologa et al., 2000; 

Duesing et al., 2021a, 2021b; Trauth et al., 2021) and in the lake-level 

fluctuations (Thevenon et al., 2004; Trauth et al., 2003). The El Niño-

Southern Oscillation (ENSO) is a significant feature in the tropical air-

sea interaction, and it has a great effect on the global climate changes. 

The long-term ENSO variability is mainly controlled by the timing of 

the perihelion, the ‘warm’ ENSO events are expected to occur with a 

half-precession cycle when the perihelion is in either the boreal spring 

or autumn (Turney et al., 2004). The half-precession signals in the 

paleo-ENSO variations have been confirmed by many proxy records 

from tropics (Thevenon et al., 2004; Turney et al., 2004; Li et al., 

2011; Tang et al., 2013). In addition, South China Sea (SCS) is 

another critical region to investigate the role of low-latitude processes 

in global climate changes (Wang et al., 2003) and the evolution of 

tropical monsoons (Tian and Wang, 2006). Under the influence of the 

maximum equatorial insolation, the tropical monsoon also varies with 

strong half-precession cycles (Tian and Wang, 2006). The half-

precession signals in the tropical monsoon have been detected in 

various proxy records in the SCS (Tian et al., 2004; Sun et al., 2003; 

Luo et al., 2005; Wei et al., 2006, 2007; Liu et al., 2007; Chen et al., 

2008). Adjacent to the SCS, the half-precession signals have also been 
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found in many proxy records which reflect the East Asian monsoon 

variations (Wang et al., 2021; Sun and Huang, 2005; Beaufort et al., 

2003). 

 

The Atlantic is one of the most important regions in the global climate 

changes due to its role in the redistribution of global heat and water 

(Clark et al., 2002). In response to the maximum equatorial insolation, 

the half-precession signals have been recorded in numerous proxy 

records in the equatorial Atlantic (Pokras and Mix, 1987; McIntyre 

and Molfino, 1996; Berger and Loutre, 1997; Venancio et al., 2018; 

Nascimento et al., 2021). The half-precession signals can also be 

transported to mid and high latitudes in the Atlantic Basin through 

atmospheric or/and oceanic circulations (Ferretti et al., 2010, 2015; 

Emanuele et al., 2015; Amore et al., 2012; Palumbo et al., 2013, 2019; 

Martínez-Sánchez et al., 2019; Hernández-Almeida et al., 2012; 

Martínez-Sánchez et al., 2019). Beside the Atlantic, the half-

precession signals have also been found in the Indian Ocean (Bolton 

et al., 2013) and in the Pacific Ocean (Haneda et al., 2020), as well as 

in the Antarctic Vostok ice core (Delmotte et al., 2004). 

 

Not only proxy records, numerical simulations also support that the 

half-precession signals could be recorded in the surface air 

temperature (SAT), SST, precipitation and vegetation in the tropics in 

response to the maximum equatorial insolation by various models 

(Short et al., 1991; Laepple and Lohmann, 2009; Wu et al., 2020; Su 

et al., 2022). 

 

6.2.2 Bi-hemispheric insolation in the low latitudes 

 

Apart from the maximum insolation near the Equator, another way to 

produce half-precession signals is the combined effect of insolation at 

low latitudes of Northern and Southern Hemispheres (bi-hemispheric 

insolation at low latitudes) (Rutherford and D’Hondt, 2000; Guo et al., 

2012). The daily insolation in the low latitudes is mainly controlled by 

precession, and their local summer insolation are anti-phase in the two 

hemispheres in relation to precession (Berger, 1978). If the climatic 
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proxies are under the effect of the bi-hemisphere insolation in the low 

latitudes, the half-precession signals could be recorded in them (blue 

dots in Figure 6.1). 

 

Under the influence of the bi-hemisphere insolation in the low 

latitudes, the half-precession signals have been recorded in various 

proxy records in the Atlantic and Pacific Ocean (Hagelberg et al., 

1994; Chapman and Shackleton, 1998; Jian et al., 2020). Differing 

from the forcing mechanism of the maximum equatorial insolation as 

discussed above, some studies proposed that the half-precession 

signals in the proxy records which reflect the tropical monsoon 

variations, are originated from the bi-hemisphere insolation in the low 

latitudes (Verschuren et al., 2009; Ivory et al., 2016; Lupien et al., 

2021; Guo et al., 2012). Actually, these two forcing mechanisms for 

the half-precession signals discussed above are not easy to be 

distinguished, because both of them are originated from low latitudes 

and the age uncertainty of the proxy records is usually too large to 

allow distinguish the two mechanisms (Rutherford and D’Hondt, 

2000). Therefore, some studies only deduced that the half-precession 

signals in their proxy records (green dots in Figure 6.1) are resulted 

from low latitudes, either the maximum equatorial insolation or the bi-

hemisphere insolation in the low latitudes (Chaisson et al., 2002; 

Grützner et al., 2002; Hall and Becker, 2007; Weirauch et al., 2008; 

Billups and Scheinwald, 2014; Billups et al., 2016; Grützner et al., 

2002; Billups et al., 2011; Rutherford and D’Hondt, 2000). 

 

6.2.3 Combination tones of the orbital cycles--a nonlinear climatic 

oscillator 

 

Besides the tropical forcing mechanisms discussed above, the half-

precession signals can also be explained by the combination tones of 

the orbital cycles due to a nonlinear climatic oscillator (Berger and 

Loutre, 1997). Due to the phase difference in different components of 

the climate system, such as insolation and ice sheets, a large number 

of different periodic signals can be produced under the combined 

effect of different climate system components, including the half-
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precession signals (Guo et al., 2012). These half-precession signals 

can be originated from high latitudes themselves or from the 

interactions between high and low latitudes. If the climatic proxies are 

sensitive to the influence of different climate components with phase 

difference, the half-precession signals may be recorded in them 

(yellow dots in Figure 6.1, Pestiaux et al., 1988; Mommersteeg et al., 

1995; Ortiz et al., 1999; Wara et al., 2000; Hodell et al., 2013; Hodell 

and Channell, 2016; Zhao et al., 2020; Lindberg et al., 2021). In 

addition, numerical simulations also support that the half-precession 

signals could be originated from the combination tones of the orbital 

cycles (Le Treut et al., 1988; Thomas et al., 2016). 

 

6.2.4 Internal processes and feedbacks in response to precession 

 

In addition to external forcings, the half-precession signals could also 

be produced by the internal processes and feedbacks. For example, if 

the climatic proxies are sensitive to both precession minimum and 

precession maximum, the half-precession signals could be recorded in 

them (purple dots in Figure 6.1; Heinrich, 1988). In addition, 

numerical simulations also shown that the half-precession signals 

could be produced in response to precession due to the internal 

processes and feedbacks, for instance, the ocean-atmosphere and 

vegetation feedbacks (Clement et al., 2001; Tuenter et al., 2007). 

 

6.2.5 The forcing mechanisms are not clear 

 

Although some possible forcing mechanisms have been proposed to 

explain the half-precession signals in the proxy records, the half-

precession signals are still not well understood. Some studies detected 

the half-precession signals, but they could not provide any explanation 

(grey dots in Figure 6.1; van den Heuvel, 1966; Yiou et al., 1995; 

Mayewski et al., 1997; Gupta, 2002, 2003; Yu and Ding, 2003; 

Sümegi et al., 2019; Han et al., 2003, 2009; Hopley et al., 2007; Dang 

et al., 2020). Actually, these proxy records are normally of low-

resolution and large age uncertainty. Thus, the half-precession signals 

in these proxy records should be considered with caution. 
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Figure 6.1 The compilation of the proxy records which contain clear 

half-precession signals. Based on different forcing mechanisms 

proposed by the authors above, they are divided into several groups. 

Red dots: maximum insolation near the Equator; blue dots: bi-

hemispheric insolation in the low latitudes; green dots: the forcing 

mechanisms might be same as the red dots or blue dots; yellow dots: 

combination tones of orbital cycles--a nonlinear climatic oscillator; 

purple dots: internal processes and feedbacks response to precession; 

grey dots: the forcing mechanisms are not clear. 

 

As discussed above and shown in Figure 6.1, the proxy records with 

half-precession signals are mainly concentrated in the tropics and 

Atlantic (about 90%). This partly reflects the important role of tropical 

insolation in explaining the half-precession signals recorded in proxy 

records, and also because the Atlantic is one of the focuses in 

paleoclimate study. Very few records have been found in the Indian 

Ocean, Eastern Pacific, Southern Ocean and Antarctic (less than five 

records for each region, totally less than 10%). This is most probably 

due to less study sites in general in these regions, but it can not 

exclude the possibility that half-precession signal is weak in these 

regions. More data and analyses would be needed for a better view, 

and on the other hand it also shows the necessity to explore the half-

precession cycles with model simulations. 
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6.3 The half-precession signals over the past 800 ka 

 

To further investigate whether the half-precession signals are 

persistent over the last 800 ka, we reanalyze seven published high-

resolution climatic records. These seven proxy records are selected 

due to their high resolution (<0.4 ka), long duration (≥600 ka), and 

distributed from Greenland to Antarctica. From north to south, the 

information of these seven proxy records is briefly given below:  

 

(1) GLT_syn is an 800 ka synthetic record (δ18O) of Greenland climate 

variability based on the thermal bipolar seesaw model. Its average 

temporal resolution is 0.05 ka (Barker et al., 2011), and it could be 

used to represent temperature.  

(2) IODP Site U1308 (49.88°N, 24.23°W) is located near the centre of 

the North Atlantic IRD belt. The average temporal resolution of the 

log(Si/Sr) ratio over the past 800 ka is about 0.16 ka (Hodell and 

Channell, 2016), and it could represent the relative content of detrital 

silicate minerals (IRD proxy).  

(3) Lake Ohrid (41.03°N, 20.72°E) is located in the Mediterranean 

climate zone. The average temporal resolution of the Ca/K ratio over 

the past 800 ka is about 0.06 ka (Vogel et al., 2010), and it could 

represent the hydrological variations.  

(4) IODP Site U1385 (37.57°N, 10.13°W) is located on the southwest 

Iberian margin. The average temporal resolution of the log(Ca/Ti) 

ratio over the past 800 ka is about 0.09 ka (Hodell et al., 2015), and it 

could represent the relative proportion of biogenic carbonate and 

detrital clay (precipitation or marine productivity).  

(5) LGS640, a 640 ka loess grain-size stack, is generated by 

compositing three mean grain-size time series from the western 

Chinese Loess Plateau (CLP)--Gulang (GL, 37.49°N, 102.88°E), 

Linxia (LX, 35.15°N, 103.63°E) and Jingyuan (JY, 36.35°N, 

104.62°E) sections. Its average temporal resolution is 0.10 ka (Sun et 

al., 2021b), and it could represent East Asian winter monsoon.  

(6) The stalagmite δ18O record over the last 640 ka are composited 

from three caves in eastern China--Sanbao Cave (31.67°N, 110.43°E), 

Hulu Cave (32.5°N, 119.17°E), and Dongge Cave (25.28°N, 
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108.08°E). Its average temporal resolution is about 0.08 ka (Cheng et 

al., 2016), and it could represent East Asian summer monsson.  

(7) The CH4 (Loulergue et al., 2008) record is reconstructed from the 

EDC ice core in Antarctica (75.1°S, 123.35°E). Its average temporal 

resolution is about 0.38 ka, and it could reflect a combined effect of 

glacial-interglacial cycles, monsoons in both hemispheres and the late 

Holocene human intervention (Guo et al., 2012). 

 

Figure S6.1 shows the variations of these seven proxy records and 

their continuous wavelet transform results. In addition to the orbital 

cycles, all of them show abundant sub-orbital cycles, including the 

half-precession signals. However, we should keep in mind that these 

sub-orbital cycles could be affected by spectral artifacts which could 

be related to the following: 1) Windowing effects: when a finite-

length window is applied to a signal prior to computing the power 

spectrum, it can cause leakage of energy from one frequency bin to 

another. This effect is known as spectral leakage and can result in the 

appearance of artificial peaks in the power spectrum. 2) Non-

stationarity: power spectrum analysis assumes that the signal is 

stationary, meaning that its statistical properties are constant over time. 

If the signal is non-stationary, then the power spectrum may not 

accurately represent the frequency content of the signal. 3) Aliasing: 

aliasing occurs when a signal is sampled at too low a frequency, 

resulting in high-frequency content being aliased into lower frequency 

components. 4) Overfitting: power spectrum analysis can be sensitive 

to noise and can lead to overfitting if too many frequency components 

are included in the analysis. On the other hand, the seven selected 

records were widely used to investigate the sub-orbital timescale 

climate variations and half-precession cycles have been identified by 

the authors. For example, Guo et al. (2012) reanalyzed the CH4 record 

over the last 800 ka using Singular Spectrum Analysis (SSA) and 

found the half-precession cycles. Zeng et al. (2019) reanalyzed the 

stalagmite δ18O record over the last 640 ka and also found the half-

precession cycles.  
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In order to better discuss the half-precession signals, a high-pass filter 

(<14 ka) is applied to remove the orbital signals in these records. After 

the orbital signals are removed, the residuals of these records show 

very strong half-precession signals (Figure 6.2, grey line). In addition, 

a band-pass filter (9-11 ka) was applied to extract the half-precession 

signals of their original data (Figure 6.2, blue line), and the filter 

results have a good coherence with the residuals of these records. 

Therefore, we deduce that the half-precession signals are real and 

robust in these records. However, the conditions that are favorable for 

the half-precession cycles could vary between proxy records. Strong 

half-precession cycles could occur mainly in interglacials for some 

records, but in both glacials and interglacials for the others (Figure 

6.2), indicating different driving mechanisms. Indeed, the half-

precession signals in Lake Ohrid were proposed to originate from the 

maximum equatorial insolation (Ulfers et al., 2022). The half-

precession signals in the composited stalagmite δ18O and in the CH4 

from the EDC ice core, both were thought to be linked with tropical 

monsoon variations, could be a response to bi-hemispheric insolation 

changes (Guo et al., 2012; Zeng et al., 2019). The half-precession 

signals in the bulk carbonate δ18O from North Atlantic core IODP 

U1308 were proposed to result from the combination tones of the 

orbital cycles (Hodell and Channell, 2016), and the Si/Sr ratio in the 

same core may have the same origination. 
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Figure 6.2 Variations of the seven selected high-resolution proxy 

records. (a) The benthic δ18O record indicating the glacial-interglacial 

cycles (Lisiecki and Raymo, 2005). The numbers of MIS stages are 

indicated; the yellow shaded vertical bars indicate interglacial periods 

and non-shaded bars indicate glacial periods; (b) the Greenland 

synthetic δ18O (Barker et al., 2011); (c) Si/Sr of IODP U1308 (Hodell 

et al., 2008); (d) Ca/K of Lake Ohrid sediment (Vogel et al., 2010); (e) 

Ca/Ti of IODP U1385 (Hodell et al., 2015); (f) loess grain-size stack 

(Sun et al., 2021b); (g) composited stalagmite δ18O (Cheng et al., 

2016); (h) DEC CH4 (Loulergue et al., 2008). Grey lines represent the 

high-pass filter (<14 ka) results and the blue lines represent the band-

pass filter (9-11 ka) results. 
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6.4 Simulated half-precession signals in LOVECLIM1.3 

 

To further investigate the half-precession signals, especially their 

forcing mechanisms, we analyze the simulated results of three 

interglacials (MIS-11, MIS-13 and MIS-19) performed using the 

model LOVECLIM1.3. As discussed in Chapter 2, the simulated time 

periods actually include the part of the transitions of the glacial 

termination and inception before and after each interglacial. This leads 

to large amplitude variations of both CO2 and ice sheets. For example, 

the CO2 concentration varied between 190 ppmv and 253 ppmv (Lüthi 

et al., 2008), and the NH ice volume varied between 4.46 million km3 

to 30.12 million km3 during MIS-13 (Ganopolski and Calov, 2011). In 

addition, in terms of the astronomical parameters, the amplitude 

variations of both precession and obliquity are large during MIS-13 

and small during MIS-19, and the amplitude variation of precession is 

small while the amplitude variation of obliquity is large during MIS-

11 (Berger and Loutre, 1991). Therefore, these allow to investigate the 

half-precession signals under a large range of astronomical parameters, 

CO2 and NH ice sheets and under different background climate 

conditions.  

 

As discussed in Section 6.2, the half-precession signals are mainly 

related to insolation and precession forcing, we first analyze the 

results of the simulation considering only varying insolation (the Orb 

experiment) during MIS-13. In order to investigate the effect of 

precession and obliquity on the half-precession signals, the results of 

the Orb experiments during MIS-19 and MIS-11 are also analyzed and 

compared with the results during MIS-13. To investigate the effects of 

GHG and NH ice sheets on the half-precession signals, the results of 

the OrbGHG and OrbGHGICE experiments of MIS-13 are also 

analyzed and compared with the results of the Orb experiment.  
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6.4.1 The half-precession signals in response to maximum 

equatorial insolation 

 

As discussed above, the most popular forcing mechanism of the half-

precession signals is the maximum equatorial insolation (Berger et al., 

2006), so we first investigate this forcing mechanism in our simulated 

results. Figure 6.3 shows the variations of our simulated annual mean 

precipitation, surface air temperature (SAT) and sea surface 

temperature (SST) near the Equator (10°S-10°N) in the Orb 

experiment during MIS-13, all of them show clear half-precession 

cycles based on the results of continuous wavelet transform and even 

with the naked eyes. In addition, our simulated half-precession signals 

near the Equator have a good consistence with the proxy records (e.g. 

Olago et al. 2000; Trauth et al. 2021). In order to better understand 

these half-precession signals, Gaussian band pass filtering (9-11 ka) 

was applied to extract them (Figure 6.3c~6.3e, blue lines). The 

extracted half-precession signals show a good coherence with their 

original data (Figure 6.3c~6.3e, grey lines), further confirming the 

reliability and robustness of the half-precession signals. In addition, 

these half-precession signals are well consistent with the maximum 

equatorial insolation (Figure 6.3), indicating that they are the direct 

response to the maximum insolation at the Equator (Berger et al., 

2006). 
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Figure 6.3 Variations of the annual mean precipitation, SAT and SST 

at the Equator (10°S-10°N) and their continuous wavelet transform 

results during MIS-13 in the Orb experiment. (a) obliquity (blue line) 

and precession (red line) (Berger and Loutre, 1991), (b) the maximum 

insolation at the Equator (blue: daily insolation at March equinox; 

green: daily insolation at September equinox; red dash: maximum of 

the March and September insolation) (Berger and Loutre, 1991), (c) 

annual mean precipitation, (d) annual mean SAT, and (e) annual mean 

SST. The grey lines represent the origin data (1000-year running 

mean), and the blue lines are the result of 9-11 ka filter. The figure on 

the right is the continuous wavelet transform of the origin data. 

 

The half-precession signals in the tropics could also be transported to 

the mid and high latitudes through atmospheric and oceanic 
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circulations (Hernández-Almeida et al., 2012; Ferretti et al., 2010, 

2015). Indeed, our simulated annual mean precipitation, SAT and SST 

variations in the mid and high latitudes also contain half-precession 

signals although they are weaker than these in the tropics. If the 

orbital signals are removed using Gaussian high-pass filtering (<14 

ka), the half-precession signals become strong and clear (Figure 6.4, 

grey lines). We also extract the half-precession signals (Figure 6.4, 

blue lines) using the Gaussian band-pass filter (9-11 ka) from the 

original data, and they have a good consistence with the maximum 

equatorial insolation. In addition, the variations of the annual mean 

meridional heat transport (MHT) at different latitudes in the Atlantic 

basin also contain the half-precession signals and they are also in line 

with the maximum equatorial insolation (Figure 6.5). Therefore, we 

can deduce that the half-precession signals in the precipitation, SAT 

and SST in the mid and high latitudes are resulted from the maximum 

equatorial insolation and transported via oceanic circulations. 
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Figure 6.4 Variations of the annual mean precipitation, SAT and SST 

at mid and high latitudes. (a) Obliquity (blue line) and precession (red 

line) (Berger and Loutre, 1991), (b) the maximum insolation at the 

Equator (blue: daily insolation at March equinox; green: daily 

insolation at September equinox; red dash: maximum of the March 

and September insolation) (Berger and Loutre, 1991), (c) the annual 

mean SST at mid latitudes (30°N-60°N), (d) the annual mean SST at 

high latitudes (60°N-90°N), (e) the annual mean SAT at mid latitudes 

(30°N-60°N), (f) the annual mean SAT at high latitudes (60°N-90°N), 

(g) the annual mean precipitation in the Northern Eurasia (60°N-75°N, 

(0-180°E). The grey lines in (c-g) are the results of high-pass filter 

(<14 ka) and the blue lines in (c-g) are the results of band-pass filter 

(9-11 ka) from original data. 
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Figure 6.5 Variations of the annual mean MHT in the Atlantic basin. 

(a) Obliquity (blue line) and precession (red line) (Berger and Loutre, 

1991), (b) the maximum insolation at the Equator (blue: daily 

insolation at March equinox; green: daily insolation at September 

equinox; red dash: maximum of the March and September insolation) 

(Berger and Loutre, 1991), the annual mean MHT in the Atlantic 

basin through (c) 10°N, (d) 30°N and (e) 60°N. The green lines in (c-e) 

are the results of high-pass filter (<14 ka), and the blue lines in (c-e) 

are the results of band-pass filter (9-11 ka) from original data. 

 

To investigate the effect of precession and obliquity on the half-

precession signals, the variations of the annual mean precipitation, 

SAT and SST at the Equator during MIS-19 and MIS-11 in the Orb 

experiments are also analyzed and compared with the results during 

MIS-13. The results (Figure 6.6) show that the half-precession signals 

become weaker during MIS-19 and even vanish during MIS-11. This 

is partly due to the fact that eccentricity is small leading to small 
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variation of precession during MIS-19 and MIS-11, which would lead 

to a weak impact of precession and therefore a weak half-precession 

signal in the tropics. The difference of the half-precession signals 

during MIS-19 and MIS-11 is mainly due to the larger amplitude of 

variation of obliquity during MIS-11 which further suppresses the 

effect of precession and therefore the half-precession signals. The 

difference between these three interglacials shows that the half-

precession signals are influenced by both precession and obliquity. 

Normally, large variation of precession would amplify the half-

precession signals, while large variation of obliquity and small 

variation of precession would suppress the half-precession signals. 

 

Figure 6.6 Variations of the annual mean precipitation, SAT and SST 

at the Equator (10°S-10°N) during MIS-19 and MIS-11 in the Orb 

experiment. (a1, a2) Obliquity (blue line) and precession (red line) 

(Berger and Loutre, 1991), (b1, b2) the maximum insolation at the 

Equator (blue: daily insolation at March equinox; green: daily 

insolation at September equinox; red dash: maximum of the March 

and September insolation) (Berger and Loutre, 1991), (c1, c2) annual 

mean precipitation, (d1, d2) annual mean SAT, and (e1, e2) annual 

mean SST. The grey lines represent the origin data (1000-year running 

mean), and the blue lines are the result of 9-11 ka filter. 
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To investigate the effects of GHG and NH ice sheets on the half-

precession signals, the results of the OrbGHG and OrbGHGICE 

experiments during MIS-13 are also analyzed, and compared with the 

results of the Orb experiment. The results show that the half-

precession signals of the annual mean precipitation, SAT and SST at 

the Equator in the OrbGHG experiment (Figure 6.7 and Figure S6.2) 

are weaker than those in the Orb experiment, and their relationship 

with the maximum equatorial insolation is not as good. These are 

mainly due to the influence of the long periodicity of CO2, which 

would suppress the half-precession signals. Furthermore, if the effect 

of NH ice sheets is additionally taken in account, the half-precession 

signals are further weakened (Figure 6.7 and Figure S6.2) due to the 

influence of the long periodicity of NH ice sheets. This could also 

explain the stronger half-precession signals during interglacials than 

during glacials observed in some proxy records discussed above. 
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Figure 6.7 Variations of the annual mean precipitation, SAT and SST 

at the Equator (10°S-10°N) during MIS-13 in the OrbGHG and 

OrbGHGICE experiments. (a) Obliquity (blue line) and precession 

(red line) (Berger and Loutre, 1991), (b) the CO2 concentration 

(yellow line, Lüthi et al., 2008) and NH ice volume anomaly as 

compared to the PI (dark green line, Ganopolski and Calov, 2011), (c) 

the maximum insolation at the Equator (blue: daily insolation at 

March equinox; green: daily insolation at September equinox; red 

dash: maximum of the March and September insolation) (Berger and 

Loutre, 1991), (d) annual mean precipitation, (e) annual mean SAT, 

and (f) annual mean SST. The black lines represent the origin data 

(1000-year running mean), and the dashed yellow lines are the result 

of 9-11 ka filter in the OrbGHG experiment; the grey lines represent 

the origin data (1000-year running mean), and the dashed dark green 

lines are the result of 9-11 ka filter in the OrbGHGICE experiment. 
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6.4.2 The half-precession signals in response to vegetation 

dynamics 

 

In addition to external forcing mechanisms, the half-precession signals 

could also originate from the internal processes and feedbacks in 

response to precession forcing. Here we investigate the half-

precession signals in the grass fraction, over the “African” and “Asian” 

monsoon regions which were defined by Tuenter et al. (2007), in 

response to vegetation dynamics. The grass fraction variations in these 

two regions are investigated mainly due to their sensitivity to the 

forcings, for example, the precipitation variations (Tuenter et al., 

2007). Figure 6.8 shows the grass fraction variations in these two 

regions in the Orb experiment during MIS-13. The results show that 

both of them have clear half-precession cycles even with naked eyes, 

and each grass fraction minimum is related to both precession 

minimum and precession maximum (Figure 6.8). The half-precession 

signals in the grass fraction variations in these two regions could be 

explained below. In the low latitudes, the vegetation variations are 

mainly controlled by precipitation because the temperature is 

sufficiently high (Yin and Berger, 2012; Su et al., 2022). When 

precession is minimum (high NH summer insolation), it leads to more 

precipitation via strengthened monsoons, which enhances the 

development of trees at the expense of grass, so a precession 

minimum leads to a grass minimum; while when precession is 

maximum (low NH summer insolation), precipitation decreases due to 

weakened monsoons, which leads to desert expansion and the grass 

fraction is also reduced, so a precession maximum also leads to a 

grass minimum. These explain the half-precession cycles in the 

simulated grass variations. If the effects of precession and obliquity 

are considered, the results show that the half-precession signals in the 

grass fraction variations become weaker during MIS-19 and almost 

disappear during MIS-11 (Figure S6.3). In addition, if the effects of 

CO2 and NH ice sheets are taken into account, the half-precession 

signals in the grass fraction would also be weakened due to the 

influence of their long periodicities (Figure S6.4). The effects of 

precession, obliquity, CO2 and NH ice sheets on the half-precession 
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signals in the grass fraction variations in these two regions are similar 

with their effects on the half-precession signals at the Equator as 

discussed in 6.4.1. 

 

Figure 6.8 Variations of the annual mean grass fraction in the “Asian” 

and “African” monsoon regions in the Orb experiment during MIS-13. 

(a) obliquity (blue line) and precession (red line) (Berger and Loutre, 

1991), (b) the annual mean grass fraction variations in the “Asian” 

monsoon region; the grey line is the origin data (1000-year running 

mean), and the blue line is the result of the high-pass filter (<14 ka), (c) 

is the same as (b), but for the “African” monsoon region. 

 

6.5 Conclusions 

 

In this study, the half-precession signals during the Quaternary are 

comprehensively and systematically studied based on both proxy 

records and transient simulations using the model LOVECLIM1.3. 
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To investigate the spatial and temporal characteristics of the half-

precession signals, a first compilation of the half-precession signals 

during the Quaternary has been made. The results show that the proxy 

records that contain clear half-precession signals are mainly 

concentrated on the tropics and North Atlantic, and the most popular 

forcing mechanism is the maximum equatorial insolation. In addition, 

based on the reanalyzed results of seven high-resolution and long-

duration records from Arctic to Antarctic, we further confirm that the 

half-precession signals are persistent at least over the last 800 ka, 

although they show some differences between different time periods 

and different climatic variables in different regions. 

 

Our simulated results show that, in response to maximum equatorial 

insolation, the half-precession signals could be recorded in different 

climatic variables near the Equator, like precipitation, SAT and SST. 

In addition, the half-precession signals in the low latitudes can be 

transported to mid and high latitudes through atmospheric and oceanic 

circulations. Besides the external forcing mechanisms, the half-

precession signals could also result from the internal processes and 

feedbacks, like the vegetation dynamics. It is worth noting that our 

simulated SST and subsurface sea temperature in the western 

equatorial Pacific also contain clear half-precession cycles. As these 

temperatures are strongly linked with ENSO, we might expect half-

precession cycles also in ENSO, which could be tested with suitable 

ENSO proxies and climate models which have a good representation 

of ENSO.  

 

In terms of the effects of different forcings on the half-precession 

signals, large variation of precession would amplify the half-

precession signals, while large variation of obliquity would suppress 

them. In addition, the half-precession signals would be suppressed if 

the effects of GHG and ice sheets are taken into account due to the 

influence of their long periodicities. As mentioned earlier in this 

chapter, four forcing mechanisms were proposed by different authors 

for the half-precession cycles. Two, the maximum equatorial 
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insolation and vegetation feedback, have been confirmed by our 

simulated results. To further better understand the half-precession 

signals, more high-resolution proxy records and transient simulations 

including ice sheet dynamics would be needed. 
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Chapter 7 Comparison of Arctic and Southern Ocean 

sea ice between the last nine interglacials and the future3 

 

7.1 Introduction 

 

Sea ice is an important component of the polar and global climate 

system, in part, due to its high albedo and low thermal conductivity, 

which are associated with the temperature-albedo feedback and the 

thermal insulation effect. It normally amplifies the climate variability 

at high latitudes, often known as polar amplification (e.g. Serreze and 

Barry, 2011). In addition, the melting and formation of sea ice can 

change the oceanic salinity structure. When sea ice forms, brine is 

rejected towards the ocean, supplying dense and well ventilated water 

to the global intermediate/deep water circulation, while it causes 

stratification between near-surface and deeper water during sea ice 

melts (Goosse et al., 2013). Sea ice also impacts the thermosteric sea 

level (e.g. sea level rise due to thermal expansion of the ocean) and 

the barystatic sea level (e.g. sea level rise due to fresh water input into 

the ocean) (Hobbs et al., 2016). Changes in sea ice extent not only 

affect the surface mass balance of the ice sheets (Krinner et al., 2007), 

but also shift the latitude of the mid-latitude storm tract belt (Kidston 

et al., 2011). Moreover, sea ice may influence the structure and 

function of high-latitude ecosystems and biogeochemical cycles 

(Delille et al., 2014), such as control the light and the distribution of 

phototrophic organisms, polar bear and penguin species (Ducklow et 

al., 2013). It has also been shown that the Arctic sea ice plays a 

critical role in abrupt climate changes in the past (Yin et al., 2021). 

 

Rapid sea ice changes in the Arctic and Southern Ocean are observed 

not only during the recent decades (e.g. Serreze et al., 2016; Turner et 
 

3 This chapter is published in Wu Z.P., Yin Q.Z., Guo Z.T., Berger, A., 2022. Comparison of 

Arctic and Southern Ocean sea ice between the last nine interglacials and the future. Climate 

Dynamics, 59, 519-529. 
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al., 2013), but also during past interglacials (e.g. Cronin et al., 2013; 

Wolff et al., 2006). Based on paleo sea ice proxies, Bennike (2004) 

found that there was more sea ice in Greenland than at present during 

the early-mid Holocene and less sea ice during late Holocene. Stein et 

al. (2017) suggested lower sea ice cover in the Arctic Ocean during 

the last interglacial relative to today. Due to the lack of suitable, high-

resolution proxies and limitation in dating technique, most sea ice 

reconstructions focus on the very recent interglacials, such as 

Holocene (e.g. Vare et al., 2009; de Vernal et al., 2020) and the last 

interglacial (e.g. Stein et al., 2017). A few long sea ice reconstructions 

covering several glacial-interglacial cycles have been established 

using paleoclimate records in the Arctic (Polyak et al., 2010; Cronin et 

al., 2010, 2013, 2017) and in the Southern Ocean (Wolff et al., 2006). 

These studies show that a major shift towards perennial sea ice in 

western Arctic Ocean occurred after MIS-11 (Cronin et al., 2017), and 

most of the Arctic Ocean might have been free of summer ice cover 

during the last interglacial which were mainly attributed to high 

insolation intensity (Polyak et al., 2010; Cronin et al., 2013). Spectral 

analyses indicate that the Arctic sea ice variations contain strong 

precession and obliquity cycles, and with precession signals 

dominating (Cronin et al., 2013; Lo et al., 2018). In the Southern 

Ocean, proxy record indicates that the maximum sea ice extent 

occurred during MIS-13 and the minimum sea ice extent during the 

last interglacial, and that the sea ice variations show very strong 100 

ka cycles (Wolff et al., 2006). Climate modeling has also been used to 

understand the sea ice variations during past interglacials, for instance, 

during the Holocene (Goosse et al., 2013; Otto-Bliesner et al., 2020), 

the last interglacial (Guarino et al., 2020; Otto-Bliesner et al., 2020, 

2021; Kageyama et al., 2021), the MIS-13 (Wu et al., 2020) and the 

last nine interglacials (Yin and Berger, 2012). These studies reveal 

that the Arctic and Southern Ocean sea ice variations show different 

characteristics under different interglacial conditions, and the 

dominating forcing mechanisms might be different. 

 

Past interglacials, as the most recent warm periods in the Earth’s 

history, play an important role in paleoclimate researches because they 
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provide a basis for better understanding our present-day warm climate 

and its future evolution (Tzedakis et al., 2009; Past Interglacials 

Working Group of PAGES, 2016). They are useful to better 

understand climate internal processes and related feedbacks during 

warm intervals, and to discuss the effect of different external drivers, 

such as insolation and atmospheric CO2 concentration. In addition, 

past interglacials might provide analogues of the future climate under 

natural warm climate variability, and help to improve our estimate of 

the sensitivity of the climate system to different forcings. When the 

sea ice variations are concerned, questions can be raised on (1) what 

are the differences between interglacials and between Arctic and 

Southern Ocean sea ice variations during these warm periods, (2) what 

are the controlling forcing and mechanisms, and (3) how are the past 

interglacials different from the present and the future? 

 

A preliminary investigation of the individual and combined effect of 

insolation and CO2 on the climate of the last nine interglacials has 

been performed by Yin and Berger (2012) using model simulations 

and factor separation analysis. Based on the simulations performed in 

their study, here we make an in-depth analysis of the internal 

processes that control the interglacial sea ice variability, and focus on 

the inter-comparison between individual interglacials as well as their 

differences from the present and future. The study of this Chapter is 

based on the nine snapshot experiments (f11) of the last nine 

interglacials performed in Yin and Berger (2012) and three new 

experiments of the future and future climate: PI, PD and Double_CO2 

(see Chapter 2). 

 

7.2 Sea ice difference between interglacials and the impact of 

insolation and CO2 

 

Figure 7.1a shows the simulated annual and seasonal Arctic sea ice 

area over the last nine interglacials in response to the combined effect 

of insolation and CO2. MIS-15, MIS-9 and MIS-5 have the smallest 

annual mean sea ice area, and MIS-13 has the largest one. The 

simulated winter Arctic sea ice area shows very small variation 
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between the interglacials, and the variation in the annual mean is 

mainly explained by the variation in summer, which is similar to the 

recent observation (Titchner and Rayner, 2014). Previous study 

showed that the variation of the Arctic sea ice in summer is dominated 

by local summer insolation (Yin and Berger, 2012). Although the ECS 

of LOVECLIM is relatively small compared to many models, the 

sensitivity of the temperature response in the Arctic region in 

LOVECLIM is at the middle level of the multi-model range. 

Moreover, proxy records show that the Arctic sea ice varied mainly at 

precessional frequency (e.g. Cronin et al., 2013; Lo et al., 2018), 

which indicates the dominant effect of insolation. Therefore, the 

importance of insolation in the Arctic region compared to CO2 should 

be a robust result, not due to the relatively small ECS of LOVECLIM. 

MIS-15, MIS-9 and MIS-5 have the highest summer insolation 

(Figure 7.2a), explaining their smallest sea ice area. On the contrary, 

MIS-13, MIS-7 and MIS-11 have the lowest summer insolation 

(Figure 7.2a), explaining their largest sea ice area, while the large 

annual mean Arctic sea ice area at MIS-17 could probably be related 

to its lowest CO2 concentration and moderate local summer insolation 

(Figure 7.2b). 

 
Figure 7.1 Simulated annual and seasonal sea ice area during the nine 

interglacials in the (a) Arctic and (b) Southern Ocean. The seasons 

refer to the local seasons.  
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Figure 7.2 Local summer insolation at 65°N and 65°S (Berger, 1978) 

(a) and the CO2eq concentrations (b) during the nine interglacials and 

the PI. The dash horizontal lines indicate the PI level. 

 

In the Southern Ocean, MIS-5, MIS-9 and MIS-11 have the smallest 

annual mean sea ice area, and MIS-13 and MIS-17 have the largest 

one (Figure 7.1b). Both the simulated local summer and local winter 

sea ice area in the Southern Ocean show significant variations 

between the interglacials with the amplitude being larger in summer 

(Figure 7.1b). Previous study showed that, in the Southern Ocean, 

CO2 plays a dominant role in the sea ice variation in local winter, 

whereas both insolation and CO2 play an important role on the sea ice 

in local summer (Yin and Berger, 2012). This leads to a dominant role 

of CO2 in the variation of the annual mean sea ice area in the Southern 

Ocean, but with a non-negligible role of insolation. The smallest 

annual mean Southern Ocean sea ice at MIS-5, MIS-9 and MIS-11 are 

explained by the highest CO2 concentration (Figure 7.2b) during these 

interglacials and a moderate local summer insolation (Figure 7.2a). 

The largest annual mean Southern Ocean sea ice area at MIS-13 and 

MIS-17 are explained by the lowest CO2 concentration (Figure 7.2b) 

combined with low local summer insolation (Figure 7.2a). Our results 

show that both the annual mean Arctic and Southern Ocean sea ice 

area at MIS-19 is the closest to that at MIS-1 and is followed by MIS-

11 (Figure 7.1), which is in line with the proposition that MIS-19 is a 

better analogue for MIS-1 than MIS-11 (Tzekadis et al., 2012; Yin 

and Berger, 2012, 2015).  

 

Our results show that the Mid-Brunhes Event (MBE) (Yin and Berger, 

2010) appears to be significant in the Southern Ocean sea ice, which is 
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characterized by less sea ice in MIS-1, -5, -7, -9 and -11 than in MIS-

13, -15, -17 and -19, but it is not obvious in the Arctic sea ice (Figure 

7.1). This can be explained by the fact that the Southern Ocean sea ice 

is mainly dominated by CO2 which itself shows a clear MBE, while 

the Arctic sea ice is mainly dominated by local summer insolation 

which does not have clear MBE (Yin and Berger, 2012).  

 

The sea ice reconstruction in the Southern Ocean of Wolff et al. (2006) 

is one of the very few long sea ice reconstructions covering many 

glacial-interglacial cycles. Their results have a great consistency with 

our simulated results. Both the reconstructions and simulations show 

that MIS-13 and MIS-17 have the largest annual mean Southern 

Ocean sea ice and MIS-5 and MIS-9 have the smallest one (Figure 

7.3). A notable difference is in MIS-15 which has the second least sea 

ice in the reconstructions while it has a relatively large sea ice area in 

the simulations. This difference could originate from the uncertainty 

in both our model and the reconstructions. More model simulations 

and reconstructions would be helpful to understand better this model-

data discrepancy. 

 

Figure 7.3 Simulated annual mean Southern Ocean sea ice area (blue 

bars) in comparison to the EPICA Dome C sea salt flux (Wolff et al., 

2006) (green bars). The minimum values of the EPICA Dome C sea 

salt flux for each interglacial are used. 
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The sea ice variation during the interglacials is strongly coupled with 

the sea surface temperature and the surface energy budget over the 

polar oceans (Figure 7.4). High surface energy budget leads to warmer 

sea surface temperature and less sea ice, and vice versa. In both the 

Arctic and Southern Ocean, the highest surface energy budget at MIS-

9 and MIS-5 are explained by their relatively high local summer 

insolation (Figure 7.2a) and high CO2 concentration (Figure 7.2b), 

which lead to low sea ice area; while the lowest surface energy budget 

at MIS-13 can be explained by low local summer insolation (Figure 

7.2a) and low CO2 concentration (Figure 7.2b), which leads to high 

sea ice area. The Arctic and Southern Ocean sea ice conditions are 

also influenced by the variation in the poleward oceanic meridional 

heat transport across 60°N and 60°S respectively, although the 

variations of northward oceanic meridional heat transport across 60°N 

are relatively small between interglacials (Goosse and Renssen, 2001; 

Yin and Berger, 2012). The largest southward global oceanic 

meridional heat transport across 60°S at MIS-5 and MIS-9 could also 

have contributed to the lowest Southern Ocean sea ice area during 

these two interglacials (Figure 7.1b). 

 

Figure 7.4 Annual mean sea ice area, sea surface temperature and 

surface energy budget over the Arctic (40°N-90°N) and Southern 

Ocean (40°S-90°S). 
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7.3 Comparison of sea ice between the past interglacials and the 

present 

 

Figure 7.5a and Figure 7.5b show the annual and seasonal sea ice area 

anomaly of the last nine interglacials as compared to the PI. In the 

Arctic, the interglacials all have less annual mean sea ice than the PI, 

with the maximum sea ice decrease of about 22% at MIS-15 and the 

minimum decrease of about 11% at MIS-13 (Figure 7.5a). For each 

interglacial, the four seasons all have less sea ice, and the sea ice 

decrease in summer is much larger than in other seasons. As has been 

discussed in Section 7.2, most variation of the summer Arctic sea ice 

can be explained by insolation. Moreover, the CO2eq difference 

between the interglacials and the PI is relatively small, ranging from 4 

to 46 ppmv (Figure 7.2b). The much less summer sea ice during the 

interglacials is therefore mainly due to the much higher summer 

insolation during the past interglacials as compared to the PI (Figure 

7.2a). Figure 7.6 shows the detailed spatial comparison of the summer 

Arctic sea ice concentration between MIS-15, MIS-13 and the PI. As 

compared to the PI, the sea ice in the Barents Sea, North Greenland 

Sea, Labrador Sea and Beaufort Sea totally melts, and the sea ice 

concentration in the central Arctic largely decreases in MIS-15. The 

sea ice extent at MIS-13 is larger than that at MIS-15, but it still 

retreats in the Barents Sea and North Greenland Sea when compared 

to the PI. In the Paleoclimate Modelling Intercomparison Project 

(PMIP) simulations of the middle Holocene and the last interglacial, 

most models have also simulated less Arctic sea ice as compared to 

the PI due to the intensified summer insolation in the Arctic, and the 

sea ice anomaly simulated by LOVECLIM is at the middle value 

among the PMIP simulations (Kageyama et al., 2020; Otto-Bliesner et 

al., 2021). 
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Figure 7.5 Annual and local seasonal sea ice area anomaly during the 

last nine interglacials in the Arctic and Southern Ocean, relative to the 

PI experiment (a, b) and PD experiment (c, d). 

 

 

Figure 7.6 Simulated summer Arctic sea ice concentration at (a) MIS-

15, (b) MIS-13, (c) PI, (d) 2xCO2 and summer Southern Ocean sea ice 

concentration at (e) MIS-13, (f) MIS-9, (g) PI, (h) 2xCO2. 

 

In the Southern Ocean, most interglacials have less sea ice than the PI 

(Figure 7.5b), except MIS-13 and MIS-17 which have about 25%-30% 

more sea ice during local summer and autumn, leading to more annual 
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sea ice. As has been discussed in Section 7.2, both insolation and CO2 

play an important role in the summer Southern Ocean sea ice. The 

increased summer sea ice at MIS-13 and MIS-17 is due to their 

relatively low CO2 concentration (Figure 7.2b) and low local summer 

insolation (Figure 7.2a). On the contrary, due to high CO2 

concentration (Figure 7.2b) and high local summer insolation (Figure 

7.2a), the sea ice area at MIS-9 is about 25%-30% less than the PI 

(Figure 7.5b). As compared to the PI, the summer Southern Ocean sea 

ice at MIS-13 noticeably advanced, especially in the west Southern 

Ocean, which extended to 60°S (Figure 7.6). However, the summer 

Southern Ocean sea ice significantly retreated at MIS-9, and this 

retreat is also obvious in the west Southern Ocean (Figure 7.6). 

 

As compared to the PI which has a similar CO2 concentration to many 

interglacials, the CO2 concentration of the PD is much larger with an 

increase of 66 ppmv above the PI level. However, in terms of the 

comparison with the past interglacials, this larger amount of CO2 does 

not make significant difference between the PD (3.71*106 km2) and 

the PI (3.79*106 km2) in the Arctic sea ice. This is because the 

variation of the Arctic sea ice area is mainly controlled by summer 

insolation as explained in Section 7.2, which is assumed to be the 

same between the PI and the PD. In the Southern Ocean, the sea ice 

area in the PD (3.12*106 km2) is about 10% less than in the PI 

(3.42*106 km2) due to the increase of CO2. As a consequence, the sea 

ice area at MIS-17 and MIS-13, which is already well above the PI 

level, is even larger when compared to the PD, with an increase of 

about 50% in local summer and autumn (Figure 7.6d). The positive 

sea ice anomaly at MIS-7 and MIS-15 is also more pronounced when 

compared to the PD (Figure 7.5c). Compared to the PD, the warm 

interglacials MIS-5 and MIS-9 still have much less sea ice in the 

Southern Ocean, with a reduction of about 15% and 20% in the annual 

mean (Figure 7.5d). 
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7.4 Comparison of sea ice between interglacials and the future 

 

As compared to the PI, the annual mean Arctic sea ice decreases by 

about 1.8*106 km2 in the 2xCO2 experiment, a value which is at the 

low level among the PMIP simulations, and the south boundary of the 

sea ice in the North Atlantic largely shifts northward and the sea ice 

concentration in the central Arctic largely decreases (Figure 7.6). In 

the Southern Ocean, the annual mean sea ice in the 2xCO2 experiment 

decreases by about 5.6*106 km2 as compared to the PI which is at the 

high level among the PMIP simulations. In addition, the sea ice is 

mainly constrained around the Weddell sea and Ross sea in the 2xCO2 

experiment due to the significant decrease (Figure 7.6). 

 

It is shown in Section 7.3 that as compared to the present-day, all the 

nine interglacials have much less sea ice in the Arctic and many also 

have less sea ice in the Southern Ocean. Figure 7.7a shows that, as 

compared to the 2xCO2 experiment, in the Arctic, all the interglacials 

still have significantly less sea ice in summer due to much higher 

summer insolation, with the maximum decrease at MIS-15 and 

minimum decrease at MIS-13. At MIS-15, the sea ice south boundary 

in the North Atlantic retreats to the north of 75°N, and sea ice in the 

Beaufort Sea totally melts when compared to the 2xCO2 (Figure 7.6). 

The sea ice extent at MIS-13 is generally similar to the 2xCO2, but the 

sea ice concentration in the central Arctic is significantly less (Figure 

7.6). On the other hand, there is more sea ice in other seasons for most 

interglacials due to their much lower CO2 concentration. In the annual 

mean, the sea ice area in MIS-5, MIS-9 and MIS-15, which have the 

highest summer insolation in the northern high latitudes, is still 

smaller than the future by about 7%, whereas MIS-7, MIS-11, MIS-13 

and MIS-17 have more annual sea ice than the future. The annual sea 

ice area of MIS-1 and MIS-19 is very close to that of the future, which 

means that in terms of annual sea ice area in the Arctic, the effect of a 

CO2 increase of about 295 ppmv is balanced by the effect of an 

increase of summer insolation at 65°N by 50 W/m2. 
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In the Southern Ocean, the interglacials all have much more annual 

mean sea ice than the future (Figure 7.7b), with the MIS-13 maximum 

annual mean sea ice being about 134% larger and the MIS-9 minimum 

about 62%. These are consistent with SST changes in the southern 

high latitudes (40°S-90°S), this SST of the 2xCO2 experiment being 

2.23℃ higher than MIS-13 and 1.20℃ higher than MIS-9. In addition, 

the meridional ocean heat transport across 60°S in the 2xCO2 

experiment is increased by about 28% and 11% as compared to that in 

MIS-13 and in MIS-9 respectively. The substantial increase of the 

meridional ocean heat transport implies that the impact of the tropical 

oceans on Antarctica climate would be stronger in the future than the 

past interglacials due to increased CO2 concentration. For each 

interglacial, the four seasons all have more sea ice, and the sea ice 

increase in summer is the largest (Figure 7.7b). This is due to the 

dominant role of CO2 on the Southern Ocean sea ice, and the much 

lower CO2 concentration during the interglacials than the future. 

 

Figure 7.7 Annual and local seasonal sea ice area anomaly during the 

last nine interglacials in the (a) Arctic and (b) Southern Ocean, 

relative to 2xCO2 experiment. 

 

7.5 Conclusions 

 

In this study, the sea ice of the last nine interglacials, as well as their 

differences from the present and future are investigated through 

simulations with the LOVECLIM model. Our results show that the sea 

ice variations between the interglacials are different between the 

Arctic and Southern Ocean. In the Arctic, MIS-15, MIS-9 and MIS-5 

have the smallest annual mean sea ice area, and MIS-13 has the 

largest one. The annual mean Arctic sea ice area variation is 
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dominated by the variation in summer, which is mainly controlled by 

local summer insolation. Thus, the annual mean Arctic sea ice 

variation is mainly explained by summer insolation. However, in the 

Southern Ocean, the annual mean sea ice variation is mainly explained 

by the CO2 concentration, but the effect of insolation can’t be ignored. 

MIS-13 and MIS-17 have the largest annual mean Southern Ocean sea 

ice area, which is mainly explained by their lowest CO2 concentration 

combined with low local summer insolation.  

 

It has been shown in Section 2.2 that LOVECLIM1.2 belongs to high-

sensitivity models in terms of temperature and sea ice response to 

2xCO2 in the SH while it belongs to low-sensitivity models in the NH. 

It could be argued that this could be responsible for our finding that 

the Arctic sea ice variation during the past intergalcials is dominated 

by local summer insolation whereas the Southern Ocean sea ice 

variation is dominated by CO2. However, we would like to note and 

stress that our simulated variations of Arctic and Southern Ocean sea 

ice are in good consistency with the sea ice reconstructions based on 

proxy records. For example, the sea ice record in the central Okhotsk 

Sea show that the Arctic sea ice is dominated by precession over the 

last 130 ka (Lo et al., 2018), whereas the sea ice reconstruction from 

Southern Ocean shows strong glacial-interglacial cycles like in the 

CO2 record (Wolff et al., 2006). These are in line with our simulated 

results, showing the robustness of our finding on the interglacial 

climates.   

 

As compared to the present (both the PI and PD experiments), the 

interglacials all have less annual mean Arctic sea ice, which is 

explained by the much higher summer insolation in the Arctic during 

the interglacials. As compared to the future, in the Arctic, all the 

interglacials still have significantly less sea ice in summer due to 

much higher summer insolation, with the maximum sea ice decrease 

of about 50% at MIS-15. But there is more sea ice in other seasons for 

most interglacials due to their much lower CO2 concentration. In the 

Southern Ocean, the interglacials all have much more sea ice than the 
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future due to their much lower CO2 concentration, with the maximum 

annual mean sea ice increase of about 134% at MIS-13. 

 

In terms of the potential analogue of our present interglacial, our 

results show that MIS-19 is the closest to MIS-1 in terms of the Arctic 

and Southern Ocean sea ice. However, when compared with the 

present condition (the PI or PD), the last nine interglacials all show 

significant differences in the Arctic and Southern Ocean sea ice and in 

particular show greater seasonal differences. These differences are 

mainly due to the different seasonal insolation distribution between 

the intergalcials and the present. Therefore, in the search of potential 

analogue of the present or future climate, the seasonal climate 

variations deserve to be considered. Our results show that, compared 

to the 2xCO2 experiment, the last nine interglacials all have much 

reduced sea ice in the Arctic due to much higher summer insolation. 

Thus, in terms of the changes of Arctic sea ice and related processes 

and feedbacks, the past interglacials could possibly be considered as 

analogue for the future, although the major cause is different, i.e. 

insolation for the interglacials and CO2 for the future. However, it is 

hard to consider the interglacials as analogue for the future in terms of 

the Southern Ocean sea ice, because all the interglacials have much 

more sea ice than the 2xCO2 experiment in the Southern Ocean due to 

their much lower CO2 concentration. 
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Chapter 8 Conclusions and perspectives 

 

8.1 Conclusions 

 

Understanding the response of the climate system to astronomical 

parameters, GHG and ice sheets, as well as the half-precession cycles 

during the past warm periods is an important topic in paleoclimate 

study. It is not only fundamental research, but could also help better 

understand our present warm climate and its future evolution. This 

thesis aims at investigating the response of different climatic variables 

at different regions to astronomical parameters, GHG and NH ice 

sheets, as well as the half-precession signals during the nine 

interglacials of the last 800 ka based on both snapshot and transient 

simulations using the model LOVECLIM. With the two versions of 

LOVECLIM, LOVECLIM1.2 and LOVECLIM1.3, 28 long transient 

simulations without acceleration and more than 40 snapshot 

simulations are performed.  

 

The individual effect of astronomical parameters, CO2 and NH ice 

sheets is first investigated. In terms of the astronomical parameters, 

the annual mean Arctic sea ice is dominated by precession, while the 

annual mean Southern Ocean sea ice is dominated by obliquity. The 

annual mean Arctic sea ice is dominated by its variation in summer, 

which is mainly controlled by the local summer insolation that in turn 

is mainly a function of precession. It is also influenced by the 

northward oceanic heat transports which is also dominated by 

precession. While in the Southern Ocean, the annual mean sea ice 

variations are more equally influenced by the variations in the four 

seasons with the amplitude being slightly larger in local summer, and 

the summer Southern Ocean sea ice variation is also dominated by 

obliquity. These lead to that obliquity is more important in the 

Southern Ocean sea ice. The effect of obliquity on the annual mean 

Southern Ocean sea ice is mainly through its influence on the local 

insolation and also on the SH westerly winds. For the SST at low 

latitudes of both hemispheres, precession plays a dominant role. For 
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the SST in the mid and high latitudes, precession is more important in 

the NH, while obliquity is more important in the SH. Our results also 

show that when eccentricity is small, which leads to small variation of 

precession, obliquity could play a more important role than precession. 

If the effect of CO2 is considered, our results show that it is more 

important in the SST at mid-high latitudes and sea ice in the SH than 

in the NH, and the amplitude of variation of SST at low latitudes is 

smaller than at mid-high latitudes.    

 

Our sensitivity experiments show that the closure of the Hudson Bay 

could lead to a strengthening of the AMOC, which in turn leads to a 

warming in the NH with the notable warming in the Labrador Sea and 

northeast North Atlantic, a cooling in the SH and a northward shift of 

the ITCZ. The sea ice declines obviously in the Labrador Sea due to 

the largest warming there, while the sea ice increases in the southeast 

Greenland due to the sea ice export, and it leads to a cooling in the 

east Greenland due to the sea ice-temperature feedback. On the other 

hand, there is an obvious cooling over the Hudson Bay, which can be 

explained by the land ice albedo and topography effect when the 

Hudson Bay is closed. In addition, there are more precipitation in the 

Labrador Sea and northeast North Atlantic and less precipitation in the 

Hudson Bay and east Greenland, which is induced by the vertical 

motion anomaly caused by the different warming and cooling in these 

regions. However, the effect of the Hudson Bay closure depends on 

background climate conditions, and it could weaken or slightly 

reinforce the effect of the ice sheets for different astronomical 

configurations. As compared to the effect of NH ice sheets, the effect 

of Hudson Bay closure could be significant especially in the regions 

of Labrador Sea, Hudson Bay and North Atlantic. Our results suggest 

that it is better to consider the changes of the Hudson Bay in the 

simulations with large North American ice sheet. However, due to the 

coarse resolution of LOVECLIM, the effect of Hudson Bay needs to 

be tested and confirmed with high-resolution ocean models. 

 

If the individual influence of the NH ice sheets is considered, both the 

Southern Ocean sea ice and the SST at SH mid-high latitudes have a 
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high correlation with the NH ice volume. A high NH ice volume leads 

to a cooling at SH mid-high latitudes and more Southern Ocean sea 

ice. While the relationships between the NH ice sheets and the Arctic 

sea ice and the NH mid-high latitude SST appear more complex and 

non-linear. The effect of the NH ice sheets depends on their size, 

location and the NH summer insolation. Insolation plays a dominant 

role on the Arctic sea ice and the SST at NH mid-high latitudes, while 

NH ice sheets play a dominant role on the Southern Ocean sea ice and 

the SST at SH mid-high latitudes. The SST at low latitudes of both 

hemispheres is dominated by CO2 and NH ice sheets. These model 

results are in line with proxy records which show strong precession 

cycles in the Arctic sea ice variations but strong 100-ka glacial-

interglacial cycles in the Southern Ocean sea ice. It is worth noting 

that in our transient simulations with varied NH ice sheets, the sea 

level change is not considered. Some model results show that changes 

of sea level could have a great effect on global and regional climate 

(Zhang et al., 2023). A more complete study of the effect of ice sheets 

should also consider sea level changes. 

 

Both proxy records and model simulations are used to systematically 

investigate the half-precession cycles. A compilation of the half-

precession signals during the Quaternary has been made based on 

published records containing clear half-precession cycles. The results 

show that the half-precession cycles are mainly concentrated in the 

tropics and North Atlantic. The reanalysis of seven long, high-

resolution proxy records shows that the half-precession signals vary 

with time and between different records. The LOVECLIM model 

results show that the half-precession signals could result from both 

external forcing and internal feedbacks. For example, in response to 

maximum equatorial insolation, the half-precession signals could be 

recorded in the different climatic variables near the Equator, such as 

precipitation, SAT and SST. Our model results also show that the 

half-precession signals at low latitudes could be transported to mid 

and high latitudes via atmospheric and oceanic circulations, 

confirming the hypothesis made from proxy records. In addition, the 

half-precession signals could be recorded in the grass fraction in the 
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Asian and African monsoon regions due to vegetation feedbacks. The 

half-precession signals in these climatic variables are influenced by 

different forcing factors. High eccentricity (and therefore large 

variation of precession) and small variation of obliquity would 

amplify the half-precession signals, and vice versa. GHG and ice 

sheets tend to weaken the half-precession signals. The half-precession 

cycles have been recorded in many proxy records, but most climate 

models failed to capture the half-precession cycles. In our simulated 

results, we have found the half-precession cycles in major climate 

variables in different latitudes. The reason that the half-precession 

cycles could not be reproduced in many other models is probably 

because 100 times acceleration is often used in the GCM simulations 

(Lu et al., 2019).   

 

Finally, the sea ice of the past interglacials is compared with the sea 

ice of the present-day and the future. Our results show that insolation 

is more important in the Arctic sea ice, while CO2 is more important 

in the Southern Ocean sea ice. Due to the effect of high summer 

insolation during the last nine interglacials, they all have much less 

annual and seasonal Arctic sea ice as compared to the present-day, and 

they also have much less summer Arctic sea ice as compared to the 

future. For the Southern Ocean, the simulated future sea ice is much 

reduced as compared to the past interglacials due to much higher CO2 

concentration, which questions the possibility of using past 

interglacials as analogue for the future at least as far as the Southern 

Ocean is concerned. 

 

8.2 Perspectives 

 

This thesis investigates the climate response to astronomical 

parameters, CO2 and NH ice sheets, as well as the half-precession 

cycles during selected glacial-interglacial periods over the past 800 ka, 

including the forcing mechanisms, internal climate processes and 

feedbacks. However, some limitations can still be found in the current 

study and could be improved in the future. 
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First, it has been shown that LOVECLIM has a weak representation in 

the tropical regions. To have a better understanding of the tropical 

climate and the low-high latitude interactions, more complex GCMs 

could be used to perform sensitivity experiments and to test the results 

obtained in this thesis. 

 

Second, although part of the transitions of the glacial termination and 

inception before and after each interglacial are included in the 

simulation periods, this thesis focuses on the interglacials over the 

past 800 ka. To have a larger view especially on the effect of GHG 

and ice sheets, longer simulations covering full glacial-interglacial 

cycles would be helpful. 

 

Third, this thesis focuses on the response of sea ice and SST on 

different latitudinal bands. Paleoclimate records show that the climate 

response to different forcings is very diverse at regional scale. 

Therefore, the spatial diversity of more climate variables will be 

investigated in future studies. 

 

Fourth, the NH ice sheets used in this study are those simulated by 

Ganopolski and Calov (2011). In the future, more scenarios of ice 

sheets including the SH ice sheets could also be considered to test the 

robustness of the results obtained in this thesis. Sensitivity 

experiments could also be performed to investigate the individual 

effect of the size and location of the ice sheets under different 

background climate conditions (e.g. high and low summer insolation 

and CO2 concentration). 

 

Fifth, the land-sea mask (expect over the Hudson Bay) and sea level 

are fixed in our simulations. Their effects could be considered in 

future studies. In addition, transient simulations including ice sheet 

dynamics would be needed to have a better understanding of the 

climate response to astronomical forcing especially the half-

precession cycles. 
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Finally, more high-resolution proxy records with clearly defined 

climate signals and good chronology would be needed. This would 

help to reduce the uncertainties in the paleoclimate interpretation of 

the proxy records and their chronology, and to improve proxy-model 

comparison.  
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Supplement to Chapter 3 

 

Figure S3.1 The seasonal (local seasons are used) geographical 

distribution of the Arctic and Southern Ocean sea ice at a precession 

maximum (496 ka BP). 
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Figure S3.2 The seasonal (local seasons are used) geographical 

distribution of the Arctic and Southern Ocean sea ice at a precession 

minimum (486 ka BP). 

 

Table S3.1 Regression coefficients of a linear multiple regression 

between the insolation-induced climatic variables (the predictand) and 

E (eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the simulation period between 511 

and 460 ka BP. The variables are annual mean sea ice fraction and sea 

surface temperature. All the values have been standardized to have the 

regression coefficients representing comparable weights of the 

predictors on the predictand. 
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Table S3.2 Regression coefficients of a linear multiple regression 

between the insolation-induced climatic variables (the predictand) and 

E (eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the simulation period between 460 

and 417 ka BP. The variables are annual mean sea ice fraction and sea 

surface temperature. All the values have been standardized to have the 

regression coefficients representing comparable weights of the 

predictors on the predictand. 

 

 

Table S3.3 Regression coefficients of a linear multiple regression 

between the surface energy budget (the predictand) and E 

(eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the simulation period between 511 

and 460 ka BP. The surface energy budget has been standardized to 

have the regression coefficients representing comparable weights of 

the predictors on the predictand. 

 

 

 

 

 

 

 

 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.90 0.72  0.86 0.66 

E 0.07 0.19  0.07 0.11 

O 0.43 0.74  0.42 0.78 

P -0.86 -0.39   -0.84 -0.21 
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Table S3.4 Regression coefficients of a linear multiple regression 

between the surface energy budget (the predictand) and E 

(eccentricity), O (obliquity) and P (precession) (the predictors). The 

calculation is based on the data of the simulation period between 460 

and 417 ka BP. The surface energy budget has been standardized to 

have the regression coefficients representing comparable weights of 

the predictors on the predictand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  surface energy budget 

  40°N-90°N 40°S-90°S   60°N-90°N 60°S-90°S 

R2 0.92 0.89  0.87 0.92 

E -0.02 0.11  -0.14 0.09 

O 0.91 0.98  0.95 0.99 

P -0.36 -0.17   -0.32 -0.14 
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Supplement to Chapter 6 

 

Figure S6.1 Variations of the seven high-resolution proxy records (left) 

and their wavelet transform results (right). (a) the Greenland synthetic 

δ18O (Barker et al., 2011); (b) Si/Sr of IODP U1308 (Hodell et al., 

2008); (c) Ca/K of Lake Ohrid sediment (Vogel et al., 2010); (d) 

Ca/Ti of IODP U1385 (Hodell et al., 2015); (e) loess grain-size stack 

(Sun et al., 2021b); (f) composited stalagmite δ18O (Cheng et al., 

2016); (g) DEC CH4 (Loulergue et al., 2008). 
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Figure S6.2 The continuous wavelet transform results of the 

precipitation, SAT and SST at the Equator (10°S-10°N) in the 

OrbGHG and OrbGHGICE experiments during MIS-13. 
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Figure S6.3 Variations of the annual mean grass fraction in the “Asian” 

and “African” monsoon regions in the Orb experiments during MIS-

19 and MIS-11. (a1, a2) obliquity (blue line) and precession (red line) 

(Berger and Loutre, 1991), (b1, b2) the annual mean grass fraction 

variations in the “Asian” monsoon region, the grey lines are the origin 

data (1000-year running mean), and the blue lines are the result of the 

high-pass filter (<14 ka), (c1, c2) are the same as (b1, b2), but for the 

“African” monsoon region. 

 



 

144 

 

 
Figure S6.4 Variatins of the annual mean grass fraction in the “Asian” 

and “African” monsoon regions in the OrbGHG and OrbGHGICE 

experiments during MIS-13. (a) obliquity (blue line) and precession 

(red line) (Berger and Loutre, 1991), (b) the CO2 concentration 

(yellow line, Lüthi et al., 2008) and NH ice volume anomaly as 

compared to the PI (dark green line, Ganopolski and Calov, 2011), (c) 

the annual mean grass fraction variations in the “Asian” monsoon 

region, the black line represents the origin data (1000-year running 

mean), and the dashed yellow line is the result of 9-11 ka filter in the 

OrbGHG experiment; the grey line represents the origin data (1000-

year running mean), and the dashed dark green line is the result of 9-

11 ka filter in the OrbGHGICE experiment. (d) is the same as (c), but 

for the “African” monsoon region. 
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