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Abstract. The ice sheet-climate interaction as well as the cli-

matic response to orbital parameters and atmospheric CO2

concentration are examined in order to drive an ice sheet

model throughout an ice age cycle. Feedback processes be-

tween ice sheet and atmosphere are analyzed by numeri-

cal experiments using a high resolution General Circulation

Model (GCM) under different conditions at the Last Glacial

Maximum. Among the proposed processes, the ice albedo

feedback, the elevation-mass balance feedback and the de-

sertification effect over the ice sheet were found to be the

dominant processes for the ice-sheet mass balance. For the

elevation-mass balance feedback, the temperature lapse rate

over the ice sheet is proposed to be weaker than assumed

in previous studies. Within the plausible range of parame-

ters related to these processes, the ice sheet response to the

orbital parameters and atmospheric CO2 concentration for

the last glacial/interglacial cycle was simulated in terms of

both ice volume and geographical distribution, using a three-

dimensional ice-sheet model. Careful treatment of climate-

ice sheet feedback is essential for a reliable simulation of the

ice sheet changes during ice age cycles.

1 Introduction

Climate change during the past 500 000 years is character-

ized by the wax and wane of the Northern hemisphere ice

sheets with a periodicity of about 100 thousand years (kyr),

known as glacial and interglacial cycles or ice age cycles (Im-

brie et al., 1993). For the Last Glacial Maximum (LGM), not

only the total ice volume but also the maximum extent of

the Northern Hemisphere ice sheets, such as the Laurentide

and Fenno-Scandian ice sheets, are well constrained by ob-

servational data (Peltier, 1994, 2004; Clark and Mix, 2002;
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Dyke et al., 2002; Svendsen et al., 2004). To explain why

the ice sheets in the Northern Hemisphere grew to the size

and extent that has been observed, and why they retreated

quickly at the termination of each 100 kyr cycle is still a

challenge (Tarasov and Peltier, 1997a; Berger et al., 1998;

Paillard, 1998; Paillard and Parrenin, 2004). Although it is

now broadly accepted that the orbital variations of the Earth

influence climate changes (Milankovitch, 1930; Hays et al.,

1976; Berger, 1978), the large amplitude of the ice volume

changes and the geographical extent need to be reproduced

by comprehensive models which include nonlinear mech-

anisms of ice sheet dynamics (Raymo, 1997; Tarasov and

Peltier, 1997b; Paillard, 2001; Raymo et al., 2006). More-

over, it is important to explain the geographical extent of

the ice sheets, because this has a substantial influence on

the climate and the ice sheet itself. Several studies using

simple atmospheric models or General Circulation Models

(GCMs) have shown that the high albedo and high altitude of

the ice sheets can change the temperature, precipitation and

the atmospheric circulation over broad spatial scales (Hansen

et al., 1984; Manabe and Broccoli, 1985; Broccoli and Man-

abe, 1987; Rind, 1987; Shinn and Barron, 1989; Felzer et al.,

1996; Cook and Held, 1998; Krinner and Genthon, 1999;

Kageyama and Valdes, 2000; Roe and Lindzen, 2001).

Several studies with ice sheet models have been conducted

in order to simulate the extent of the Northern Hemisphere

ice sheets at the Last Glacial Maximum and/or their change

during the glacial – interglacial cycle. Although it is straight-

forward, the direct coupling between a sophisticated climate

model such as a GCM and an ice sheet model is still pro-

hibitively computationally expensive. There are three alter-

native approaches which have been used to set up the climatic

conditions for the past and drive a model of the Northern

Hemisphere ice sheets. The first approach involves mod-

elling the ice sheet change between the glacial and inter-

glacial stages with a simple climate model driven by both
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the orbital forcings and the changes in the atmospheric con-

centration of carbon dioxide (Deblonde and Peltier, 1991;

Marsiat, 1994; Tarasov and Peltier, 1997a,b, 1999; Charbit

et al., 2005). With this approach, the mechanism of ice sheet

changes can be studied, but it is not clear what the effect on

the results is of missing processes in the simplified model.

The second approach involves forcing an ice sheet model

with climatology obtained by running time slice experiments

with a GCM or a simpler climate model at given time periods

such as the LGM or the glacial inception (about 115 thou-

sand years before present (ka BP)) (Verbitsky and Oglesby,

1992; Schlesinger and Verbitsky, 1996; Thompson and Pol-

lard, 1997; Fabre et al., 1997, 1998; Ramstein et al., 1997;

Huybrechts and T’siobbel, 1997; Pollard and PMIP Partic-

ipating Groups, 2000; Yamagishi et al., 2005). The aim of

this approach is to investigate the possibility of the main-

tenance or existence of the Northern Hemisphere ice sheets

under steady state climatic forcing. Therefore this approach

does not consider changes in the climatic conditions. The

third approach deals with ice sheet changes for a given period

(e.g. for one ice age cycle or for the deglaciation period since

the LGM) by using time slice experiments of climate models

at the LGM and present-day and interpolating the climatic

field between the two time slices by using the time series of

oxygen isotope data of ice cores from Greenland (Huybrechts

and T’siobbel, 1995; Greve et al., 1999; Marshall et al., 2000,

2002; Marshall and Clark, 2002; Charbit et al., 2002; Zweck

and Huybrechts, 2005). With this approach, the transient be-

havior of the ice sheets and the influence of the climate on it

can be examined in detail. However, the ultimate cause of the

ice sheet changes cannot be identified with this method be-

cause the paleoclimatic data such as the oxygen isotope from

ice core is used to drive the ice sheet model.

In this study, we reexamine the climatic factors that con-

trol the ice sheet changes with several experiments using a

GCM. Critical parameters, such as lapse rate, which are of-

ten assumed in an ice sheet model are also examined. Based

on the examination of climatic factors, we present a new

method for using ice sheet models to study the impact of

the orbital parameters and atmospheric CO2 concentration

upon the change of the Northern Hemisphere ice sheets. The

climate and the ice sheet models used in the study are in-

troduced in Sect. 2. In Sect. 3, the experimental setup is

presented and the influence of the ice sheets on the climatic

conditions through the albedo feedback, the elevation-mass

balance feedback and the stationary wave feedback (Cook

and Held, 1998) are discussed. Here we focus on the feed-

backs related to temperature since the processes related to

precipitation over the ice sheets were presented in Yamagishi

et al. (2005). The influence of the orbital parameters and at-

mospheric CO2 on the climate is briefly examined at the end

of Sect. 3. The experimental design and the result of the runs

for the past 120 kyr using an ice sheet model are presented

and discussed in Sect. 4 and the conclusions are summarized

in Sect. 5.

2 Model description

2.1 Climate model

In order to examine the response of the climate to changes

in the orbital parameters, CO2 and the ice sheets, a General

Circulation Model developed at the Center for Climate Sys-

tem Research (CCSR) and the National Institute for Envi-

ronmental Studies (NIES), called CCSR/NIES AGCM5.4 is

used (Numaguti et al., 1997). This model was also used for

the LGM studies and inter-comparison of the climate at 6 ka

and the LGM lead by the first Paleoclimate Modelling In-

tercomparison Project (PMIP) and also for the IPCC Third

Assessment Report (TAR). For the present study the model

resolutions used were T106 with 20 sigma levels vertically

and T42 with 11 levels. The model includes cumulus pa-

rameterization, cloud-radiation interactions, and surface pro-

cesses. Detailed description of the model is given in Nu-

maguti et al. (1997) and Emori et al. (1999). This AGCM

has subsequently been further developed and coupled with

an OGCM (the collaboration now involving researchers at a

third institute, Frontier Research Centre for Global Change

(FRCGC)), the latest version being called MIROC3.2 (K-1

model developers, 2004). This latest version was used for

the global warming experiments reported in the IPCC As-

sessment Report 4 (AR4) and PMIP2.

2.2 Ice sheet model

The numerical ice-sheet model in this paper, called IcIES (Ice

sheet model for Integrated Earth system Studies), is based

on the model described in Saito and Abe-Ouchi (2004), re-

projected onto the spherical grid system. The model couples

the ice-sheet dynamics to the surface mass balance and the

bedrock deformation as explained below.

2.2.1 Ice sheet and bedrock deformation

The ice-sheet dynamic routine computes the evolution of ice

thickness and temperature in the shallow ice approximation

(Hutter, 1983) including thermodynamics which relates flow

velocity and temperature. The model only computes the evo-

lution of grounded ice but not floating ice shelves. The ice

sheet model has been tested for the present Greenland and

Antarctic ice sheets (Saito and Abe-Ouchi, 2004, 2005). The

basic part of the model used in the present paper is the same

as that used in Saito and Abe-Ouchi (2005) except two pro-

cesses described below. The difference from the model used

in Saito and Abe-Ouchi (2005, 2004) are the parameteriza-

tion of basal sliding and the treatment of the temperature field

in the bedrock.

The sliding velocity is related to the gravitational driving

stress according to Payne (1999),

vB = −As [ρIgH∇H h] , (1)
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where vB is the basal sliding velocity, ρI=910 kg m−3 is the

density of ice, g=9.81 m s−1 is acceleration of gravity, H is

the ice thickness, and h is the surface elevation. The param-

eter As is set at 0.01 m yr−1 Pa−1, which is chosen within

the range of uncertainties used in the sensitivity studies pre-

sented in Marshall et al. (2002).

Basal sliding is assumed to occur only when the basal ice

is at the pressure melting point. The temperature distribution

of the lithosphere is considered as in Greve (1997):

∂T

∂t
+

∂b

∂t

∂T

∂z
=

kR

ρRcR

∂2T

∂z2
, (2)

where T is the temperature, b is the bedrock elevation,

kR=3.0 W m−1 K−1 is the heat conductivity of the litho-

sphere, ρR=2700 kg m−3 is the density of the lithosphere

and cR=1000 J kg−1 K−1 is the specific heat of the litho-

sphere. Thickness of the upper lithosphere layer accounted

for by the model is set to a constant value of 5 km(Greve,

1997). We use the depth relative to contemporaneous

bedrock elevation to formulate Eq. (2) in the model. The

geothermal heat flux at the bottom of the lithosphere is set at

a constant value of 42 mW m−2 in all experiments. It is worth

mentioning that the geothermal heat flux may reach between

50 and 150 mW m−2 in the Western part of Canada, while the

present value of 42 mW m−2 is probably valid for the East-

ern and central parts and for the major part of Fennoscan-

dia. Changes in the glacier bed elevation are calculated by

an equation expressing local isostatic rebound:

∂b

∂t
=

1

τb

(

b − e +
ρI

ρM

H

)

, (3)

where ρM=3300 kg m−3 is the density of the mantle, and e

is the prescribed equilibrium elevation of bedrock with no

ice loading, which is obtained with the assumption that the

present condition is in an equilibrium. The time constant for

isostatic rebound, τb, is set at 5000 years in the present paper

(Tarasov and Peltier, 1997b; Marshall et al., 2000). Hudson

Bay is treated as land toward which the ice sheet is allowed to

advance. Dynamics of both ice shelf and grounding line are

not included in the present model. Calving is assumed to oc-

cur completely at the bathymetric perimeter of −500 m depth

except for a deeper but closed part in Hudson Bay. This is the

same procedure adopted by Tarasov and Peltier (1999) except

that they apply −400 m. A semi-implicit scheme (Hindmarsh

and Payne, 1996) is applied for solving the mass balance ice

thickness equation. The over-implicit scheme (Hindmarsh,

2001; Greve et al., 2002) with the coefficient 1.5 (the weight-

ing factor for the flux at the next time step when solving the

mass balance equation) is adopted.

2.2.2 Surface mass balance model

The surface mass balance is parameterized by a Positive

Degree-Day (PDD) method (Reeh, 1991), which is used as

input to the ice-sheet model. This method relates ablation to

both air temperature and snow accumulation. The amount of

melting is computed as the product of the number of positive

degree days and the PDD factor obtained by observations.

It considers: the possibility for melting even if the average

daily temperature is below the freezing point; different melt

rates for snow and ice due to the difference in the albedo

Braithwaite and Olesen, 1989); and production of superim-

posed ice and warming created by the phase change. This

method is adopted in most numerical studies with ice sheet

models (Ritz et al., 1997; Greve, 2000; Huybrechts et al.,

2002). In this study, the PDD factor for snow melting is set

at 3 mm day−1 K−1 water equivalent following Braithwaite

(1995) and Huybrechts et al. (1991), and that for ice melting

is set at 8 mm day−1 K−1 water equivalent following Reeh

(1991) and Huybrechts et al. (1991). Standard deviation of

the daily temperature is assumed to be 5 K. It is assumed that

60 % of melt snow re-freezes onto superimposed ice. van de

Wal (1996) shows that the PDD method and energy balance

method yields very similar results.

Accumulation rate is parameterized partly based on the

method presented by Marshall et al. (2002) as follows:

Acc = Aref × (1 + dP)1Ts , (4)

where Acc is the accumulation rate, Aref is a reference ac-

cumulation, dP is temperature aridity (see Marshall et al.,

2002), and 1Ts is the difference in surface temperature to

the reference state. In this experiment, CMAP (Xie and

Arkin, 1996) was used as the present reference precipita-

tion as in Yamagishi et al. (2005). In contrast to Marshall

et al. (2002), here the accumulation lapse rate (elevation-

accumulation feedback) is neglected.

The surface temperature, which is used as input for both

the ice-sheet and surface mass balance models, is parameter-

ized as follows:

Ts = Tref + 1Tice + 1Tco2 + 1Tinsol + 1Tnonlinear . (5)

where Ts is the surface temperature, Tref is the reference tem-

perature, 1Tice denotes the effect of total atmospheric re-

sponse to changes in ice sheet size, 1TCO2
is the change in

temperature according to change in concentration of atmo-

spheric CO2, 1Tinsol is the change in temperature accord-

ing to changes in insolation, 1Tnonlinear is residual term due

to other effects. The reference temperature field Tref used

in the present paper is based on the present climatology (re-

analyzed European Centre for Medium-Range Weather Fore-

casts data) as explained in Yamagishi et al. (2005). Since we

assumed in the experiment that Hudson Bay is not ocean but

land, we modify the reference temperature over Hudson Bay

by interpolating the coastal values. Each term of Eq. (5) is

described and tested in Sect. 3.
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Table 1. Boundary conditions for AGCM experiments. The terms E, O, P indicated as orbital condition correspond to eccentricity, obliquity

in degree, angular precession (longitude of perihelion) in degree, respectively. They are: E=0.01672, O=23.45, P=102.04 at 0 ka, and

E=0.018994, O=22.949, P=114.42, at the LGM. The CO2 concentration for 0 ka and the LGM are 345 ppm and 200 ppm, respectively.

Experiment Resolution Ocean Orbital condition CO2 Ice Sheet

E O P extent topography

CTLH T106L20 0 ka SSTfix 0 ka 0 ka 0 ka 0 ka

LGMnice T106L20 LGM SSTfix LGM LGM 0 ka 0 ka

LGMflat T106L20 LGM SSTfix LGM LGM LGM 0 ka

LGMfull T106L20 LGM SSTfix LGM LGM LGM LGM

M21nice T42L11 slab ocean LGM LGM 0 ka 0 ka

M21flat T42L11 slab ocean LGM LGM LGM 0 ka

M12flat T42L11 slab ocean LGM LGM 12 ka 0 ka

M12full T42L11 slab ocean LGM LGM 12 ka 12 ka

M0CTL T42L11 slab ocean 0 ka 0 ka 0 ka 0 ka

M21O1C1 T42L11 slab ocean 0.05 23.45 102.04 LGM LGM LGM

M21O1C2 T42L11 slab ocean 0.05 23.45 102.04 280 ppm LGM LGM

M21O1C3 T42L11 slab ocean 0.05 23.45 102.04 0 ka LGM LGM

M21O2C1 T42L11 slab ocean 0.05 23.45 282. LGM LGM LGM

M21O2C3 T42L11 slab ocean 0.05 23.45 282. 0 ka LGM LGM

M0O1C2 T42L11 slab ocean 0.05 23.45 102.04 280 ppm 0 ka 0 ka

M0O2C2 T42L11 slab ocean 0.05 23.45 282. 280 ppm 0 ka 0 ka

M0O8C2 T42L11 slab ocean 0. 25.5 0. 280 ppm 0 ka 0 ka

M0O9C2 T42L11 slab ocean 0. 22. 0. 280 ppm 0 ka 0 ka

2.2.3 Ice sheet model set-up

The ice-sheet thickness, bedrock deformation and surface

mass balance are computed on the same grid-system on the

spherical coordinates. The horizontal model domain spans

from 30◦ N to 89◦ N and 360◦ in longitudinal direction with

periodic boundary conditions. The horizontal grid resolution

is 1◦ in both coordinate directions. This resolution may actu-

ally be insufficient for accurate modelling of the changes in

the ice-sheet over the ice-age cycles, however, higher resolu-

tion configurations (such as 0.5◦) have not yet been explored,

and further consideration of this issue is future work outside

the scope of this paper. The vertical grid is divided into 26

levels. The model time step is 2 years.

3 Evaluation of the climate over the ice sheet with GCM

experiments

The main focuses in this section are on the relative contri-

bution to the climate over the ice sheet of: (a) the ice sheet

itself; (b) the orbital parameters; (c) the atmospheric CO2

concentration. The contribution of the ice sheet itself to the

climate is through the high ice albedo and the high and mas-

sive ice topography. Since a GCM is used to evaluate the

climate in this study, the effects of cloud feedback and water

vapor feedback are implicitly included in the results. No at-

tempt is made to separate the effects of the orbital parameters

and CO2 concentration from each other or from the effect due

to the ice sheet itself.

The climate variables which act as boundary conditions to

the ice-sheet are monthly mean temperature and precipita-

tion. In this study, the northern hemispheric summer temper-

ature is analyzed, since the surface ice melting of the north-

ern ice sheets is primarily determined by the summer tem-

perature in June, July and August (Ohmura, 2001). The pre-

cipitation over the ice sheets and its relation to temperature

are discussed at the end of Sect. 3.2.

3.1 Experimental design

A total of 19 experiments, summarized in Table 1, were de-

signed to study the factors that determine the surface temper-

ature over the ice sheets. Three groups of experiments were

performed as follows.

The first group uses a high resolution (T106, 1.1◦ in lati-

tude and longitude) atmospheric GCM with fixed sea surface

temperature (SST) for the study of the ice sheet-atmosphere

interaction also described in Yamagishi et al., 2005; Jost

et al., 2005. Experiments named CTLH and LGMfull are

based on the protocol of The Paleoclimate Modelling Inter-

comparison Project (PMIP; Joussaume and Taylor, 1995),

where CTLH represents a present day 0 ka control simulation

and LGMfull is the LGM experiment. Insolation parameters

are set at the LGM values and the CO2 concentration is set at

200 ppm. As boundary conditions for the LGM experiment,
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Table 2. Effects on difference of the surface air temperature due to the change in the climate (the LGM and present day) and the effects of

ice sheet and others obtained by GCM experiments. Summer (June, July and August) and winter (December, January, February) mean over

three ice sheets are shown. Ice sheet effects are divided into the latter three components, albedo, lapse rate and the residual. The values of

JJA correspond to the Figs. 1a–c and 2a–c.

JJA

Effect Greenland Laurentide Fennoscandian

Total −18.0 −21.1 −17.6

CO2, Orbit and SST −4.4 −4.2 −2.9

Ice sheet −13.6 −16.9 −14.7

Albedo −5.3 −10.2 −9.8

Lapse rate −4.1 −6.4 −4.1

Residual −4.2 −0.3 −0.76

DJF

Total −18.1 −14.2 −22.0

CO2, Orbit and SST −8.9 2.0 −1.6

Ice Sheet −9.3 −16.2 −20.4

Albedo −5.3 −12.7 −25.0

Lapse Rate −4.1 −6.4 −4.1

Residual 0.1 2.9 8.8

CLIMAP data (CLIMAP, 1981) is used for the SST, ICE-4G

is applied for the ice sheet topography (Peltier, 1994) and the

greenhouse gas levels as well as the orbital parameters were

used for the LGM level following the PMIP protocol. LGM-

flat is a sensitivity experiment, where the ice sheet covers the

same area as in LGMfull but the thickness is set to 0 m except

for Greenland and Antarctica, for which the present topogra-

phy is taken. The distribution of surface albedo and other

parameters is prescribed as in LGMfull. In the LGMnice ex-

periment, the ice sheet and SST are the same as in CTLH,

while CO2 and insolation parameters are set the same as in

LGMfull. Each experiment is run for 11 or 13 model years,

and the results for the last 10 years are used for the analysis.

The computation time for one experiment was about 40 days

per 10 model years on an NEC SX-5 with a single processor.

The second group of experiments is designed to exam-

ine the dependence of the climate on the size of the ice

sheets. Similar experiments to those in the first group were

performed but with different sized ice sheets leaving other

conditions the same as given in Table 1. From the ICE-4G

(Peltier, 1994) time slices, the ice sheet size at 12 ka was

chosen since its area is about half that at the LGM. For rea-

sons of computational cost, a medium resolution, (T42, lati-

tude and longitude 2.8◦ for horizontal and 11 layers mainly

in the troposphere for vertical resolution) is used for these

experiments, but the slab ocean model is used to take into ac-

count the thermal feedback of the oceans. These experiment

are called M21nice, M21flat, M12nice, M12flat and M0CTL.

Each experiment was run for 50 model years, and the results

for the last 10 years are used for the analysis.

The third group of experiments is designed to separate

the influences of the atmospheric CO2 concentration and the

orbital parameters. Extreme situations due to (1) different

precession combined with large eccentricity and (2) extreme

obliquities were chosen to examine the range of climatic con-

dition due to different orbital parameters during the late Qua-

ternary. CO2 levels of 200, 280, 345 ppm were combined

with different orbital parameters and ice sheet sizes (LGM or

0ka) were chosen as given in Table 1. These experiments are

called MyOlCk, where y, l and k denote the ice sheet distri-

bution, the orbital condition and CO2 concentration, respec-

tively. A medium resolution climate model with slab ocean

was used.

Recently, during the second phase of PMIP (PMIP2),

the experimental design of the LGM was updated, the ma-

jor changes being introduction of atmosphere-ocean coupled

GCMs (AOGCMs) and updating of the ice sheet topography

with ICE-5G (Braconnot et al., 2007, http://www-lsce.cea.

fr/pmip2/). We did not have computational resources to redo

all the sensitivity experiments using the new protocol, but as

additional analyses, we here report on the PMIP2 (from the

PMIP2 database as of April 2006) results from fully coupled

AOGCM experiments run for the LGM and the pre-industrial

(hereafter CTL). Four models are used to discuss the role of

the ice sheet in the climate, CCSM, HadCM3M2, IPSL and

MIROC3.2. MIROC3.2 is the upgraded version of the model

we are using in the rest of this paper (K-1 model developers,

2004).
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Fig. 1. Difference in summer surface air temperature (mean of June, July and August) in ◦C due to boundary conditions. (a) Difference

between the LGM and present day (PD), (b) CO2 and SST effect by experiments (LGMnice−CTLH), (c) ice sheet effect by experiments

(LGMfull-LGMnice). Contours are at: −50, −45, −35, −30, −25, −20, −17.5, −15, −12.5, −10, −7.5, −5, −2.5, 2.5, 5, 7.5, 10, 12.5.

Gray line in the figures indicates the ice sheet extent used in the GCM.

3.2 Ice sheet-atmosphere feedback

3.2.1 Ice sheet vs other effects

The effect of the ice sheet itself and the other effects upon

the cooling are compared and obtained by the experiments

LGMfull, LGMflat, LGMnice and CTLH. Air temperature

differences are mainly analyzed for the summer season in

Figs. 1 and 2, while the value of the summer and winter mean

for the spatial mean over the ice sheets is displayed in Table 2

(the summer and winter means are the mean values for

June, July, August and December, January, February respec-

tively). The total cooling by the ice sheet itself is given by

the difference LGMfull−CTLH, Fig. 1a, indicated by “total.”

The total cooling over the Greenland ice sheet is about −18 K

for both summer and winter, which is consistent with bore-

hole measurements in Greenland (Dansgaard et al., 1993).

Compared to this, the cooling due to other effects such as

the CO2 effect, the orbital effect and the effect due to the

difference in SST, LGMnice−CTLH, is shown in Fig. 1b.

Figure 1c shows the cooling due to the existence of the ice

sheet,given by the difference LGMfull−LGMnice. The cool-

ing in Fig. 1c is much larger than that in Fig. 1b over the

ice sheet region. Therefore, the cooling caused by the ex-

istence of the large ice sheets at the LGM is the dominant

effect which should be treated separately.

3.2.2 Albedo vs topography effects

For the influence of the ice sheet itself, the high albedo and

the high altitude of the ice sheet can both be important.

LGMflat-LGMnice and LGMfull-LGMflat will here be as-

sumed to be the high albedo effect (flat ice sheet effect) and

ice topography effect, respectively. As in Table 2, the albedo

effect is far larger than the topography effect. The ice to-

pography effect can have a “local” effect and “non-local”

effects. A well known “local” ice topography effect is the

so-called “lapse rate effect”, which causes cooling over the

ice sheet just because of the locally high altitude. This was

also addressed in Krinner and Genthon (1999) for the case

of Antarctica by changing the surface elevation of Antarctica

in a GCM. The non-local topography effect can be impor-

tant through the influences upon the atmospheric circulation

and/or cloud distribution (Shinn and Barron, 1989; Felzer

et al., 1996; Cook and Held, 1998; Kageyama and Valdes,

2000; Roe and Lindzen, 2001). Altogether the ice sheet itself

is separated into three categories, flat ice effect, lapse-rate ef-

fect and topography effect other than lapse rate effect (as a

residual), which correspond to Fig. 2a, b, c, respectively. For

the lapse rate effect, a lapse rate of 5 K km−1 was assumed.

The summation of effects in Figs. 2a, b, c is equal to Fig. 1c.

In order to examine the lapse rate effect in the model, the

local temperature changes due to the topography change (flat

versus full) are examined. The summer lapse rate is shown

and discussed in the following since the temperature in sum-

mer is important for the melt. The cooling due to the topog-

raphy, namely LGMfull−LGMflat is plotted for the change

of altitude for all grid points in the ice sheet area of this high

resolution GCM as in Fig. 2d. The relation of 5 ◦C cooling

per 1 km altitude change is shown as a red line. Although

there is a large scatter, it is seen that the temperature drops

as the altitude increases. Other lapse rates could be used

which vary depending on the altitude or location, while a

lapse rate larger than 7 K km−1 or smaller than 4 K km−1 is

inconsistent with the overall feature. This is consistent with

the finding of Krinner and Genthon (1999), who suggest a

lapse rate of 5.5 K km−1, but is in contrast with other stud-
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Fig. 2. (a–c) Difference in summer surface air temperature (mean of June, July and August) in ◦C due to boundary conditions. (a) Albedo

effect by experiments (LGMflat−LGMnice), (b) Topography Lapse Rate Effect assuming a lapse rate 5 K km−1 for the given topography

(LGMfull−LGMflat). Contours of figures (a) to (b) are the same as those of Fig. 1. (c) Topography effect other than the lapse rate effect

as Residual. Contours are −50, −45, −35, −30, −25, −20, −17.5, −15, −12.5, −10, −7.5, −5, −2.5, −1, 1, 2.5, 5, 7.5, 10, 12.5. (d)

Difference in summer surface temperature (mean of June, July and August) versus the difference in altitude for all the grid points over the

ice sheet in the model. The red line corresponds to the relation of the lapse rate −5 ◦C per 1 km. The red mark of scatter plots is for the

Greenland ice sheet, the blue mark for the Fennoscandian ice sheet, and the black mark is for the Laurentide ice sheet. The linear regression

values for the plotted temperature change data are shown in the figure. (e) Difference in summer geopotential height at 500 hPa level due to

ice sheet topography (LGMfull−LGMflat), but the zonal mean is subtracted. Contours are −150, −120, −90, −60, −30, −10, 10, 30, 60,

90, 120, 150. Gray line in the figures indicates the ice sheet extent used in the GCM.

ies which have conventionally used lapse rates of 8 K km−1

or 6.5 K km−1 to drive the ice sheet models (e.g. Fabre et al.,

1997; Ramstein et al., 1997; Huybrechts and T’siobbel, 1997;

Tarasov and Peltier, 1997a,b, 1999; Fabre et al., 1998; Greve

et al., 1999; Pollard and PMIP Participating Groups, 2000;

Marshall et al., 2000; Marshall and Clark, 2002; Marshall

et al., 2002; Charbit et al., 2002, 2005; Zweck and Huy-

brechts, 2005). The temperature change shown in Fig. 2d is

caused by a combination of changes in the remote ice sheets

as well as local changes, as shown by the relatively large

cooling over the Greenland ice sheet (red) and some parts of

the Laurentide ice sheet (black) compared to the Fennoscan-

dian ice sheet (blue). The overall geographical pattern of the

scatter outside of a line (red line) corresponds to Fig. 2c. Ex-

cept for the region around Greenland and the north-east side

of the Laurentide ice sheet, the residuals shown in Fig. 2c

are small compared to the albedo effect shown in Fig. 2a or

the lapse rate effect shown in Fig. 2b. Detailed analysis of

the seasonal as well as spatial change of lapse rate should be

investigated as a future topic.

The temperature difference in Fig. 2c must be related to

an atmospheric circulation effect such as the “Stationary
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Fig. 3. Same as Fig. 2(a), but for different sizes of “flat” ice sheet (at the LGM and 12 ka). (a) M12flat−M21nice, (b) M21flat−M21nice.

wave effect” studied in Cook and Held (1998). To exam-

ine the stationary waves in our model, the summer geopo-

tential height difference at 500 hPa level due to the ice sheet

topography, LGMfull−LGMflat, is shown in Fig. 2e. The

surface topography induces higher height on the west side of

the Laurentide sheet and lower height in the east. Around the

Fennoscandian ice sheet, a series of waves from east to west

seems to be caused by both large ice sheets in the Northern

Hemisphere. The pattern is similar to the pattern in the sur-

face temperature changes in Fig. 2c, which is consistent with

the findings of Cook and Held (1998).

The result of the ice sheet effect seems to be dependent on

the size of the ice sheet. Figure 3 shows the flat ice sheet

effect (“albedo effect”) for the 12 ka ice sheet size and the

LGM ice sheet size. The result is that the larger the ice sheet

size, the larger the cooling. The cooling over the flat ice sheet

is as large as −15 K over the ice sheet at the LGM, which

is distinctively larger than the cooling outside the ice sheet.

Since the climate model used in these experiments is a slab

mixed layer model, the ice sheet causes cooling outside the

region actually occupied by the ice sheet.

In summary, for the summer temperature over the ice

sheet, the dominant effects are the albedo effect and the lapse

rate effect shown in Figs. 2a and b, respectively. The effect

due to the stationary wave effect shown in Fig. 2c is a sec-

ondary effect compared to the albedo and lapse rate effects.

We propose that: (1) the dependence of the albedo effect

upon the area of the ice sheet should be taken into account

and (2) a weaker lapse rate than suggested by previous stud-

ies should be assumed for ice sheet modelling.

3.2.3 Analysis of PMIP2 models

Finally, it is important to consider whether the result is model

dependent, although this should be investigated in detail as a

future topic. Fig. 4 shows the recent results from some of the

PMIP2 models (in PMIP2 database in April, 2006), which

have summer cooling in the same domain as in Fig. 1 and

Fig. 3, but a reduced total cooling (the LGM minus present

day) with the assumption of a constant lapse rate using the

topography in each model. Clear distinctive cooling over

the ice sheet is still seen, while the strength of cooling de-

pends on the model. HadCM3M2 has the strongest cooling,

while CCSM has the weakest cooling over the ice sheet es-

pecially for the Fennoscandian ice sheet. The strength of

of cooling over the ice sheet is not necessarily correlated

with the global mean temperature. This could be partly due

to the different albedo feedbacks and different cloud feed-

backs, which largely determine the climate sensitivity in each

model. Slightly different responses in atmospheric circula-

tion such as stationary waves, or the position of storm tracks

and ocean circulation, such as the response of meridional

overturning in the North Atlantic or the position of Gulf

Stream could also lead to the different cooling over the ice

sheet in the four models (also see Braconnot et al., 2007;

Hargreaves et al., 2007). Based on these GCM results we

conclude there remains considerable uncertainty over the ac-

tual size of the albedo effect.

The precipitation over the ice sheets and its relation to tem-

perature was studied in our previous paper (Yamagishi et al.,

2005). Here we discuss the precipitation in four different

GCMs from PMIP2. Figure 5 shows the annual precipitation

change ratio in per cent. A prominent feature overall is the

larger desertification effect in the inland of the ice sheet for
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Fig. 4. Change in summer surface air temperature for a subset of PMIP2 simulations: (a) CCSM, (b) HadCM3M2, (c) IPSL, (d) MIROC3.2.

The lapse rate effect is extracted by assuming the lapse rate=5 K km−1 for each modelled ice sheet topography.

Fig. 5. Ratio of annual precipitation change in per cent for PMIP2 models: (a) CCSM, (b) HadCM3M2, (c) IPSL (d) MIROC3.2 by using

(LGM-CTL)/CTL.

cooler temperature over the ice sheet, i.e., among the four,

HadCM3M2 is the driest (as it was the coolest) over the ice

sheets and CCSM is the opposite, which is not necessarily

correlated with the global feature such as the climate sensi-

tivity (see Braconnot et al., 2007). All the models show a

large precipitation decrease of about 80% over the Lauren-

tide ice sheet, and about 60 to 80% over the Greenland ice

sheet which is very consistent with ice core data on accumu-

lation (Dansgaard et al., 1993; Yamagishi et al., 2005). What

is not seen in these PMIP2 runs is the precipitation increase

in the south-east margin of the Laurentide ice sheet at the

LGM, which was discussed in Kageyama and Valdes (2000)

and Yamagishi et al. (2005). This demonstrates that a reso-

lution of 2.5 to 3 degree in latitude and longitude in the used

GCMs is not good enough to produce an accurate input for

precipitation for the south-east margin of the ice sheet for

driving ice sheet models.

3.3 Response of climate to orbital parameters and CO2

Response of the climate to the orbital parameters and CO2

were examined in both cases with the ice sheet and without

the ice sheet as in Table 1. Figs. 6a and c show an example

of response to precessional condition by M21O2C1 minus

M21O1C1, and Figs. 6b and d show the response to change

in CO2 by M21O1C2 minus M21O1C1 for the response of

3 months temperature (June, July, August and December,

January and February). In both cases there is a larger re-

sponse over the land than over the ocean except over sea ice

region. Also there is a larger response for the orbital effect

than the CO2 effect in this model. Later the ice sheet model

is driven by the orbital effect and CO2 effect based on this

estimation over land in the Northern Hemisphere. Again the

cloud feedback and water vapor feedback are included in the

response, and this might result in a different sensitivity when

the orbital parameter and CO2 as well as the ice sheet change.

Non-linear effects from the combined orbital, CO2 and

even the ice sheet effect were checked by examining other

combinations as in Table 1. Although this will be discussed
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Fig. 6. Difference in the surface temperature of summer (mean of June, July, and August) and winter (mean of December, January, February)

for two cases of different (a), (c) Orbital effect and (b), (d) CO2 effect. Contour interval is 1 ◦C.

in more detail in a separate paper in future, the nonlinear ef-

fect was at most about 15% and no more than 20%. Since,

in general, the response is larger under cooler climate, the

same change in CO2 or the orbital parameters can result in

a slightly larger response with the ice sheet than without ice

sheet. This should be taken into account in future, although

omitted in Sect. 4 for simplicity.

4 Ice sheet model experiments with GCM information

The main focus of this section is to use the GCM results ob-

tained in the previous section to force an ice sheet model for

one glacial-interglacial cycle. Instead of using geographi-

cally distributed information, we use spatially uniform cli-

matic input for the ice sheet model in the first step. The sys-

tem is driven by a combination of orbital (Milankovitch) and

CO2 forcings. We investigate whether the main features of

glacial-interglacial cycles, such as the fast retreat of the ice

sheets at the termination and the geographical pattern is prop-

erly simulated at key periods such as the LGM. Several runs

are performed to investigate the sensitivity of the results to

the parameters in realistic ranges of values.

4.1 Experimental set-up of the ice sheet model

4.1.1 Standard experimental setup

The IcIES ice sheet model described in Sect. 2.2 is used for

the glacial-interglacial experiments. The forcing scenarios

are incorporated into the terms 1TCO2
and 1Tinsol in Eq. (5),

which are prescribed without feedback from ice-sheets.

The time series of CO2 concentration obtained from the

Vostok ice core (Petit et al., 1999) is applied. Changes in

temperature due to change in CO2 concentration are param-

eterized using the following relation:

1TCO2
=

C
240

− 1

280
240

− 1
× 1.088 − 1.81584 (6)

where C is the atmospheric concentration of CO2 in ppm.

The relation and the coefficients are derived from the AGCM

experiments in the present paper.
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Fig. 7. Ice sheet distribution at different stages at (a) 120 ka, (b) 70 ka, (c) 36 ka, (d) 15 ka, (e) 10 ka, (f) 0 ka. Contour intervals are 250 m

(thin lines) and 1000 m (thick lines). The volume of each ice sheet in terms of sea level contribution is (a) −6.278 m, (b) −51.643 m, (c)

−90.253 m, (d) −137.827 m, (e) −77.167 m, (f) −27.095 m.

To obtain the effect of changes in insolation, we first com-

pute time series of July insolation at 65◦ N, using the orbital

parameters of Berger (1978). Then change in temperature

due to change in the insolation is parameterized using the

following relation estimated from our GCM runs in the pre-

vious section:

1Tinsol =
Q − 440

480 − 440
× 3.25 + 1.0757 , (7)

where Q is the insolation in W m−2. The relation and the

coefficients are derived from the AGCM experiments in the

present paper, as Eq. (6).

The other terms in Eq. (5) are also derived from the AGCM

experiments. We assume in this study that the non-linearity

1Tnonlinear is zero, although it can be up to 20% as explained

in Sect. 3.3. This contribution will be included in the follow-

ing ice sheet effect.

We divide the ice-sheet effect 1Tice on the surface temper-

ature in two terms as follows:

1Tice = 1Telv + 1Tarea (8)

where 1Telv the effect of change in surface elevation, and

1Tarea denotes the effect of albedo change.

The lapse-rate effect 1Telv is a function of ice-sheet ele-

vation as follows:

1Telv = λ(h − href) , (9)

where href is the reference topography elevation (the present

observed topography) and λ is the lapse rate.

The albedo effect 1Tarea is assumed to be a function of the

simulated ice-sheet area Area,

1Tarea = max
[

1T min
area , 1T 0

area + γ T
area × Area

]

. (10)

We assume a linear dependence on temperature by coeffi-

cients 1T 0
area, offset of albedo effect and γ T

area, dependence

(linear gradient) of albedo effect on the ice-sheet cover, as-

suming a minimum value 1T min
area .

For the choice of the parameters in Eqs. (9) and (10), we

perform sensitivity experiments, which will be explained in

Sect. 4.1.2.

www.clim-past.net/3/423/2007/ Clim. Past, 3, 423–438, 2007



434 A. Abe-Ouchi et al.: Climatic Conditions for Northern Hemisphere ice sheets

Table 3. Parameter choices for ice-sheet model experiments.

Parameter A B C Unit Symbol

Lapse rate −4.0 −5.0 −6.0 K km−1 λ in Eq. (9)

Desertification rate 0.01 0.022 0.04 – d0 in Eq. (11)

Albedo effect −3.7 −4.7 −5.7 10−13 K m−2 γ T
area in Eq. (10)

For the reference temperature distribution, we apply the

climatology of present day, obtained from ERA40 (re-

analysis of the European Centre for Medium-Range Weather

Forecast).

In addition, coefficient dP in Eq. (4) is also derived from

the AGCM experiments in Yamagishi et al. (2005). Contrary

to Marshall et al. (2002), the coefficient dP is assumed as a

function of ice-sheet area as follows:

dP = min

[

d0 ×
Area

1.4 × 1013
, 1.0

]

, (11)

where Area is the area covered by simulated ice-sheet in m2

unit. The reference area 1.4 × 1013 m2 approximately corre-

sponds to that of the Laurentide ice sheet at the last glacial

maximum of Peltier (1994).

The total model domain in this study is divided into four

parts: North America, Eurasia, Greenland and elsewhere.

Area used in Eqs. (10) and (11), is computed in each part

as the sum of the area of all grid cells where ice exists.

The time integration is performed for the last 120 thou-

sand years in the present paper. For the initial conditions, we

take a situation which is close to the present day condition,

as shown in Fig. 7a from one of our experiments of longer

time integration. Several initial conditions at 130 ka BP and

before are examined (not shown). It is found, however, that

the difference in the initial conditions is small and does not

affect the results for the last 120 ka.

4.1.2 Experimental set-up of the sensitivity studies

In order to study influences from uncertain processes on the

response of the ice sheet to climate change, several sensi-

tivity experiments were performed. In this paper, sensitivity

experiments to the choice of the lapse-rate, albedo effect and

the desertification rate are shown. The parameters are sum-

marized in Table 3.

The lapse rate λ in Eq. (9) is set at −5.0 K km−1 as the

standard value, but sensitivity experiments with different val-

ues such as −4.0 K km−1 and −6.0 K km−1 were carried out.

The desertification rate parameter, corresponding to d0 in

Eq. (11), is set at 0.022 as the standard value, which is ob-

tained from Yamagishi et al. (2005). We also performed sen-

sitivity studies with a smaller d0=0.01 and a larger d0=0.04.

In the standard configuration, coefficients in Eq. (10)

are set as 1T min
area =−13.0 K, 1T min

0 =−4.0 K and

γ T
area=−4.7×10−13 K m−2. We performed sensitiv-

ity studies on the temperature-dependence coefficient

γ T
area with two cases, γ T

area=−3.7×10−13 K m−2 and

γ T
area=−5.7×10−13 K m−2. Those values are obtained from

the AGCM experiments M21nice, M21flat and M12flat (see

Table 1), with taking into account the variance.

4.2 Glacial-interglacial experimental results

As for the standard experiment, the result of the altitude dis-

tribution of the ice sheet is shown in Fig. 7 for various time

periods, and the time series are shown in Fig. 8 by black

thick lines in (4) and (5), together with (1) insolation (2)

CO2 change and (3) proxy of sea level. The gradual growth

and the fast retreat of the ice sheets is the characteristics,

known as “sawtooth” shape, similar to the proxy data such as

SPECMAP (Imbrie et al., 1989; McIntyre et al., 1989; Imbrie

et al., 1993). The maximum volume of about 138 meter of

sea level equivalent at 15 ka BP is somewhat larger than what

is discussed in literature (e.g. Clark and Mix, 2002; Peltier,

2004), but the geographical pattern is quite well simulated as

in Fig. 7d except several points such as: (1) the remnant ice

at 0 ka BP, (2) insufficient growth rate at ice age inception

between 120 ka BP and 110 ka BP, (3) overestimated volume

of the ice sheet and the delay of timing of the glacial maxi-

mum and (4) overestimation of ice extent of the Eurasian ice

sheet. These will be discussed in the next section.

The experiment captures well the relatively larger Lauren-

tide ice sheet and somewhat smaller Eurasian ice sheet, and

the merging of the ice sheet over Labrador and the Rockies

around 21 ka. The Laurentide ice sheet splits before 10 ka BP

but the termination is not as complete as that observed at

present day, and some remnant ice is left over in the Canadian

archipelago and in the Kara Sea. The maximum of the ice

volume is somewhat later than reconstructed at 21 ka, which

is the time normally considered as representing the LGM.

Figure 8 shows the sensitivity of the ice volume to the pa-

rameters of the albedo effect, temperature lapse rate, and de-

sertification rate. Larger lapse rate or larger albedo effect

or smaller desertification effect result in larger ice sheets at

about 20 ka BP at the maximum volume stage. In almost all

experiments the inception and termination of ice age occur.

In almost all cases, the larger ice sheet at the glacial maxi-

mum end with a larger ice left at the 0 ka BP after termina-

tion. Extreme combinations of these parameters results in

extremely large ice sheets, with volumes up to 300 m in sea
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Fig. 8. Time series for 120 000 years of the forcing (1) insola-

tion and (2) CO2, (3) proxy of the ice sheet size equivalent to sea

level and (4), (5) Simulated changes in ice-sheet volume in sea level

equivalent by experiments under different conditions depending on

the lapse rate, albedo-effect and desertification rate parameter. (3)

Observation taken from SPECMAP (Imbrie et al., 1989; McIn-

tyre et al., 1989; http://www.ngdc.noaa.gov/mgg/geology/specmap.

html), and converted to sea level drop assuming a maximum level

of 130 meter drop. In (4) and (5), Lapse rate, Albedo effect parame-

ter and desertification parameter are changed. Lap. is the lapse rate

parameter in K km−1 corresponding to λ in Eq. (9); Des. is the de-

sertification rate parameter corresponding to d0 in Eq. (11); Alb. is

the albedo effect parameter in 10−13 K m−2 corresponding to γ T
area

in Eq. (10).

level equivalent. These results demonstrate the importance

of careful treatment of parameters related to ice sheet and

atmosphere interactions.

4.3 Discussion

Although the overall features of the ice sheets are well sim-

ulated, some detailed features are not captured correctly, as

described in the previous section. These features may come

from deficiencies or simplifications or assumptions in the

model and experimental setup, such as the omission of pos-

sible non-linear effects or assumption of a constant lapse rate

or the too simple relation between the albedo feedback and

ice sheet size. Additionally the representation of sub-grid

scale phenomena of ice dynamics, omission of feedbacks due

to atmospheric circulation such as stationary wave feedback

or storm track feedback and other feedbacks from ocean or

vegetation should also be considered for future investigation.

Uncertainties in ice-sheet modeling such as basal-sliding

parameterization, geothermal heat flux, isostatic response

and so on should be investigated as suggested in Marshall

et al. (2002); Charbit et al. (2002); Zweck and Huybrechts

(2005). Also, several studies have reported that there are sig-

nificant errors in the simulated ice thickness near the margin

(e.g., Huybrechts et al., 1996). Van den Berg et al. (2006)

have shown that these errors are enhanced by the feedback

between the surface mass balance and height. They also

showed that these errors strongly influence the time scale of

the simulated volume changes. The implementation of an

improved scheme to reduce the error at the ice margin (Saito

et al., 2007) is one of the next steps for the present study.

Moreover, the bedrock treatment should be improved in fu-

ture since we think it is over-simplified in our method, with

an equilibrium assumed for the present day. The influence

of the above uncertainties on the results of the present paper

will be addressed in future research.

5 Summary and conclusions

In this paper, the analysis was made of feedback processes

between the ice sheets and the atmosphere using results

from numerical experiments with a high resolution GCM

run under different conditions at the Last Glacial Maximum.

Among the processes analyzed, the ice albedo feedback, the

elevation-mass balance feedback and the desertification ef-

fect over the ice sheets were found to be the dominant influ-

ences on the ice-sheet mass balance. A value of 5 ◦C km−1

is proposed for the lapse rate over the ice sheet. This is

a smaller value than proposed by previous studies. Within

a plausible range of parameters related to these processes,

the ice sheet response to the orbital parameters and atmo-

spheric CO2 concentration for the last glacial/interglacial cy-

cle was simulated in terms of both ice volume and geograph-

ical distribution, using a three-dimensional ice-sheet model.
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Since the cooling and the drop in precipitation over the ice

sheets depends on the parameterizations in the models, a

careful treatment of the processes related to atmosphere-ice

sheet feedback is essential for the simulation of the ice sheet

changes during an ice age cycle.
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