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Abstract The individual contributions of insolation and

greenhouse gases (GHG) to the interglacial climates of the

past 800,000 years are quantified through simulations with a

model of intermediate complexity LOVECLIM and using

the factor separation technique. The interglacials are com-

pared in terms of their forcings and responses of surface air

temperature, vegetation and sea ice. The results show that the

relative magnitude of the simulated interglacials is in rea-

sonable agreement with proxy data. GHG plays a dominant

role on the variations of the annual mean temperature of both

the Globe and the southern high latitudes, whereas, insola-

tion plays a dominant role on the variations of tree fraction,

precipitation and of the northern high latitude temperature

and sea ice. The Mid-Brunhes Event (MBE) appears to be

significant only in GHG and climate variables dominated by

it. The results also show that the relative importance of GHG

and insolation on the warmth intensity varies from one

interglacial to another. For the warmest (MIS-9 and MIS-5)

and coolest (MIS-17 and MIS-13) interglacials, GHG and

insolation reinforce each other. MIS-11 (MIS-15) is a warm

(cool) interglacial due to its high (low) GHG concentration,

its insolation contributing to a cooling (warming). MIS-7,

although with high GHG concentrations, can not be classi-

fied as a warm interglacial due to it large insolation-induced

cooling. Related to these two forcings, MIS-19 appears to be

the best analogue for MIS-1. In the response to insolation,

the annual mean temperatures averaged over the globe and

over southern high latitudes are highly linearly correlated

with obliquity. However, precession becomes important in

the temperature of the northern high latitudes and controls

the tree fraction globally. Over the polar oceans, the response

during the local winters, although the available energy is

small, is larger than during the local summers due to the

summer remnant effect. The sensitivity to double CO2 is the

highest for the coolest interglacial.
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1 Introduction

As we are presently in an interglacial (the Holocene)

which, in addition, is predicted to be exceptionally long

(Berger and Loutre 2002), past interglacials are particularly

relevant to better understand our warm climate and its

future. Climate variations of the last 3 million years are

characterized by glacial-interglacial cycles which are

generally believed to be driven by astronomically induced

insolation changes. From 3 to 1 million years ago, climate

variation was characterized by a 41-ka (ka = 1,000 years)

quasi-cyclicity. After the Mid-Pleistocene Transition, at

about 900 ka BP, this cyclicity became progressively

100 ka. Moreover, during the last 1 million years, the

amplitude of glacial-interglacial climate cycles increased

substantially after the MBE (about 430 ka ago) as recorded

in marine oxygen isotope and Antarctica ice core records

(Fig. 1) (e.g. Lisiecki and Raymo 2005; Jouzel et al. 2007;

Luthi et al. 2008). With terrestrial records, these data

provide a quite complete view of the range and underlying

physics of natural climate variability and those related to

the interglacials (Tzedakis et al. 2009). These interglacials

allow investigating climate processes and their induced
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feedbacks during warm periods that are characterized by

different combinations of the climate forcings such as

insolation, GHG and ice sheets.

The key questions related to the interglacials are (1) why

the pre-MBE interglacials appear to be cooler than the

post-MBE ones, (2) why individual interglacials are dif-

ferent from each other in their intensity, duration, internal

variability and climate forcings or equivalently (3) what are

the pure contributions of the forcings to the diversity of the

interglacials, (4) what are the specific role played by the

most important feedbacks, and (5) what is the sensitivity of

the climate system, a key point for predicting the future

climate change. Yin and Berger (2010) attempted to answer

the first question. Quantifying the pure and combined

contributions of GHG and of insolation to surface air

temperature, vegetation and sea ice is the main purpose of

this study, along with stressing the importance of some key

feedbacks like the summer remnant effect over the polar

oceans and providing some results about the climate sen-

sitivity during the different interglacials. This can be done

by using the most appropriate climate models. The current

generation of atmosphere–ocean general circulation model

and Earth system model of intermediate complexity is

capable to simulating surface air temperate distributions

particularly well. Although uncertainties remain, it is

expected they can be used to discuss the duration, the

intensity and evolution of the different interglacials as well

as to evaluate how they respond to strong changes in the

forcing. During the last decade, numerous efforts have

been made in this direction for the most recent intergla-

cials, e.g. the Holocene (e.g. Ganopolski et al. 1998), the

Eemian (e.g. Crucifix and Loutre 2002) and the last five

interglacials (Loutre et al., 2007).

With the available GHG concentrations over the past

800 ka provided by the Antarctica ice cores (Luthi et al.

2008; Loulergue et al. 2008; Schilt et al. 2010), it became

possible to simulate the climates of this long time interval.

This allowed us to quantify the climate response to the two

primary forcings, insolation and GHG, at the estimated

peaks of the last nine interglacials. This is done through

snapshot simulations using an Earth system model of

intermediate complexity and the factor separation method

by Stein and Alpert (1993). A description of the model and

experimental design is given in Sect. 2, and the reference

climate is introduced in Sect. 3. In Sect. 4, the pure and

combined contributions of GHG and insolation to the

surface temperature are discussed. The relative importance

of insolation and GHG on vegetation and sea-ice is quan-

tified in Sects. 5 and 6, respectively. The results are sum-

marized in the final section.

Fig. 1 Benthic d18O (Lisiecki

and Raymo 2005), astronomical

parameters (Berger 1978) and

CO2 concentration (Luthi et al.

2008) of the past 800 ka. The

dots on the d18O curve indicate

the selected peaks of the marine

isotope stages, and those on the

precession curve indicate the

selected dates of NH summer at

perihelion
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2 Model and experiment design

The model used in this study, LOVECLIM, is a three-

dimension Earth system model of intermediate complexity.

It includes the representation of the atmosphere, the ocean

and sea ice, the land surface (including vegetation), the ice

sheets and the carbon cycle. In this study, the atmosphere

(ECBilt), the ocean-sea ice (CLIO) and the terrestrial

biosphere (VECODE) components are interactively cou-

pled, but the ice sheet and the carbon cycle components are

kept to their present values. ECBilt is a quasi-geostrophic

atmospheric model with 3 levels and a T21 horizontal

resolution (Opsteegh et al. 1998). CLIO is made up of an

ocean general circulation model coupled to a comprehen-

sive thermodynamic-dynamic sea-ice model (Goosse and

Fichefet 1999). Its horizontal resolution is 3� by 3�, and

there are 20 levels in the ocean. VECODE is a reduced-

form model of vegetation dynamics and of the terrestrial

carbon cycle (Brovkin et al. 1997). It computes the evo-

lution of the vegetation cover described as a fractional

distribution of desert, tree and grassland at the same res-

olution as that of ECBilt. LOVECLIM has been used in a

large number of climate studies of the past, present and

future. More information about the model and a complete

list of references is available at http://www.astr.ucl.ac.be/

index.php?page=LOVECLIM%40Description.

The strategy adopted here for selecting insolation and

GHG forcings for each of the last nine interglacials is the

same as in Yin and Berger (2010). First, the peaks of the

interglacials of the benthic d18O stack (Lisiecki and Ra-

ymo 2005) were selected (Fig. 1; Table 1). For most of

them this can be done unequivocally. There is however a

difficulty for MIS-15 and MIS-7. In both cases, two main

peaks are present separated by about 30–40 ka (Fig. 1). In

MIS-15, in addition to MIS-15.1, there is a single peak at

610 ka BP (MIS-15.3). In MIS-7, in addition to MIS-7.5,

there is a broad peak covering 17 ka with maxima at

217 ka BP (MIS-7.3) and at 200 ka BP (MIS-7.1). The

reason why we first selected MIS-7.5 and MIS-15.1 for

these two interglacials is because they correspond to

absolute d18O minima. It is also based upon the

assumption that the astronomical forcing is partly

responsible for the interglacials and leads to about 100 ka

between them. However, MIS-15.3 and MIS-7.3 deserve

more attention.

Second, following the hypothesis that an interglacial is

caused by a maximum insolation in the northern hemi-

sphere (NH) during its summer (Kukla et al. 1981), the

astronomical parameters (Berger 1978) were taken at the

dates when NH summer occurs at perihelion just preceding

the d18O peaks. Table 1 shows that these dates correspond

quite well to the peaks of the d18O curve (as expected from

an astronomically tuned record) if we accept that the

response time of the climate system to the astronomically

induced insolation is a few thousands of years. This lag

means also that the d18O peaks occur close to a time when

fall equinox is at perihelion. However, during MIS-17, NH

summer at perihelion occurs 3 ka later than the d18O peak.

Moreover, for MIS-13.1, the peak we selected is at 501 ka

BP (like in SPECMAP Imbrie et al. 1984), although it is at

491 ka BP in the LR04 stack (Lisiecki and Raymo 2005).

The reason of our choice is that this 491-kaBP peak occurs

4 ka after NH summer at aphelion, a situation associated

more naturally to a cold period than to a warm one. On the

contrary, the 501-kaBP peak occurs 5 ka after NH summer

at perihelion, which fits better our hypothesis. This LR04

‘‘anomalous’’ relationship between insolation and the

interglacial peaks at MIS-13 and MIS-17, if not confirmed

by other proxies and/or climate simulations, will have to be

discussed further by testing the accuracy of the time scales

and/or of the intensity of the peaks. On the contrary, if it

appears to be confirmed, it is the straightforward relation-

ship between climate and the astronomical forcing which

will have to be revisited and/or complemented.

Third, in order to maximize the response of the climate

model, the GHG concentrations were taken at the dates of

the CO2 peaks just preceding the d18O ones (Table 1). To

test the robustness of our results, different scenarios for the

GHG concentrations have been used. These additional

sensitivity experiments show that our conclusions are not

affected by the strategy used (supplementary information

of Yin and Berger 2010).

Finally, to isolate the pure contributions of insolation and

of GHG, the factor separation technique by Stein and Alpert

(1993) was used. This method allows the identification of the

individual contribution of each factor to any climatic vari-

able as well as their synergistic effects. It has been used in

many modeling studies to quantify the relative importance

of specific processes and their interactions as, for example,

for the Holocene (Berger 2001; Claussen et al. 2001) and the

Eemian (Crucifix and Loutre 2002). In all these studies, the

factor separation method has been applied to components of

the climate system such as the ocean, the atmosphere and the

vegetation whereas, in this paper, it is applied to the two

climate forcings, insolation and GHG. This requires four

experiments to be made which are labeled 00, 01, 10 and 11

for any climatic variable, f. In the reference experiment

(leading to f00), the averages of the astronomical parameters

and of the GHG concentrations of the nine interglacials are

used in order to make the intercomparison between the in-

terglacials easier. In the control experiments (leading to f11),

both insolation and GHG are taken at their interglacial lev-

els. In the other two simulations, only one factor is allowed

to change at a time from its reference to its interglacial level

(insolation in f10 and GHG in f01). The pure contributions of

insolation and of GHG to any climate variable are
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symbolized by bf10 and bf01, respectively, and the contribution

of their interactions (synergism) is symbolized by bf11.

According to Stein and Alpert (1993), we have:

bf10 ¼ f10 � f00 ð1Þ
bf01 ¼ f01 � f00 ð2Þ
bf11 ¼ f11 � ðf10 þ f01Þ þ f00 ¼ f11 � f00 � bf10 � bf01 ð3Þ

Each interglacial needs three experiments to be made, f11,

f10, and f01, which with the common reference experiment

f00, leads to a total of 28 experiments. They are 1,000-year

long simulations and the last 100-year average climatology

is analyzed. bf10 and bf01 are primarily analyzed in this paper,

the synergism being relatively small.

3 The reference climate

To understand better the reference climate, we compare it

with the simulated Pre-Industrial climate. The CO2eq con-

centration of f00 is 14 ppmv lower than the Pre-Industrial one

(266 vs. 280 ppmv). Its eccentricity is larger (0.032936 vs.

0.016724) as well as its obliquity (23.829� vs. 23.446�).

Its NH summer occurs at perihelion, a situation opposite to

Pre-Industrial time. Such a difference in the astronomical

parameters leads to much more insolation received over the

Earth during boreal summer and much less insolation during

boreal winter in f00 than in Pre-Industrial. As a result, the f00

climate is 0.2�C warmer than Pre-Industrial for the global

annual mean temperature. It is 1.1�C warmer during boreal

summer and 0.59�C cooler during boreal winter. During

boreal summer, the lower CO2eq concentration reduces the

insolation-induced warming, and during boreal winter, it

strengthens the insolation-induced cooling. At the regional

scale, in boreal summer (Fig. 2a), f00 is warmer than

Pre-Industrial over almost the whole Earth with the largest

warming, by up to 7�C, over all the continents and the

Southern Ocean. In boreal winter (Fig. 2b), f00 is much

cooler over all the continents, but is warmer by up to 1�C

over the Southern Ocean and by up to 6�C over the Arctic

and its surrounding lands. Consistently, the sea ice area is

largely reduced in the reference experiment. In the NH, this

reduction mainly happens in boreal summer with a decrease

of 57% as compared to the Pre-Industrial. In the SH, this

reduction mainly happens during austral summer with the

largest decrease of 20% in November.

Compared to Pre-Industrial time (Fig. 2c), the tree

fraction in f00 increases largely over northern Eurasia (up to

30%), northern North America (by up to 50%), central Asia

(by up to 50%), and northern tropical-subtropical regions

(by up to 50% over North Africa and the Middle East, and

by up to 20% over South and East Asia). In the VECODE

model of LOVECLIM, the tree-fraction is a function of

GDD0 (growing degree days above 0�C) and annual pre-

cipitation (Brovkin et al. 1997). Analysis of these two

parameters shows that this increase in the tree fraction of

f00 over the low latitudes is mainly due to a large increase

in annual precipitation caused by a stronger monsoon, and

in the high latitudes, it is due to both an increase in GDD0

and an increase in the annual precipitation.

All these differences between the reference experiment

and the Pre-Industrial one must be kept in mind when using

present-day climate as a reference.

4 Surface air temperature

4.1 Pure contribution of GHG

As expected from the greenhouse effect, there is an almost

perfectly linear relationship between the GHG forcing and

Table 1 Astronomical parameters (Berger 1978) and GHG concentrations (Luthi et al. 2008; Loulergue et al. 2008; Schilt et al. 2010) of the

control experiments f11 for the past nine interglacials

MIS Dates of d18O

peaks (ka BP)

Astronomical parameters GHG concentrations CO2eq

(ppmv)

65�N Insolation

(W m-2) at summer

solsticeDates

(ka BP)

Eccentricity Obliquity Dates

(ka BP)

CO2

(ppmv)

CH4

(ppbv)

N2O

(ppbv)

1 6 12 0.019608 24.152 10.5 267 659 272 264 529

5.5 123 127 0.039378 24.040 128.5 287 724 262 284 549

7.5 239 242 0.034033 23.262 242 279 691 266 276 528

9.3 329 334 0.031539 24.239 333 295 794 287 300 543

11.3 405 409 0.019322 23.781 407.5 285 713 285 286 522

13.13 501 506 0.034046 23.377 517.5 247 508 258 237 531

15.1 575 579 0.047152 24.17 579 253 614 268 248 560

17 696 693 0.045154 23.438 695.5 237 637 272 234 544

19 780 788 0.026196 24.003 786.5 260 728 303 265 533
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its induced temperature (Fig. 3a). MIS-9 with the highest

CO2eq (300 ppmv) and MIS-17 with the lowest CO2eq

(234 ppmv) are respectively the warmest and the coolest

GHG-induced interglacials. The difference in the global

annual mean temperature between these two extremes

amounts to 0.61�C. This must be compared to 1.6�C, the

model equilibrium climate sensitivity to a doubling of CO2

at the pre-industrial condition. This sensitivity, being at the

lower end of the range obtained from other GCMs (e.g.

Randall et al. 2007), is responsible for our model under-

estimating the temperature response.

At the regional scale, for all the interglacials, the impact

of GHG on temperature is much larger over the high lati-

tudes than over the low latitudes both annually and sea-

sonally (Fig. 4), a typical feature seen in many greenhouse

experiments performed with coupled atmosphere–ocean

models (e.g. Manabe and Stouffer 1980; Murphy and

Mitchell 1995). This is mainly due to the positive snow and

sea-ice albedo-temperature feedback in the high latitudes

and to the difference between the lapse rates of low and

high latitudes. At the seasonal scale, the thermal insulation

effect of sea ice and the ocean heat capacity play a major

role to explain the response of surface air temperature over

the polar oceans being larger during local winters than

during local summers. For example, during boreal summer

(Fig. 4), the impact is the largest over the Southern Ocean

(where it is winter), whereas it is quite small over the

Arctic Ocean. During boreal winter, the impact increases

over the Arctic, but it decreases over the Southern Ocean.

4.2 Pure contribution of insolation

As shown in Fig. 5a, the insolation contributes to warm the

interglacials MIS-9, MIS-15, MIS-5, MIS-1, MIS-19, but
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to cool MIS-7, MIS-13, MIS-11 and MIS-17 as compared

to the reference experiment. It is not straightforward to

explain such a response of the annual mean temperature to

the insolation distribution which varies with seasons and

latitudes (Fig. 6). Our results show that the insolation-

induced global annual mean temperature is highly corre-

lated with the average temperature between the two sum-

mer hemispheres which in turn is closely correlated with

their local summer insolation, or equivalently to obliquity

(Fig. 3b). The relationship between insolation and obliq-

uity finds its origin in different parameters. First, the

selection of NH summer at perihelion for identifying the

interglacials removes the large control of daily insolation

by the longitude of perihelion leaving its difference

between the interglacials being only a function of obliquity

and eccentricity. An increase of obliquity increases the

daily insolation over the latitudes of the summer hemi-

spheres with a maximum at the poles (Berger and Loutre

1994). Second, the total irradiation over a whole hemi-

sphere in summer is a monotonic function of obliquity.

Third, a higher obliquity leads to a higher irradiation over

the local summer season at high latitudes of both hemi-

spheres and to a lower one over the rest of the Earth

(Berger et al. 2010). Although these higher and lower

insolations compensate at least partly, the stronger

response of the high latitudes due to the sea ice and the

snow albedo-vegetation feedbacks, explains the net effect

of obliquity on global annual temperatures and why tem-

perature anomalies at high latitudes have the same sign in

both hemisphere with the notable exception of MIS-1 and

MIS-19 (see below).

At the annual and regional scale (Fig. 7a), the most

important difference between the surface temperature of

the nine interglacials is over the polar regions. Our results

show that the annual mean temperature over these regions

is primarily controlled by obliquity, but the contribution of

precession (here eccentricity) is larger in the northern high

latitudes than in the southern ones (Table 2). Although the

variations of precession do not affect annual mean insola-

tion (Berger and Pestiaux 1984), they do affect the annual

mean temperature in the northern high latitudes of the

interglacials through vegetation feedbacks (see tree frac-

tion in Sect. 5), a relationship also obtained by Claussen

et al. (2006) for the last 200 ka and Ganopolski and Roche

(2010) for the last 30 ka. To further analyze this relation-

ship with precession and obliquity, the nine interglacials

are divided into three groups (Fig. 7a): (1) MIS-5, MIS-9

and MIS-15, (2) MIS-1 and MIS-19 and (3) MIS-7, MIS-13

and MIS-17. In the first and third groups, as the

Fig. 4 Zonal mean JJA and DJF surface temperature anomalies (�C)

for MIS-9 and MIS-17. The anomalies are deviations from the

reference experiment
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temperature anomalies have the same sign in the high

latitudes of the two hemispheres, and as their obliquity

values are extreme (large for the first group and low for the

third one), their climate might be related to the obliquity-

induced symmetry between the total annual insolation of

the northern and of the southern high latitudes (Berger

et al. 2010). The departure from the reference values being

larger for obliquity than for eccentricity (especially in the

third group), the high latitude annual mean temperatures of

the interglacials of the first and third groups follow pri-

marily obliquity. In the second group, obliquity is only

slightly different from the reference experiment whereas

their eccentricity values are the lowest of all the intergla-

cials. The cool northern high latitudes and warm southern

high latitudes of MIS-1 and MIS-19 can therefore result

from the opposite effects of a low eccentricity and a high

obliquity on the annual temperature in high latitudes of the

NH and a joint effect in the SH. MIS-11 has the similar

astronomical characteristics, but its southern high latitudes

remain cooler than the reference experiment (like in the

third group) because its annual mean temperature is largely

influenced by its large cooling during austral winter

(Fig. 8a).

The simulated seasonal and regional temperature

(Fig. 8a, b) follows well the seasonal and latitudinal inso-

lation distributions except over the polar oceans of the

winter hemisphere. To investigate this problem, we analyze

first MIS-7 and MIS-13 which distribution patterns and

amplitudes of insolation are very similar. In both cases, we

have a tripole signature (Fig. 6): the hemispheres are

underinsolated and accordingly cooler (Fig. 8) during their

local summers with a deep minimum over the poles, and

overinsolated during their local winters with a maximum

over the mid-latitudes, a signature of a lower obliquity. In

boreal winter, there is an increase of insolation (although

very small) over the northern high latitudes, but there is a

large decrease in temperature there which is even larger

than the temperature decrease in summer. The same hap-

pens over the Southern Ocean during austral winter. The

insolation pattern of MIS-9 is almost the opposite of MIS-7
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Fig. 6 Latitudinal and seasonal distribution of insolation (W m-2)

for each interglacial (deviation from the reference experiment). Label

on the X-axis indicates the true longitude of the Sun from the

beginning to the end of the year (0� and 180� are for the spring and

fall equinoxes; 90� and 270� are for the summer and winter solstices).

Insolation is calculated from the long-term variations of eccentricity,

precession and obliquity (Berger 1978)
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and MIS-13 (Fig. 6) as well as its temperature response, a

signature of a larger obliquity. In particular, inconsistent

with the insolation distribution, there is an anomalous and

large local winter warming at MIS-9 over the Arctic

regions and over the Southern Ocean. To understand these

anomalous local winter warmings/coolings over the polar

oceans, we analyze the insolation-induced heat balance at

the interface between the atmosphere and the underlying

sea ice-ocean system of the Arctic and of Southern Ocean.

Figure 9 shows the results for the Arctic at MIS-9. For both

the Arctic and Southern Ocean, during their local summers,

there is a large increase of solar radiation available at the

interface between the atmosphere and the sea ice-ocean

system. This radiative energy is transferred directly into

downward ocean heat flux (which includes here the heat

exchange with not only the upper ocean but also with the

sea ice), and it enhances the melting of sea ice and

increases the warming of the upper ocean preventing any

important warming of the model surface atmospheric layer

(as shown in Fig. 9 for the summer over the Arctic Ocean).

The additional heat received by the upper ocean delays the

formation of sea ice and reduces its thickness in winter.

This reduction of the sea ice thermal insulation allows the

ocean to release heat which finally leads to a significant

warming of the surface atmospheric layer in early winter,

the summer remnant effect. Being given the small amount

of solar energy available in winter over the high latitudes,

the summer remnant effect is of the utmost importance in

the determination of the pure contribution of insolation

during winter. These results found in most interglacials

show that the seasonal impact of the astronomical forcing

is modified over the polar oceans by the atmosphere–ocean

interactions, which is in line with the findings of earlier

studies made for the Holocene (e.g. Ganopolski et al. 1998;

Braconnot et al. 2000). However, the summer remnant

effect is not found in the Southern Ocean of MIS-15, MIS-5

and MIS-11 during austral winter. For MIS-15 and MIS-5

(MIS-11), the Southern Ocean responds to the large excess

(deficit) of insolation which characterizes the whole Earth

during austral winter more than to the weak cooling

(a) (b)

Fig. 7 Zonal mean annual surface temperature change (�C) for the nine interglacials, deviation from the reference experiment. a Pure

contribution of insolation and b Combined effects of GHG and insolation

Table 2 Regression coefficients of a linear multiple regression between the insolation-induced climatic variables (the predictand) and eccen-

tricity and obliquity (the predictors)

Annual mean temperature Tree fraction Sea ice area

Global Northern high

latitudes

Southern high

latitudes

Global Northern

Africa

Northern

Eurasia

Arctic

summer

South Ocean

summer

South Ocean

winter

Eccentricity 0.21 0.56 0.09* 0.96 0.98 0.77 -0.71 0.20 -0.60

Obliquity 1.00 0.92 1.00 0.47 0.41 0.76 -0.83 -0.93 -0.88

The variables are annual mean temperature, tree fraction and sea ice area. All the values have been standardized to have the regression

coefficients representing comparable weights of the predictors on the predictand. (*) means the coefficient is not significant at the 0.05

significance level
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Fig. 8 Insolation-induced surface temperature change (�C) for a JJA and b DJF, deviation from the reference experiment
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(warming) that could have resulted from the slightly un-

derinsolated (overinsolated) austral summer (Fig. 6).

The insolation distribution pattern of MIS-1 is more

similar to MIS-19 than to MIS-11 (Fig. 6). Both MIS-1 and

MIS-19 are underinsolated over the whole globe during

boreal summer with a deep minimum over the low latitudes

around the summer solstice, and are overinsolated during

boreal winter with a maximum over the South Pole (a

signature of a much lower eccentricity and slightly larger

obliquity as compared to the reference). As compared to

these two interglacials, the obliquity of MIS-11 is smaller

leading to a minimum insolation centered at the North Pole

and a maximum insolation centered in the southern mid

latitudes. The insolation distribution of MIS-1 and MIS-19

leads, in boreal summer, to a cooling over almost the whole

Earth (in particular the continents) except the Southern

Ocean (Fig. 8a), and in boreal winter, to a warming over

the whole Earth except the Arctic (Fig. 8b). The exceptions

over the polar oceans are due to the summer remnant

effect. MIS-11 has a response similar to MIS-1 and MIS-19

in boreal winter but shows a much cooler Earth in boreal

summer with, in particular, no summer remnant effect over

Southern Ocean as already discussed above. Therefore,

from the point of view of insolation distribution pattern and

climate response, MIS-19 is a better analogue for MIS-1

than MIS-11.

MIS-5 and MIS-15 have a similar insolation distribution

pattern (Fig. 6) with a typical signature of a larger eccen-

tricity and even a slightly larger obliquity. As a direct

response to insolation, their temperature changes are very

similar. In boreal summer (Fig. 8a), there is a large warming

over almost the whole Earth (in particular over the continents)

except a slight cooling over the equatorial regions due to

more precipitation. In boreal winter (Fig. 8b), there is a sig-

nificant warming over the high-latitude oceans and a cooling

over all the continents (except over Antarctica at MIS-5). The

insolation pattern of MIS-17 is just the opposite of MIS-1,

leading to an almost opposite temperature response.

4.3 Combined effect of insolation and GHG

and their relative importance

In response to the combined effect of insolation and GHG

(Fig. 5a), MIS-9, MIS-5 and MIS-11 are the three warmest

interglacials and MIS-17 and MIS-13 the two coolest ones.

The difference between MIS-9 and MIS-13 is 0.72�C,

which might be underestimated due to the low sensitivity

of our model. However, although the model is forced only

by insolation and GHG, the relative magnitude of the

simulated interglacials is in reasonable agreement with

proxy data. The simulated annual mean temperature is

significantly correlated with the benthic d18O (R = 0.79)

on global average and with Antarctica temperature recor-

ded in the ice core (Jouzel et al. 2007) on a more regional

scale (R = 0.75). The deep-sea records show that the post-

MBE interglacials are on average warmer than the pre-

MBE ones. They also show that MIS-7 is the coolest

interglacial over the last 430 ka, and MIS-13 is among the

coolest ones over the last one million years. All these are

consistent with our modeling results.

Comparing the relative contribution of GHG and inso-

lation to the variation in the annual mean temperature

between the nine interglacials (Table 3, see also Fig. 5)
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Fig. 9 Annual march of the difference between MIS-9 and the

reference experiment in the insolation-induced heat balance compo-

nents at the Arctic surface (averaged over an region between 82�N

and 90�N). Positive means gained by the surface

Table 3 Regression coefficients of a linear multiple regression between a climatic variable resulting from the combined effects of GHG and

insolation (the predictand) and its values induced by GHG only and by insolation only (the predictors)

Annual mean temperature Tree fraction Sea ice area

Global Northern high

latitudes

Southern high

latitudes

Global Northern

Africa

Northern

Eurasia

Arctic

summer

South Ocean

summer

South Ocean

winter

GHG-induced 0.81 0.56 0.70 0.26 0.08* 0.51 0.30 0.63 0.87

Insolation-induced 0.39 0.74 0.49 1.03 1.02 0.92 0.94 0.50 0.46

The variables are annual mean temperature, tree fraction and sea ice area. Their values have been standardized to have the regression coefficients

representing comparable weights of the predictors on the predictand. (*) means the coefficient is not significant at the 0.05 significance level
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shows that, on global average, GHG alone explains most of

the variance, whereas, regionally, insolaton plays a more

important role in the northern high latitudes and GHG in

the southern ones (see explanation in Sect. 6). The MBE is

clearly seen in the global annual mean temperature and in

the temperature of the southern high latitudes in relation-

ship to the dominant effect of GHG there (Fig. 5a, b).

However, the dominant effect of insolation on the simu-

lated temperature of the northern high latitudes prevents

MBE to be obvious there (Fig. 5c). These results are

confirmed by the fact that MBE is clearly expressed in the

marine d18O data (e.g. Lisiecki and Raymo 2005) and in

the Antarctica temperature (Jouzel et al. 2007), but it is not

clear in some regional proxy records from the northern

hemisphere (Ruddiman et al. 1986; Prokopenko et al. 2006;

Yin and Guo 2008; Guo et al. 2009; Marković et al. 2009;

Candy et al. 2010).

The relative importance of GHG and insolation varies

not only from one region to another, but also from one

individual interglacial to another. At MIS-5 and MIS-9,

both GHG and insolation contribute to a warming making

them the two warmest interglacials (Fig. 5a). At MIS-7 and

MIS-11, insolation contributes to a cooling and GHG to a

warming. Although MIS-7 has a quite high CO2eq con-

centration, the large cooling effect of insolation makes it

belong to the cool interglacials. The opposite happens at

MIS-11, its large GHG warming beating the insolation

cooling. The necessity of a high GHG concentration for

making MIS-11 a warm interglacial has already been

pointed out by Imbrie et al. (1993) and demonstrated by Li

et al. (1998). At MIS-13 and MIS-17, both insolation and

GHG contribute to a cooling making them the two coolest

interglacials. At MIS-15, the GHG cooling beats the

insolation warming, making it a cool interglacial. Finally,

MIS-1 and MIS-19 are very close to the reference experi-

ment because their CO2eq concentration is only slightly

lower than the reference level and because their insolation

leads only to a slight warming.

At the regional and annual scales, different combina-

tions of GHG and insolation can lead to a similar response.

For MIS-7, MIS-13 and MIS-17 (Fig. 7b), the cooling

which is mostly over the mid to high latitudes of both

hemispheres is due to insolation at MIS-7 and due to both

insolation and GHG at MIS-13 and MIS-17. MIS-1, MIS-

11 and MIS-19 are characterized by a significant warming

in the southern high latitudes and a cooling in the northern

high latitudes. For MIS-1 and MIS-19, this is almost

entirely caused by insolation. For MIS-11, it results from

the competition between its insolation cooling and GHG

warming. Finally, MIS-15 is different from all the other

interglacials. Its large warming in the Arctic region results

from the insolation warming beating the GHG cooling. Its

significant cooling over the mid to low latitude lands

originates from both the insolation and GHG coolings. The

very small change in its SH is due to the insolation

warming counteracting the GHG cooling.

The simulated temperature change is very different

between the seasons, in particular over the continents.

During boreal summer, MIS-5, MIS-9 and MIS-15 are the

three warmest and MIS-11, MIS-1 and MIS-13 the three

coolest. During boreal winter, MIS-9, MIS-11, and MIS-1

are the three warmest and MIS-15, MIS-13 and MIS-17 the

three coolest. The difference between the seasons is mainly

caused by precession (eccentricity here). MIS-15, which

has the largest eccentricity, has the largest seasonal con-

trast with large warming in boreal summer and large

cooling in boreal winter, in particular over all the conti-

nents. MIS-5 is similar to MIS-15 but with a reduced

amplitude. MIS-11 with the smallest eccentricity has a

largely reduced seasonal contrast. For the interglacials,

MIS-7, MIS-9 and MIS-13, with an eccentricity value

similar to the reference experiment, the change in the

seasonal contrast is small. The regional and seasonal dif-

ference in the temperature change stresses the importance

of identifying both the seasonal and regional character of a

given proxy record for its proper interpretation.

MIS-5 and MIS-11 are often considered as analogues for

our future warming. In our simulations, they are warmer

than the simulated present-day climate by 0.14�C and

0.04�C. Comparing to the modeling results of earlier

studies for the Eemian (e.g. Kubatzki et al. 2000), the

temperature of MIS-5 is underestimated due to the low

sensitivity of our model. However, its seasonality is well

simulated with a much warmer summer and colder winter

qualitatively in agreement with these earlier modeling

studies. As a paleoclimate contribution to better understand

the sensitivity of the climate system to a double CO2

concentration (Hansen et al. 2008), an additional equilib-

rium simulation was made for each of the last nine inter-

glacials. Within the range of the interglacial variability

with the CO2eq concentration going from 234 to 300 ppmv,

our climate sensitivity is shown to generally decrease with

increasing temperature: MIS-9 has the lowest sensitivity

and MIS-13 the highest. The sensitivity at MIS-5 is 10%

lower than at Pre-Industrial time.

5 Vegetation

As compared to the reference experiment, on global aver-

age, the tree fraction increases, at MIS-15, MIS-5, MIS-9

and MIS-17, and it decreases during the other interglacials

(Fig. 10a). Figure 10a and Table 3 show clearly that the

variation of tree fraction is mainly controlled by insolation.

A further analysis of the relationship between insolation-

induced tree fraction change and the astronomical
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parameters show a high and positive correlation with pre-

cession (in our case with eccentricity) (Table 2). This is

related to the change at the regional scale (Fig. 11 provides

example for MIS-5 and MIS-11). For the interglacials

where the tree fraction increases globally (MIS-15, MIS-5,

MIS-9 and MIS-17), the tree fraction increases signifi-

cantly over North Africa, the Middle East, Central Asia,

South and East Asia, large part of North America and,

except at MIS-17, northern Eurasia. It decreases over the

Asia’s north-central interior. The reverse happens during

the other interglacials where the most significant feature is

a systematic increase of the desert in North Africa peaking

at MIS-11. To illustrate these differences at the regional

scale, northern Africa for the low latitudes and northern

Eurasia for the high latitudes are selected. The variation of

tree fraction over northern Africa (Fig. 10b, Table 3) is

even more correlated with insolation and with precession

than at the global scale, GHG playing a negligible role.

Over northern Eurasia (Fig. 10c), the contribution of GHG

increases as compared to northern Africa, but it is still less

important than the contribution of insolation (Table 3).

Moreover, in the insolation-induced tree fraction change,

the importance of obliquity increases and of precession

decreases as compared to northern Africa (Table 2), as

might be expected because the obliquity signal in insola-

tion is larger in the high latitudes.

In order to understand the dominant role played by

insolation in the tree fraction change and the difference

between the low and the high latitudes, we analyzed the

spatial correlations between the tree fraction, annual pre-

cipitation and temperature (GDD0). In the low latitudes,

for each interglacial, the spatial distribution of the tree

fraction is highly and positively correlated with the annual

precipitation and has no obvious relationship with GDD0.

GDD0 is indeed always sufficiently large and pretty stable

there for the tree fraction being not sensitive to its small

change. On the contrary, the variation of precipitation

between the interglacials is quite large and mainly caused

by insolation (the GHG difference between the intergla-

cials has no significant influence on the precipitation

change). The large variation of precipitation in the low

latitudes is indeed related to the large variation of monsoon

strength which is mainly controlled by insolation and

therefore by precession (eccentricity here) (e.g. Kutzbach

et al. 2008; Yin et al. 2009). For example, MIS-15 with the

largest eccentricity shows the largest simulated boreal

summer monsoon precipitation and the largest increase in

tree fraction over the low latitudes, particularly over North

Fig. 11 Tree fraction change

(%) due to the combined effect

of GHG and insolation at MIS-5

and MIS-11, deviation from the

reference experiment

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Combined

Insolation-induced

GHG-induced

(a) Global
Tr

e
e

 f
ra

ct
io

n
 a

n
o

m
a

ly
 (

%
)

-6

-4

-2

0

2

4

6

-3

-2

-1

0

1

2

3

MIS-1 5 7 9 11 13 15 17 19 MIS-1 5 7 9 11 13 15 17 19 MIS-1 5 7 9 11 13 15 17 19

Combined

Insolation-induced
GHG-induced

(b) Northern Africa (c) Northern Eurasia

Tr
e

e
 f

ra
ct

io
n

 a
n

o
m

a
ly

 (
%

)

Tr
e

e
 f

ra
ct

io
n

 a
n

o
m

a
ly

 (
%

)

Combined

Insolation-induced

GHG-induced

Fig. 10 Individual and combined effects of GHG and insolation on the tree fraction (%) at each interglacial for a Global average, b Northern

Africa (0–30�N, 20�W–52�E) and c Northern Eurasia (60�N–75�N, 0–180�E). The anomalies are deviations from the reference experiment
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Africa (Fig. 10b) and South Asia. For the high latitudes,

the explanation is not as obvious because the influence of

temperature becomes larger as compared to the low lati-

tudes. Our analysis shows indeed that the variation of tree

fraction over northern Eurasia is more explained by GDD0

than by annual precipitation. Further more, the variations

of annual precipitation and GDD0 are mainly explained by

insolation but with the contribution of GHG to GDD0

being not negligible anymore (explaining 25% of the var-

iance). This influence of insolation on precipitation is

mainly due to eccentricity whereas on GDD0 is more due

to obliquity. GDD0, being the accumulation of degree-days

over a year, is more sensitive to the annual-integrated

insolation which is only a function of obliquity (Berger and

Pestiaux 1984; Berger et al. 2010). This finally leads to

equal importance of obliquity and eccentricity on the tree

fraction change in the high latitudes (Table 2).

It is worth noting that, different from the simulated

global mean temperature, there is no obvious MBE in the

tree fraction either at low and high latitudes or at the global

scale (Fig. 10), which is in line with some regional pollen

records (e.g. Sun et al. 2003; Tzedakis et al. 2006; De

Vernal and Hillaire-Marcel 2008). This is due to the fact

that the variation of tree fraction is mainly controlled by

insolation (or precession) which does not show any sig-

nificant difference between the individual interglacials

before and after 430 ka BP (Fig. 1).

6 Sea ice

In the Arctic, similar to the observed sea-ice change over

the last decades (Chapman and Walsh 1993), the simulated

winter sea ice area shows very small variation between

the interglacials due to the limited space available over the

semi-enclosed Arctic Ocean, but the variation in the

summer sea ice area is large (Fig. 12a). MIS-15, MIS-5

and MIS-9 have the smallest summer sea ice area, and

MIS-13, MIS-7 and MIS-11 have the largest one. As

expected from the ice-temperature feedbacks, the summer

sea ice area is perfectly linearly correlated with the local

summer temperature which variation is mostly induced by

insolation. Accordingly, most of the variation of the

summer sea ice area is explained by insolation, GHG

playing a less important role (Fig. 12a; Table 3). This is

due to the very large difference in the summer insolation

between the interglacials over the Arctic region (Fig. 6)

which leads to a variation in the insolation-induced sum-

mer surface solar radiation (SSR) much larger than that of

the GHG-induced one. For example, the largest insolation-

induced SSR is 14 Wm-2 at MIS-15 against 2.2 Wm-2 for

the largest GHG-induced one at MIS-9. In addition, the

variation in the northward global oceanic heat transport

across 60�N, which can modify the sea ice condition

(Goosse and Renssen 2001; Holland and Bitz 2003), is also

more related to insolation (Fig. 13a), but pretty small.

Giving the dominant role of insolation in the variation of

Arctic summer sea ice area, it is not surprising that the

insolation-induced summer sea ice area change is nega-

tively and almost equally correlated with obliquity and

eccentricity (Table 2): high obliquity and eccentricity

induce more solar radiation being available in the high

latitudes of the NH in boreal summer and therefore less

sea ice.

In the Southern Ocean, both the local summer and the

local winter sea ice area show significant variations

between the interglacials with the amplitude being larger in

summer (Fig. 12b, c). Most of the variation in the winter

sea ice area can be explained by GHG, whereas in summer,

both GHG and insolation play an important role (Fig. 12c;
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Fig. 12 Individual and combined effects of GHG and insolation on

the sea ice area (%) at each interglacial for a Arctic summer (average

over July, August and September), b Southern Ocean winter (average

over JJA) and c Southern Ocean summer (average over DJF). The

anomalies are deviations from the reference experiment
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Table 3). The amplitude of the variation in the GHG-

induced southward oceanic heat transport is larger than the

insolation-induced one (Fig. 13b). It is positively corre-

lated with CO2eq concentrations, a result in line with

Goosse and Renssen (2001). The energy budget over the

Southern Ocean is the second parameter analyzed. During

austral winter, the GHG-induced surface energy change is

larger than the insolation-induced one because insolation is

low in these high latitudes during their local winter. During

austral summer, the most important contribution to the

energy received at the surface is from solar radiation, the

amplitude of its variation induced by GHG being pretty

similar to that induced by insolation. Therefore, the vari-

ation in the winter sea ice area is mainly due to GHG

whereas in summer, GHG and insolation are both impor-

tant. In terms of the astronomical parameters, variations in

both summer and winter sea ice are mainly due to obliquity

with which they are highly and negatively correlated

(Table 2). The open Southern Ocean is indeed more sen-

sitive to the total energy received during its austral summer

with high obliquity leading to high insolation. For the

austral winter, it is only the summer remnant effect which

explains that high obliquity leads to less sea ice.

The difference in the variance explained by insolation

and GHG between the Arctic summer sea ice and the

Southern Ocean one (insolation in the north and GHG in

the south) is due to: (1) their different insolation due to

their different geographical locations and (2) their different

oceanic poleward heat transport. The Arctic is located in

the northern highest polar latitudes where the variation in

summer insolation (Fig. 6) is very large. This leads to a

pure contribution of insolation to the change in the summer

SSR over the Arctic being much larger than that of GHG.

For the Southern Ocean, it is located between around 60�S

and 75�S where the amplitude of variation in the local

summer insolation between the interglacials is reduced as

compared to that over the Arctic. At the same time, the

amplitude of the variation of the GHG-induced SSR

becomes larger, leading finally to insolation and GHG

becoming equally important. As far as the oceanic heat

transport is concerned, in the Arctic, its variations are

mainly caused by insolation. On the contrary, the open

character of the Southern Ocean makes it more sensitive to

forcings acting globally and at the annual scale, like GHG.

7 Conclusions

To assess the mechanisms responsible for the climate

change from one interglacial to another, the following

conclusions about the respective contributions of GHG and

insolation to the response of the climate system can be

drawn.

1. The variations of the annual mean temperatures aver-

aged over the Globe and over the southern high latitudes

are mainly controlled by GHG, whereas over the

northern high latitudes, insolation plays a dominant

role. The impact of insolation and GHG is clearly

expressed in the individual interglacials but differently

from one to another. For the warm interglacials, MIS-5

and MIS-9 result from a warming contribution of both

insolation and GHG. MIS-11 is a warm interglacial only

because of its high GHG concentration, its insolation

contributing to a cooling. For the cool interglacials,

MIS-13 and MIS-17 result from the cooling effects of

both insolation and GHG. MIS-7 is due to the cooling

effect of its insolation which beats its GHG warming,

and MIS-15 is due to the reverse situation.
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2. The insolation-induced global annual mean tempera-

ture is significantly correlated with obliquity. This

result is a direct consequence of the influence of

obliquity on both daily and annual insolations in the

high latitudes of both hemispheres and of the strong

climatic feedbacks there. This correlation is much

larger in the southern high latitudes than in the

northern ones where the importance of precession

increases in relationship with the vegetation feedbacks,

here very well expressed in the tree fraction. At the

seasonal scale, the insolation-induced temperature

change follows well the seasonal-latitudinal insolation

distribution except over the polar oceans during their

local winter. This exception is due to the remnant

effect of the local summer insolation through the

ocean-sea ice feedbacks.

3. The variation of tree fraction between the interglacials

is mainly controlled by insolation. Over the low

latitudes, the tree fraction depends mostly on the

annual precipitation which in turn is a function of

precession. Over the high latitudes, tree fraction starts

to be sensitive to temperature and therefore the

importance of obliquity increases.

4. In the Arctic, the winter sea ice area varies little

between the interglacials. The variation in the summer

sea ice area is mostly explained by insolation due to its

large variation over the northern polar regions in

summer. In the Southern Ocean, both the summer and

winter sea ice area show significant variations. The

variation of the winter one is mostly explained by

GHG and the variation of the summer one is explained

by both GHG and insolation. The difference in the

importance of GHG and insolation between the Arctic

and Southern Ocean sea ice area is mainly due to their

different geographical configuration, which leads to

the climate responding more to local and seasonal

forcing (insolation) over Arctic but more to global and

annual forcing (GHG) over the Southern Ocean.

5. MBE is mainly a characteristic of the climatic

variables dominated by GHG, like global annual mean

temperature and the southern high latitude temperature

and sea ice. It is not present in the climatic variables

dominated by insolation, like precipitation, tree frac-

tion and the northern high latitude temperature and sea

ice.

6. Being given that MIS-19 and MIS-1 have similar GHG

concentration, insolation distribution pattern and tem-

perature response, MIS-19 can be considered as the

best analogue for the Holocene. The difference with

MIS-11, which is generally considered as a good

astronomical anologue of MIS-1 (Berger and Loutre

2003), comes from its much higher GHG concentration

and a slightly different insolation pattern.

Finally, although the model is only forced by insolation

and GHG, the relative magnitude of the simulated inter-

glacials is in reasonable agreement with the proxy data.

However, ice sheets will be included in future simulations

to better understand their specific role in the interglacial

climate system. An in depth comparison between the

simulations and proxy data remains also to be done at a

more regional scale. Moreover, although feedbacks like the

summer remnant effect and the amplification of precession

due to vegetation feedback in the northern high latitudes

have been found in other model experiments, our results

need to be confirmed by simulations done with other

models.
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