
Geosci. Model Dev., 15, 3691–3719, 2022
https://doi.org/10.5194/gmd-15-3691-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

GREB-ISM v1.0: A coupled ice sheet model for the Globally
Resolved Energy Balance model for global simulations on
timescales of 100 kyr
Zhiang Xie1,2, Dietmar Dommenget1,2, Felicity S. McCormack1, and Andrew N. Mackintosh1

1School of Earth, Atmosphere and Environment, Monash University, Clayton, Victoria 3800, Australia
2ARC Centre of Excellence for Climate Extremes, School of Earth Atmosphere and Environment, Monash University,
Clayton, VIC 3800, Australia

Correspondence: Zhiang Xie (zhiang.xie@monash.edu)

Received: 21 June 2021 – Discussion started: 26 July 2021
Revised: 4 March 2022 – Accepted: 4 April 2022 – Published: 10 May 2022

Abstract. We introduce a newly developed global ice sheet
model coupled to the Globally Resolved Energy Balance
(GREB) climate model for the simulation of global ice sheet
evolution on timescales of 100 kyr or longer (GREB-ISM
v1.0). Ice sheets and ice shelves are simulated on a global
grid, fully interacting with the climate simulation of sur-
face temperature, precipitation, albedo, land–sea mask, to-
pography and sea level. Thus, it is a fully coupled atmo-
sphere, ocean, land and ice sheet model. We test the model
in ice sheet stand-alone and fully coupled simulations. The
ice sheet model dynamics behave similarly to other hybrid
SIA (shallow ice approximation) and SSA (shallow shelf ap-
proximation) models, but the West Antarctic Ice Sheet ac-
cumulates too much ice using present-day boundary condi-
tions. The coupled model simulations produce global equi-
librium ice sheet volumes and calving rates like those ob-
served for present-day boundary conditions. We designed
a series of idealized experiments driven by oscillating so-
lar radiation forcing on periods of 20, 50 and 100 kyr in
the Northern Hemisphere. These simulations show clear in-
teractions between the climate system and ice sheets, re-
sulting in slow buildup and fast decay of ice-covered areas
and global ice volume. The results also show that Northern
Hemisphere ice sheets respond more strongly to timescales
longer than 100 kyr. The coupling to the atmosphere and
sea level leads to climate interactions between the Northern
and Southern Hemispheres. The model can run global sim-
ulations of 100 kyr d−1 on a desktop computer, allowing the

simulation of the whole Quaternary period (2.6 Myr) within
1 month.

1 Introduction

Understanding ice-age cycles in the Quaternary period re-
quires an interdisciplinary research approach including the
fields of astronomy, geology, physical geography, oceanog-
raphy and atmospheric science. Geological proxy data show
that sea level and surface temperature significantly oscillated
with a preferred timescale of about 100 kyr during the last
million years, indicating that large ice sheets and glaciers
formed and retreated many times over this period (Imbrie
et al., 1984; Shackelton, 2000; Short et al., 1991). These os-
cillations in the late Quaternary are known as the ice-age cy-
cles.

By investigating ice-age cycles, researchers have identified
many climate processes that generate long-term climate vari-
ability. Variations in Earth’s orbit and resulting changes in
solar forcing have been widely accepted as a major driver of
ice-age cycles (Imbrie et al., 1984; Milankovitch, 1941; Short
et al., 1991; Tabor et al., 2015; Wunsch, 2004). The Earth’s
axis and variations in orbital parameters, such as precession,
eccentricity and obliquity, can effectively regulate the incom-
ing solar radiation on the Earth’s surface and season length
for both hemispheres, leading to global temperature oscil-
lations on timescales of 20 to 100 kyr (Huybers, 2011; Short
et al., 1991). Additionally, greenhouse gases, especially CO2,
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are considered as a critical forcing during the late Quaternary
(Shackelton, 2000). Before the industrial revolution, atmo-
spheric CO2 varied as an internal climate feedback originat-
ing from the ocean, biosphere or lithosphere (Bauska et al.,
2018; Hogg, 2008). This carbon cycle of the Earth system
significantly changes the surface energy budget and affects
climate variability.

The formation of large ice sheets is an important element
of climate variability over the last million years (Bintanja and
Van De Wal, 2008; Ganopolski and Brovkin, 2017). During
ice ages, Northern Hemisphere ice sheets can cover a sig-
nificant portion of the North American and European conti-
nents (Manabe and Broccoli, 1985; Mix et al., 2001), mod-
ifying climate through changes in the albedo of snow, low
surface temperature, surface elevation and sea level change
(Bintanja and Van De Wal, 2008; Felzer et al., 1996; Hock,
2005; Manabe and Broccoli, 1985; Mix et al., 2001; Over-
peck et al., 2006). In addition, there are many other factors
that potentially affected the ice-age climate system such as
deep ocean temperatures, ocean and atmospheric circulation
changes, vegetation cover, and atmospheric dust content. The
interactions between these climate elements led to a complex
picture during the Quaternary, and the details of these inter-
actions still remain unclear.

Numerical modeling of the ice–climate coupled system is
an important way to investigate the effect of ice sheets on the
Quaternary climate system. In the early stage, climate models
only simulated the atmosphere and ocean, and ice sheet vari-
ations were included as external forcing (Bush, 2004; Gates,
1976; Manabe and Broccoli, 1985; Webb et al., 1998). Most
studies with numerical simulations focused on a specific pe-
riod, like the last glacial maximum, and specific regions, like
the Northern Hemisphere (Bush, 2004; Webb et al., 1998),
due to limitations in computational resources. Ice sheet mod-
eling at continental scale in response to orbital forcing re-
quires the simulation of long (> 10 kyr) periods, due to the
relatively slow ice sheet adjustment time to climate forcing.
Numerical studies at large spatial and temporal scales there-
fore often use decoupled simulations with surface tempera-
ture and precipitation taken as boundary conditions for ice
sheet models (Greve, 1997; Huybrechts, 2002; Payne et al.,
2000). Fortunately, thanks to computer and model develop-
ments, progressively more studies apply coupled ice–climate
simulations on timescale of 100 kyr to 1 Myr (Abe-Ouchi
et al., 2013; Ganopolski et al., 2010; Tigchelaar et al., 2019;
Willeit et al., 2019). However, as far as we know, there are
currently no global, million-year, coupled ice-sheet–climate
simulations available.

In this study, we introduce a fully coupled ice-sheet–
climate model as a tool for paleo-climate research. The
model is capable of simulating global, coupled ice–climate
simulations of 100 kyr within 24 h on a desktop computer.
It is designed for studies of global interactions between ice
sheets and climate on timescales of 100 kyr to 1 Myr. The
starting point for this development is the Globally Resolved

Energy Balance (GREB v1.0) climate model, which simu-
lates the fast climate feedbacks relevant for the climate re-
sponse to external forcing, such as CO2 concentration or vari-
ations in solar radiation, on timescales of up to 500 years
(Dommenget and Flöter, 2011; Stassen et al., 2019). We in-
troduce a new ice sheet model (ISM) into the GREB model,
defining the new GREB-ISM model.

The study is organized as follows. First, we introduce the
datasets used, followed by the core of the paper which de-
scribes the GREB-ISM. This section is organized in three
parts: a short introduction of the original GREB model, fol-
lowed by descriptions of the new ice sheet model and the
changes made to the climate simulations in the GREB model
to couple the climate system to the ice sheet model. In
Sects. 4 and 5 we present a series of stand-alone ice sheet and
fully coupled ice–climate simulations to evaluate the perfor-
mance of the new model. The final section provides a short
summary and discussion.

2 Data

Input values for most climatology for the GREB model,
such as surface temperature, atmospheric humidity, horizon-
tal winds and vertical air motion, are taken from the ERA-
Interim dataset (Dee et al., 2011). Soil moisture is from
NCEP reanalysis data from 1950–2008 (Kalnay et al., 1996),
cloud cover climatology from the ISCCP project (Rossow
and Schiffer, 1991) and ocean mixed layer depth climatology
from Lorbacher et al. (2006). Precipitation data is from the
Global Precipitation Climatology Project (GPCP, Adler et al.
2003), and for Antarctica we use the dataset from NCEP-
DOE (Behrangi et al., 2020; Kanamitsu et al., 2002).

The modern observed bed topography and ice thickness
data for Greenland and Antarctica are obtained from Bed-
Machine (Morlighem et al., 2017, 2020), Greve (1997) and
Martin et al. (2011). Ice surface velocity data come from the
Making Earth System Data Records for Use in Research En-
vironments (MEaSUREs) program (Joughin, 2017; Joughin
et al., 2010; Mouginot et al., 2012; Rignot et al., 2011,
2017). In this study, the bed topography refers to all dif-
ferent types of ice basis. Figure 1 shows the global map
in the GREB model resolution of the bed topography and
observed ice thickness. Ice sheet calving rates are taken
from Bigg (1999) for Greenland and Liu et al. (2015) for
Antarctica. For paleoclimate proxies, the Greenland Ice Core
Project (GRIP) (Greve, 1997; Johnsen et al., 1997) data
are used to impose surface air temperature anomalies for
the last 250 kyr. δ18O proxy from sea sediment (Imbrie et
al., 1984; Imbrie and McIntyre, 2006) is used as a proxy
for global sea level change for the last 250 kyr. The sur-
face temperature and precipitation during the Last Glacial
Maximum (LGM) for a forced transition experiment is ob-
tained from CMIP6.PMIP.AWI.AWI-ESM-1-1-LR datasets

Geosci. Model Dev., 15, 3691–3719, 2022 https://doi.org/10.5194/gmd-15-3691-2022



Z. Xie et al.: GREB-ISM v1.0 3693

Figure 1. Initial ice thickness (a, b) and bed rock (c–e) in GREB-
ISM. Ice thickness less than 10 m is not shown.

(Shi et al., 2020) from the Paleoclimate Modelling Intercom-
parison Project (PMIP4, Kageyama et al., 2017).

3 Model description

Before we introduce the ice sheet model developed in this
study, we give a short description of the GREB model. We
discuss changes made to the GREB model to couple the cli-

Figure 2. Schematic illustrating the coupled GREB-ISM.

mate variables of the GREB model to the ice sheet variables,
introducing the new model: GREB-ISM. All variables of the
GREB-ISM model, as discussed in this study, are listed in
Table 1. A model schematic of the coupling between the ice
sheet and the climate model is illustrated in Fig. 2.

3.1 The Globally Resolved Energy Balance (GREB)
model

The GREB model is developed and fully described in Dom-
menget and Flöter (2011), with the additional introduction
of a new hydrological cycle model in Stassen et al. (2019).
The model has three layers (atmosphere, surface and sub-
surface ocean) with a global, horizontal grid spacing of
3.75◦× 3.75◦ (96 point× 48 point). The GREB model sim-
ulates four prognostic variables: surface (Tsurf), atmospheric
(Tatmos) and subsurface ocean temperature (Tocean), and sur-
face humidity (qair):

γsurf
dTsurf

dt
= Fsolar+Fthermal+Flatent+Fsense

+Focean+Fcorrect, (1)

γatmos
dTatmos

dt
= −Fsense+Fathermal +Qlatent

+ γatmos

(
κa · ∇

2Tatmos−u · ∇Tatmos

)
, (2)

dTocean

dt
=

1
1t
1Toentrain −

1
γocean− γsurf

Fosense +Focorrect , (3)

dqair

dt
=1qeva+1qprecip+ κa · ∇

2qair−u · ∇qair+1qcorrect. (4)
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Table 1. Symbol and parameters list for the GREB-ISM model.

Variable name Symbol Dimensions Value/unit

Ice sheet softness parameter A t Pam−3

Softness parameter in isotherm case A0 constant 1.96× 103 Pam−3 (T ′>−10 ◦C)
3.99× 10−13 Pam−3 (T ′<−10 ◦C)

Ocean area Aocean t m2

Ablation rate a x, y, t ms−1

Bed rock elevation b x, y, t m
Specific heat capacity for ice Cp constant 2009 Jkg−1 K−1

Slide law coefficient for basal velocity Csl constant 6× 104 yr−1

Regression coefficient for ice temperature ci for i from 0 to 3 x, y, t K
Precipitation parameter for relative humidity crq constant kgkg−1

Sensible heat bulk coefficient ctsense constant 22.5 Wm−2 K−1

Precipitation parameter for vertical velocity cω constant Pa−1s
Precipitation parameter for standard deviation of vertical velocity cωSD constant Pa−2 s2

Enhance factor for SIA E constant 3
Net longwave radiation for Tatmos Fathermal x, y, t Wm−2

Surface flux correction Fcorrect x, y, t Wm−2

Ice latent heat flux Fice x, y, t Wm−2

Latent heat flux Flatent x, y, t Wm−2

Total heat flux for melting all ice Fmaxmelt x, y, t Wm−2

Net heat flux without ice latent heat Fnet x, y, t Wm−2

Land–sea heat difference Focean x, y, t Wm−2

Ocean heat flux correction Focorrect x, y, t Wm−2

Sensible heat flux between ocean and surface Fosense x, y, t Wm−2

Sensible heat flux between air and surface Fsense x, y, t Wm−2

Solar radiation Fsolar x, y, t Wm−2

Surface net heat flux without ice Fsurf x, y, t Wm−2

Net longwave radiation for Tsurf Fthermal x, y, t Wm−2

Geothermal heat flux G constant 4.2× 10−2 W m−2

Ice thickness H x, y, t m
Ice thickness reference for 0 sea level Href x, y, t m
Latent heat flux of fusion Lm constant 3.335× 105 Jkg−1

Precipitation p x, y, t ms−1

Precipitation correction pcorrect x, y, t kgkg−1 s−1

Activate energy Q constant 1.39× 105 (T ′>−10 ◦C)
6.4× 104 (T <−10 ◦C)

Latent heat flux in air Qlatent x, y, t Wm−2

Air specific humidity qair x, y, t kgkg−1

Zonal specific humidity mean qzonal x, y, t kgkg−1

Universal gas constant R constant 8.314 Jmol−1 K−1

Snowfall rate r x, y, t unitless
Earth radius re constant 6.37× 106 m
Relative humidity rq x, y, t unitless
Mean lifetime of water vapor rprecip constant kgkg−1 s−1

Ice accumulation rate (snowfall) s x, y, t ms−1

Sea level slv t m
Ice strata temperature T x, y, z, t K
Homologous temperature corrected by pressure melting point T ′ x, y, z, t K
Air temperature Tatmos x, y, t K
Ice melting temperature Tm x, y, z, t K
Ocean temperature Tocean x, y, t K
Estimated temperature without ice latent heat Tse x, y K
Sea water frozen temperature Tsm constant 271.45 K
Surface temperature Tsurf x, y, t K
Ice vertical velocity w x, y, z, t ms−1

Wind velocity at 850 hPa u x, y ms−1

Ice flow horizontal velocity (strata) V x, y, z, t ms−1

Ice flow horizontal velocity (base) V b x, y, t ms−1

Ice flow horizontal velocity (vertical mean) Vm x, y, t ms−1

Surface velocity zonal component for ice shelf Vx x, y, t ms−1

Surface velocity meridian component for ice shelf Vy x, y, t ms−1
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Table 1. Continued.

Variable name Symbol Dimensions Value/unit

Altitude above sea level z z m
Ice sheet bottom layer zb x, y, t m
Surface topography ztopo x, y, t m
Surface albedo αsurf x, y, t unitless
Clausius–Clapeyron gradient β constant 8.7× 10−4 Km−1

lapse rate 0 constant −0.006Km−1

Heat capacity of atmosphere layer γatmos x, y, t JK−1 m−2

Heat capacity of ocean layer γocean x, y, t JK−1 m−2

Heat capacity of surface layer γsurf x, y, t JK−1 m−2

Humidity tendency due to precipitation 1qprecip x, y, t kgkg−1 s−1

Humidity tendency due to correction 1qcorrect x, y, t kgkg−1 s−1

Humidity tendency due to evaporation 1qeva x, y, t kgkg−1 s−1

Humidity tendency due to precipitation 1qprecip x, y, t kgkg−1 s−1

Sea ice mass balance 1Hseaice x, y, t ms−1

Ocean temperature tendency due to entertainment 1Toentrain x, y, t K
Model time step (GREB) 1t constant 12 h
Ice viscosity η t Pas
Ice viscosity for ice shelf ηSSA constant 2× 1014 Pas
Ice sheet diffusion coefficient κ constant 2.1 W (Km)−1

Air diffusion rate κa constant 4× 106 m2 s−1

Sea ice diffusion rate κsi constant 0.25 m2 month−1

Longitude λ x degree
Ice sheet model vertical coordinate ξ z 1
Ice density ρi constant 910 kgm−3

Ocean density ρo constant 991 kgm−3

Stress tensor σ x, y, t Nm−2

Stress tensor component at a-b direction σab x, y, t Nm−2

Effective stress σe t Nm−2

Latitude φ y degree
Climate mean of air vertical velocity ωmean x, y Pas−1

Standard deviation of air vertical velocity ωSD x, y Pa2 s−2

The main physical processes that control the surface tem-
perature tendencies are solar (short-wave) and thermal (long-
wave) radiation, the hydrological cycle (including evapora-
tion, moisture transport and precipitation), horizontal trans-
port of heat, and heat uptake in the subsurface ocean. GREB
further simulates a number of diagnostic variables, such as
precipitation snow/ice cover and sea ice, resulting from the
simulation of the prognostic variables.

Atmospheric circulation (mean winds) and cloud cover are
seasonally prescribed boundary conditions, and prescribed
flux corrections (Fcorrect, Focorrect and 1qcorrect) are used to
keep the GREB model close to the observed mean climate.
State-independent flux corrections of surface temperatures or
other variables allow a climate model to be close to those ob-
served or any other state, while still being able to fully re-
spond to external forcing or internal variability (Dommenget
and Rezny, 2018; Irvine et al., 2013; Schneider, 1996). The
flux correction terms are estimated by balancing the tendency
in Eqs. (1)–(4) for observed boundary conditions to result in
the observed Tsurf, Tocean and qair for each calendar month
(see Dommenget and Flöter, 2011, for details).

Since the GREB model does not simulate the atmospheric
or ocean circulation, it is conceptually very different from
coupled general circulation model (CGCM) simulations. The

model does simulate important climate feedbacks such as the
water vapor and ice–albedo feedback, but an important lim-
itation of the GREB model is that the response to external
forcing or model parameter perturbations does not involve
circulation or cloud feedbacks. GREB does not have any in-
ternal (natural) variability since daily weather systems are
not simulated. Subsequently, the control climate or response
to external forcing can be estimated from one single year,
assuming an equilibrium has been reached. The primary ad-
vantage of the GREB model in the context of this study is its
simplicity, speed and low computational cost. The simula-
tion of 1 year of global climate with the GREB model can be
done in about 1 s (about 100 000 simulated years per day on
a desktop computer), and model simplicity allows the user
to straightforwardly investigate cause and effect in coupled
simulations.

3.2 Ice sheet model

The ice sheet model is a global thermomechanical ice flow
model that comprises momentum balance, mass balance and
energy balance modules with the prognostic variables: thick-
ness and temperature, and diagnostic velocities. This subsec-
tion will describe the ice sheet model, including the model
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Table 2. Processes and their relevant numeric scheme for the ice sheet model.

Processes Time step Contribute to Scheme

Mass balance half-day (GREB) ice thickness energy balance
Advection 1 year ice thickness finite volume (FFSL, Lin and Rood, 1996)
Vertical diffusion 1 year ice temperature finite difference
Vertical advection 1 year ice temperature finite difference
Deformation heat 1 year ice temperature on vertical sheer of horizontal velocity

grid, dynamical methods used, parameterizations and ap-
proximations made. A short summary of the basic numerical
schemes used are listed in Table 2.

3.2.1 Model grid

The ice sheet model uses the same horizontal grid as the
GREB model. The Arakawa C scheme (Pollard and Deconto,
2012) is adopted for the simulation of velocities, with the ice
thickness and temperature specified at the center of the grid,
and zonal and meridional velocities are specified at the grid
boundary midpoint. For the vertical coordinates, we apply a
terrain-following coordinate, ξ , in the ice sheet model, where

ξ =
z− H

2
H
2

. (5)

We chose the number of layers to be 4, to be close to the
minimal number of layers which can still resolve the vertical
velocity in the ice sheets: the surface layer (ξ = 1), two Gaus-
sian nodes (ξ =± 1

√
3

, nodes for 2-point Gaussian quadra-
ture; Hildebrand, 1987) and the base layer (ξ = −1). The
vertical integration in the model is based on Gauss–Jacobi
quadrature (Hildebrand, 1987), where temperature vertical
distribution is estimated by a polynomial curve fitting ac-
cording to the four layers, which is expressed by

T (ξ)= c0+ c1ξ + c2ξ
2
+ c3ξ

3, (6)

where T is the temperature, ci (i = 0,1,2,3) are regression
coefficients derived from the temperatures at the above four
vertical nodes at each time step. The global, horizontal model
grid has cyclic boundary conditions. For the grid points at the
poles, we assume the poleward neighbor is the point at the
same latitude, but shifted by 180◦, following the approach in
Allen et al. (1991). To avoid numerical instability in the polar
regions, a zonal wave filter is applied from 76.875◦ S to the
South Pole (Lin and Rood, 1997; Suarez and Takacs, 1995).

3.2.2 Glacier mask

The GREB-ISM ice sheet evolution depends on whether the
ice is grounded (land), floating (ice shelves) or if we have thin
ice over the ocean (sea ice). The ice thickness, H , is used for
both sea ice and ice sheet. For very thin ice cover, the gravity-
driven ice flow is negligible and thus it does not follow ice

sheet dynamics (e.g., snow or sea ice). To distinguish large
ice mass from snow or sea ice, H must be above 10 m (Fyke
et al., 2011). In detail, the points are as follows:

– Grounded ice (land) points. Ice sheet is grounded on
bedrock, satisfying the condition (Larour et al., 2012):

b+
ρi

ρo
H > 0.

– Floating ice (ice shelves) points. Ice thickness
H ≥ 10 m and does not reach the bedrock, satisfying the
floating condition:

b+
ρi

ρo
H ≤ 0.

– Ocean points (all other points).. The ocean points here
include sea ice grid (H ≥ 0) as well.

The definition of this glacier mask does implicitly define
groundling lines of glaciers by shifting points from grounded
ice to floating ice according to the ice thickness, bed topogra-
phy and global sea level (see also Sect. 3.3.8 for the sea level
impact on the bed elevation).

3.2.3 Mass balance

The ice surface elevation, calculated from the mass balance
equation, is the primary input from the ice sheet model to the
GREB model, calculated for all global grid points. The mass
balance equation is as follows:

∂H

∂t
= s− a−∇ · (V mH), (7)

where the accumulation of snow (s), ablation (melting) of
ice (a) and ice transport ((∇ · (V mH)) control the mass bal-
ance. The surface mass balance terms (s,a) are calculated at
the same time step as GREB (half-day), and thus we have
seasonal ice thickness change. The ice transport term is cal-
culated with an annual time step (Sect. 3.2.4).

The methods used to calculate the terms on the right hand
side depend on whether ice is grounded (ice sheet), float-
ing (ice shelves) or sea ice. The mass balance for sea ice
is described in Sect. 3.3.4. For the ice sheet and shelves,
the two local surface forcing terms for the ice mass balance
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from Eq. (7) are the source (accumulation) and sink (abla-
tion) terms. The accumulation is due to snowfall:

s =
ρo

ρi
r ·p, (8)

with the snowfall ratio, r:

r =


1, Tatmos < Tm and Tsurf < Tm− 2 ◦C
1
2

(
1− Tsurf−Tm

2 ◦C

)
, Tatmos < Tm

and Tm− 2 ◦C< Tsurf < Tm+ 2 ◦C
0, otherwise.

(9)

The ice ablation rate is due to surface melting by positive
surface heat flux:

a = −
Fice

ρiLm
, (10)

with the latent heat flux for melting ice, Fice:

Fice =


Fsurf partial melting : Fsurf ≤ Fmaxmelt
ρiLmH
1t

complete melting : Fsurf > Fmaxmelt

0 no melting : Fsurf < 0.

(11)

Here, the maximum heat flux for complete ice melting is
Fmaxmelt = ρiLm

H
1t

. The surface heat flux, Fsurf, only consid-
ers the net surface heat flux beyond the freezing point:

Fsurf = γsurf
Tse− Tm

1t
, (12)

and the estimated surface temperature without ice fusion is

Tse = T0+1t
Fnet

γsurf
, (13)

where Fnet is defined as the right hand side of Eq. (1).
We currently do not explicitly include an ocean basal melt-

ing scheme in our model. On the one hand, our ice shelf vis-
cosity is tuned to fit the current day ice shelf thickness, which
partially contains basal melting effects (see Sect. 3.2.4). On
the other hand, including a basal melting scheme (Martin
et al., 2011) does not contribute to a significant improvement
in our model simulations (see Sect. 4.3).

The snow accumulation and melting, as described above,
control all land ice and snow cover and therefore also simu-
late the seasonal cycle of snow and ice cover over land. Fig-
ure 3 illustrates the seasonal cycle of ice cover in both hemi-
spheres as simulated by the GREB-ISM model with present-
day boundary conditions. The ice cover change for ocean
points comes from sea ice changes, which is described in
Sect. 3.3.4. The overall snow cover (land) distribution and
seasonal cycle resemble observations (Robinson et al., 2012).
Similarly, the mean sea ice extent and seasonal cycle are
comparable with those observed (Rayner et al., 2003), with
some overestimation of sea ice extent around Antarctica in
summer.

Calving

A boundary condition for the mass transport equations is re-
quired at the ice front: here, ice from the ice sheet can be
freely advected to the attached ocean grid and become sea
ice (see Sect. 3.3.4 for the dynamics of sea ice). In this way,
calving is diagnosed as transport from ground (land) or float-
ing ice (shelves) onto ocean points.

3.2.4 Momentum balance

Ice flow on grounded ice points is solved based on the shal-
low ice approximation (SIA; Hutter, 1983; Morland, 1984)
for momentum balance:

V = V b− 2ρig∇ztopo

∫ z

zb

Aexp
(
−Q

RT

)
σn−1

e
(
H − z′

)
dz′, (14)

V m =
1

z− zb

∫ z

zb

V dz′, (15)

and the shallow shelf approximation (SSA; Macayeal, 1989)
on floating ice points (solved in geo-coordinate latitude φ and
longitude λ):

∂

re cosφ∂λ

(
ηSSAH

(
4

∂Vx

re cosφ∂λ
+ 2

∂Vy

re∂φ

))
+

∂

re cosφ∂φ

(
ηSSAH

(
∂Vx

re∂φ
+

∂Vy

re cosφ∂λ

)
cosφ

)
= ρigH

∂ztopo

re cosφ∂λ
, (16)

∂

re cosφ∂φ

(
ηSSAH

(
4
∂Vy

re∂φ
+ 2

∂Vx

re cosφ∂λ

)
cosφ

)
+

∂

re cosφ∂λ

(
ηSSAH

(
∂Vx

re∂φ
+

∂Vy

re cosφ∂λ

))
= ρigH

∂ztopo

re∂φ
. (17)

The viscosity (ηSSA) in our model is larger than in other
models (Bueler and Brown, 2009). This high viscosity is
tuned by adjusting ice shelf thickness to observation, which
may be impacted by uncertainties in the observations, other
model fields or in physical processes such as ice shelf basal
melting effects.

Vertical velocities are recovered through incompressibil-
ity:

w = −

∫ z

zb

∇ ·V dz. (18)

The deformation of ice under stress is described by Glen’s
flow law (Glen, 1953, 1954, 1955):

η =
1

2EAσ n−1
e

, A= A0 exp
(
−Q

RT ′

)
, (19)
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Figure 3. GREB-ISM seasonal ice thickness (cm) during January–February–March (a, c) and July–August–September (b, d) from the
coupled dynamic equilibrium experiment equilibrium state (200 kyr). The scale is chosen to highlight seasonal ice cover.

where T ′ is the temperature corrected for the dependence of
melting point on pressure:

T ′ = T −β(H − z). (20)

In our model, the viscosity ηSSA (Table 1) has been set
as a constant value to match with the observed ice surface
velocity and calving in the stand-alone dynamic equilibrium
experiment (Sect. 4.3). Each of Eqs. (14)–(18) above are ex-
pressed in z coordinates but are transformed into ξ coordi-
nates for the model integration. Boundary conditions for the
mechanical model are required at the ice sheet surface, base
and at the ice shelf-ocean front. A stress-free ice surface is
assumed:

σ ·n= 0, (21)

where n is the normal unit vector at the ice surface.
At the base, the horizontal ice velocities follow the

viscous-type sliding law defined in Greve (1997):

V b = −CslH ||∇ztopo||
2
∇ztopo, z= zb. (22)

The value for Csl is as in Greve (1997). In Sect. 4.3 we
discuss to what extent variations in Csl could improve the
simulations.

The stress conditions for the horizontal ice shelf velocities
at the interface with the open-ocean points follow Greve and
Blatter (2009), which in our model is expressed as follows:

4
∂

re cosφ∂λ

(
ηSSAH

∂Vx

re cosφ∂λ

)
+ 2

∂

re cosφ∂λ

(
ηSSAH

∂Vy

re∂φ

)
= ρigH

∂ztopo

re cosφ∂λ
, (23)

4
∂

re cosφ∂φ

(
ηSSAH

∂Vy

a∂φ
cosφ

)
+ 2

∂

re cosφ∂φ

(
ηSSAH

∂Vx

re cosφ∂λ
cosφ

)
= ρigH

∂ztopo

re∂φ
. (24)
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3.2.5 Energy balance

The ice temperature (energy) balance is calculated as fol-
lows:

∂T

∂t
= −V · ∇T −w

∂

∂z
T +

∂

∂z

κ

ρiCp

∂

∂z
T

+
1

ρiCp
(σxz,σyz) ·

∂V

∂z
. (25)

The ice temperature balance at the surface is con-
strained by Tsurf as computed in the GREB-ISM model (see
Sect. 3.3.1):

T = Tsurf, z= ztopo. (26)

The geothermal heat flux is an important boundary con-
dition for ice sheets. Previous studies show that the model
with uniform geothermal heat flux is still able to reproduce
the ice sheet evolution in the paleoclimate (Abe-Ouchi et al.,
2007; Tigchelaar et al., 2019). For consistency, we therefore
assume a globally constant bottom layer geothermal flux as
in Huybrechts et al. (1996) and Payne et al. (2000):

∂T

∂z
= −

ρiCpG

κ
, z= zb. (27)

3.3 Coupling of the GREB model to the ice sheet

The introduction of an ice sheet model requires a number
of changes to the original GREB model. In the following,
we describe the changes made to the GREB model equations
and illustrate how they affect the simulation of the GREB
climate.

3.3.1 Energy exchange between GREB and ice
sheet/sea ice

The introduction of a prognostic ice sheet model introduces
the additional heat flux term, Fice, for the Tsurf tendency
Eq. (1), resulting in the new equation:

γsurf
dTsurf

dt
= Fsolar+Fthermal+Flatent+Fsense+Fice

+Focean+Fcorrect. (28)

The calculations of Fice are described in Sect. 3.2.3 (mass
balance) and Sect. 3.3.4 (sea ice). The effect of Fice can best
be illustrated by a simple response experiment in which we
add a 10 m ice cover and evaluate how surface temperature
responds to it (Fig. 4). In this response experiment 10 m of
ice cover is introduced over a large region of Europe (Fig. 4d,
black box) at the start of the simulation, and then the fully
coupled GREB-ISM model is run for 4 years to respond to
this change.

The introduction of the ice cover forces surface tempera-
ture below the freezing point at all locations, as long as the

Figure 4. GREB-ISM response to adding a 10 m ice sheet in sur-
face temperature (units: ◦C) and ice thickness (units: m). In (a)–
(c) are the temperature and ice thickness evolution at three different
locations. The black, red and blue curve represent control run sur-
face temperature (without adding 10 m ice), scenario run surface
temperature (with adding 10 m ice) and scenario run ice thickness.
Panel (d) shows the temperature difference (units: ◦C) between sce-
nario and control at the end of the first simulation year. The black
outlined region in (d) mark the area in which the initial 10 m ice
sheet is added.
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ice sheet is present (Fig. 4a–c). The atmospheric heat fluxes
and sea ice dynamics force the sea ice to melt, which it does
faster over the ocean points due to horizontal sea ice trans-
port. Over land the ice cover melts after the first year and al-
lows surface temperature to go back to the control run values.
The atmospheric heat and moisture transport cause cooling in
adjacent regions (Fig. 4d).

3.3.2 Surface heat capacity

The surface layer effective heat capacity (γsurf) in the GREB
model is equal to the heat capacity of a water column of the
mixed layer depth over ice-free ocean points and equivalent
to 2 m soil for all other points (e.g., land and ice covered).
Thus, the formation of sea ice changes the heat capacity from
that of the mixed layer depth to a 2 m soil column. This is
unchanged from the original GREB model.

3.3.3 Precipitation correction

The hydrological cycle model in GREB developed in Stassen
et al. (2019) simulates precipitation as a function of the sim-
ulated atmospheric humidity (qair), the observed mean and
standard deviation of the vertical air motion (ωmean, ωSD):

1qprecipS2019 = rprecip · qair · (crq · rq+ cω ·ωmean

+ cωSD ·ωSD). (29)

This model aimed at a realistic simulation of precipitation
with a focus on the regions of greatest precipitation, i.e., the
tropical oceans. While the precipitation model is very good in
these regions (Stassen et al., 2019), it only has limited skills
over higher-latitude land regions, which are most important
for the ice sheet mass balance of the GREB-ISM.

To allow the ice sheet mass balance to receive unbiased
mean precipitation forcing under present-day conditions, we
introduced a land precipitation correction in the GREB-ISM
model. The new precipitation equation with flux correction
is expressed as follows:

1qprecip =1qprecipS2019 + qzonal ·pcorrect, (30)

where qzonal ·pcorrect is the flux correction of the equation.
The flux corrections are only active over land and are a func-
tion of calendar month. They are estimated in a way that the
simulated 1qprecip matches the precipitation data in Sect. 2
for every calendar month of the year.

Here, we note that the 1qprecipS2019 model assumes that
precipitation is proportional to the local humidity (qair).
Stassen et al. (2019) demonstrate that this assumption is less
appropriate in higher-latitude land regions, as there is no
clear relationship between the local qair and 1qprecip. Due
to the lack of a clear local relationship, we relaxed this con-
straint and assumed that the precipitation over land is a func-
tion of the zonal mean humidity, reflecting the mostly zonal
structure of the atmospheric circulation. Therefore we set

the correction term to be proportional to the zonal mean qair
defining qzonal. Within 30◦ of the poles qzonal is estimated as
the mean from the pole to 60◦.

With this approach the precipitation over higher-latitude
land responds to cooling or warming similarly to other re-
gions (e.g., oceans for lower latitudes). We will discuss the
precipitation response of the GREB-ISM further below in the
context of the response experiments.

3.3.4 Sea ice

Sea ice is a diagnostic variable in the original GREB model
but is now changed to be a prognostic variable in GREB-
ISM. Over land and ice shelf points, ice thicknesses (H ) fol-
low the dynamics described in the ice sheet model Sect. 3.2.
Over ocean points we use the same prognostic variable (H ),
but the sea ice thickness dynamics follow a different ten-
dency equation, namely

∂H

∂t
=1Hseaice− κsi∇

2H, (31)

with the local sea ice growth,

1Hseaice =
−Fice

ρiLm
, (32)

and where the latent heat of ice fusion Fsurf is defined by
Eqs. (11)–(13):

Fice = Fsurf ice grows: Tse < Tsm,Fsurf < 0

and H < 0.5m,
Fice from Eq. (11) ice melts: Tse > Tsm,Fsurf > 0,
Fice = 0 no change: otherwise. (33)

The sea ice growth threshold of 0.5 m reflects the fact that
sea ice is a very good insulator and subsequently does not
transfer atmospheric heat fluxes very well once a certain ice
thickness is reached. This in practice limits the growth of sea
ice by atmospheric heat flux to less than 0.5 m typically. In
this case Fice = 0 and it will no longer grow the sea ice, but
only cool Tsurf (Eq. 28).

Sea ice transport is estimated by isotropic diffusion
(κsi∇

2H ). This approximates the effect of turbulent winds
and ocean currents transporting sea ice, leading to fast de-
cay of sea ice near open ocean. The diffusion coefficient κsi
was chosen to roughly lead to a sea-ice-decaying timescale
of about 1 month.

3.3.5 Albedo coupled to ice sheet

The surface albedo (αsurf) in the original GREB model was
diagnosed as function of Tsurf but is now diagnosed as a func-
tion of the ice thickness (H ):

αsurf = 0.1 H = 0.0,

αsurf = 0.1+ 17.5m−1
·H H ∈ [0.0,0.02m],

αsurf = 0.45 H > 0.02m. (34)
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The linear relation between ice thickness and albedo in
the GREB-ISM model was estimated from the assumption
that for the observed northern hemispheric seasonal cycle
of snow/ice cover over land the overall albedo matches the
mean overall albedo of the original GREB model.

3.3.6 Topography coupled to ice sheet

The land topography (ztopo) in the original GREB model is
a fixed boundary condition that influences a number of pro-
cesses: thermal radiation, hydrological cycle, and the trans-
port of heat and moisture by advection and diffusion. For
GREB-ISM the land topography is now a function of the bed
topography and ice sheet height:

ztopo = b+H, for grounded ice,

ztopo =

(
1−

ρi

ρo

)
H, for floating ice. (35)

The GREB-ISM does not simulate any glacial isostatic ad-
justment.

3.3.7 Sensible heat flux between surface and
atmosphere

The variable land topography (ztopo) should affect the sensi-
ble heat flux between Tsurf and Tatmos, which was not simu-
lated in the original GREB model. Here it needs to be consid-
ered that the GREB model does not resolve the vertical struc-
ture of the atmosphere, as it only has one atmospheric layer.
However, in the real world Tatmos decreases with surface el-
evation, following a moist adiabatic lapse rate. We therefore
change the sensible heat flux between Tsurf and Tatmos, which
was approximated in the original GREB model by Newto-
nian coupling between Tsurf and Tatmos. In the GREB-ISM
model this is now replaced with a Newtonian coupling be-
tween Tsurf and an adjusted Tatmos:

Fsense = ctsense(Tatmos+0 · ztopo− Tsurf). (36)

Here we choose a globally constant moist adiabatic lapse
rate 0=−6 Kkm−1. The effect of this sensible heat flux is
illustrated with a simple response experiment; see Fig. 5. For
this experiment we increase ztopo and precipitation relative
to a control simulation with no changes in ztopo (Fig. 5).
Tsurf decreases in response to the topographic perturbation,
approximately linearly to the moist adiabatic lapse rate. The
higher topography also affects the hydrological cycle, reduc-
ing the precipitation locally and also remotely through trans-
port of relatively reduced atmospheric humidity.

3.3.8 Sea level and land–sea mask

A sea level subroutine is added in GREB-ISM. Only
grounded ice thickness impacts the global sea level. Conse-

quently, the sea level change slv is defined by

slv=

∫
grounded(H −Href)dA

Aocean
, (37)

where Href is the reference ice thickness, Aocean is total
area of ocean grid and

∫
groundeddA is an integration over all

grounded ice points. slv will be added to bed topography b,
which eventually impacts the land–sea mask. The sea level
and land–sea mask are updated every model year.

The soil moisture, which is a boundary condition for esti-
mating surface evaporation, is initially set to observed values
over land and then changes if land–sea distribution alters. If
the sea level lowers and an ocean point turns into a land point
(b> 0) then the land point has a soil moisture value of 0.3
(equivalent to the mean value for land points in Dommenget
and Flöter, 2011). In turn, if the sea level rises and a land
point turns into an ocean point (b< 0), then the soil moisture
value is set to 1.0.

3.3.9 Meridional heat transport

The study by Dommenget et al. (2019) showed that the
GREB model, without flux corrections for Tsurf, has a high-
latitude climate that is too cold and a tropical climate that
is too warm, indicating that the meridional heat transport
is too weak. The meridional heat transport in the GREB
model results from the atmospheric heat transport by the
mean advection due to the mean horizontal wind field and by
isotropic diffusion. The latter depends on the diffusion coef-
ficient κa = 8× 105 m2 s−1 in the GREB model. This value
is not strongly constrained by observations and may effec-
tively be different by an order of magnitude. Since the merid-
ional heat transport may play an important role in the global
ice-age cycle, we enhance this diffusion coefficient by a fac-
tor of 5. This reduces the mean Tsurf bias in higher latitudes
and the tropics in the GREB model without flux corrections,
while at the same time does not increase biases in other loca-
tions, indicating it is a better approximation of the isotropic
diffusion.

4 Model benchmark: ice sheet model stand-alone
simulations

We start our evaluation of the new ice sheet model GREB-
ISM with stand-alone ice sheet model simulations forced
with idealized or observed boundary conditions. These sim-
ulations focus on the ice sheet simulation only. Section 4.1
and 4.2 use standard experiments from the European Ice
Sheet Modelling Initiative (EISMINT) model intercompar-
ison Phase I (Huybrechts et al., 1996) and II (Payne et al.,
2000), which test the ice sheet model response to idealized
mass and temperature forcing within a given horizontal reso-
lution, with the ice mechanics decoupled from the thermo-
dynamics in EISMINT I and coupled in EISMINT II. In

https://doi.org/10.5194/gmd-15-3691-2022 Geosci. Model Dev., 15, 3691–3719, 2022



3702 Z. Xie et al.: GREB-ISM v1.0

Figure 5. GREB-ISM response to a lifting of the topography by 1000 m for surface temperature (a, units: ◦C) and precipitation (b,
units: mmd−1). The response is defined as the scenario run (1000 m topography lifting) minus control run (no lifting) at the end of the
first simulation year. The box represents the lifted region.

Sect. 4.3, we discuss a simulation on the global GREB-ISM
grid forced with observed boundary conditions to estimate
the dynamically forced equilibrium of the ice sheet model.
Finally, we discuss an idealized time-varying ice sheet re-
sponse experiment, forced with temperature and precipita-
tion similar to (Niu et al., 2019) over the past 250 kyr.

4.1 EISMINT I

All simulations in EISMINT I (Huybrechts et al., 1996, H96
hereafter) are based on a regional grid in Cartesian coordi-

nates that have higher resolutions than the GREB model grid
(∼ 50 km). For a better comparison of the numerical schemes
we changed the GREB-ISM grid (3.75◦× 3.75◦) for these
experiments to a model grid with 96 points in the zonal and
144 points in the meridional direction (3.75◦× 1.25◦). Only
the first 15 points in the meridional direction are used for the
ice sheet simulation. The ice sheet divide in these simula-
tions is the South Pole, and the length of the meridional grid
is 50 km. The simulations are integrated for 200 kyr, but near
equilibrium is reached after about 50 kyr.
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Table 3. Variables (upper) and parameters (below) list for EISMINT experiments.

Variable name Symbol Unit

Distance from the divide d km
Ice thickness H m
Surface mass balance S m
Surface temperature Tsurf K

Parameter Symbol Unit EISMINT I EISMINT II

Fixed margin Moving margin Experiment A Experiment B Experiment C

Melting distance Rel km / 450 450 450 425
Mass balance gradient coefficient Sb myr−1 km−1 / 0.01 0.01 0.01 0.01
Surface temperature lapse rate SH Km−1 / 0.01 / / /
Surface mass balance Smax myr−1 / 0.5 0.5 0.5 0.25
Surface temperature gradient coefficient ST 8× 10−8 Kkm−3 / 1.67× 10−2 Kkm−1 1.67× 10−2 Kkm−1 1.67× 10−2 Kkm−1

Surface temperature minimum Tmin K 239 / 238.15 233.15 238.15

Table 4. EISMINT I steady state experiment result comparison between GREB-ISM and the model ensemble from H96 for fixed-margin (F)
and moving-margin (M) experiments.

Experiment Ice thickness at divide Mass flux at midpoint Basal temperature at divide
[m] [102 m2 a−1] [◦C]

EISMINT I (F) 3384.4± 39.4 794.99± 5.67 −8.97± 0.71
GREB-ISM (F) 3399.06 750.14 −11.74
EISMINT I (M) 2978.0± 19.3 999.38± 23.55 −13.34± 0.56
GREB-ISM (M) 2916.025 1234.40 −14.93

The mass balance S and surface temperature Tsurf forcings
are given as follows:

Fixed margin experiment:

{
S = 0.3myr−1

Tsurf = Tmin+ STd
3,

(38)

Moving margin experiment:{
S =min{Smax,Sb(Rel− d)}

Tsurf = (270K− SHH).
(39)

The parameters in Eqs. (38) and (39) are listed in Table 3.
Table 4 shows the comparison between the new ice sheet
model GREB-ISM and model results from H96. The GREB-
ISM simulations of the ice thickness at divide and mass flux
at midpoint are mostly similar to those found in H96 for both
the fixed and moving margin experiments. The ice mass flux
in the GREB-ISM is larger than in H96 for the moving mar-
gin experiment. An additional experiment (not shown) with
the GREB-ISM in Cartesian coordinates as used in the EIS-
MINT I simulation finds the ice mass flux close to H96, sug-
gesting this result may be dependent on mesh shape.

The transition experiments with oscillating forcing of tem-
perature and mass balance with periods of 20 and 40 kyr are
presented in Fig. 6. The GREB-ISM ice thickness simula-
tion is similar to those of H96 for both fixed and moving
margin experiments (Fig. 6). In both experiments, the basal
temperature at the divide is about 1–2 ◦C colder than in the
H96 simulations, which is related to the coarse vertical reso-

lution. This mismatch disappears if we increase the vertical
resolution to 10 layers (not shown).

4.2 EISMINT II

EISMINT II experiments (Payne et al., 2000, P2000 here af-
ter) involve coupling between the mechanical and thermo-
dynamical components of the ice sheet model. These experi-
ments are designed to test how the ice sheet temperature vari-
ations interact with the ice sheet transport. The GREB-ISM
model grid used is similar to in EISMINT I, but the num-
ber of points in the meridional direction is increased from 15
to 31 and the length of the meridional grid is set to 25 km. All
experiments are integrated for 200 kyr. The boundary condi-
tions for the first experiment (A) are as follows:{
S =min{Smax,Sb(Rel− d)}

Tsurf = Tmin+ STd,
(40)

with the parameters given in Table 3. The results of exper-
iment A are summarized in Table 5. The final GREB-ISM
values for ice volume, area, divide thickness and basal tem-
perature at the ice sheet divide are all within the range of the
models in P2000, indicating a fairly good agreement. The
basal melt fraction is underestimated by the GREB-ISM by
about 30 %, which is related to a cold bias at the bed of the
ice sheet.

Experiment B and C in EISMINT II are designed for test-
ing the model sensitivity to various boundary conditions.
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Figure 6. Time evolution of ice thickness (a, c, unit: m) and homologous basal temperature (b, d, unit: K) in the EISMINT I fixed (a, b) and
moving (c, d) margin experiments with GREB-ISM with 20 and 40 kyr period forcing. R marks the range (maximum minus minimum in the
last 50 kyr) of the simulated variables.

Table 5. Results for basic glaciological quantities in EISMINT II experiments after 200 kyr. Differences are defined as current experiment
minus experiment A. Percentage changes are relative to experiment A. The results of P2000 are shown in the form of “mean± range”. See
text for details.

Model (exp. label) Volume Area Melt fraction Divide thickness Divide basal
[106 km3] [106 km2] [m] temperature [K]

GREB-ISM (A) 2.065 0.932 0.466 3829.77 254.038
P2000 (A) 2.128± 0.145 1.034± 0.086 0.719± 0.290 3688.342± 96.740 255.605± 2.929

Model (exp. label) Volume change Area change Melt fraction change Divide thickness change Divide basal
[%] [%] [%] [%] temperature

difference [K]

GREB-ISM (B) −4.066 / 38.642 −5.821 4.576
P2000 (B) −2.589± 1.002 / 11.836± 18.669 −4.927± 1.316 4.623± 0.518
GREB-ISM (C) −25.907 −17.079 −100 −12.137 3.856
P2000 (C) −28.505± 1.204 −19.515± 3.554 −27.806± 31.371 −12.928± 1.501 3.707± 0.615
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Figure 7. Time evolution of total ice volume (a, b, units: 106 km3) and ice calving (c, d, units: km3 yr−1) in Greenland (a, c) and Antarc-
tica (b, d) from the forced stand-alone dynamic equilibrium experiment.

Tmin in experiment B is set as 5 K cooler than in experi-
ment A, to evaluate the sensitivity of the model to the mean
ice temperature. Table 5 depicts the difference between ex-
periment B and A. The GREB-ISM shows, in general, simi-
lar changes in ice volume, ice divide thickness and ice divide
basal temperature as in P2000. However, the basal melt frac-
tion change shows a significant discrepancy, which is related
to the cold bias of the basal temperature in experiment A.

For experiment C, Smax and Rel are set as 0.25 myr−1 and
425 km, respectively, to evaluate the impact of different mass
balances. The results of experiment C are shown in Table 5.
For the changes in ice volume, area, divide thickness and di-
vide basal temperature, the response difference between ex-
periment C and A in GREB-ISM is equivalent to results from
P2000. The changes in melt fraction in the GREB-ISM devi-
ate from those of P2000, which is again likely to be related
to the cold bias in basal temperatures in the GREB-ISM in
experiment A.

Overall, the model reproduces the total ice thickness and
ice cover well in the idealized experiments of EISMINT I
and II. Although there is a bias in the basal temperature esti-
mation in GREB-ISM, this issue does not have a significant
impact on the ice thickness and cover area, which suggests
the model is appropriate for global climate and ice evolution
simulations.

4.3 Globally forced dynamical equilibrium

We now focus on simulating the observed global ice sheets
forced with present-day boundary conditions. Although we
cannot assume that observed Greenland and Antarctic Ice
Sheets are in equilibrium with present-day forcing, the dy-
namic equilibrium simulation should produce a global ice
sheet distribution similar to the current observations.

Ice surface temperature and precipitation forcings in the
experiment are set to the climatologies derived from ERA-
interim, NCEP-DOE and GPCP data. GREB-ISM is run for
200 kyr, initialized with observed ice thickness. Figures 7–9
show results from this simulation, and Table 6 compares the
simulation values of total ice volume boundary calving with
observed values from the literature.

The model reaches an equilibrium after about 50 kyr for
both the Northern and Southern Hemispheres. Greenland
ice thicknesses and calving rates show only small differ-
ences compared with the initial values. They are also within
the estimated calving values from observation (Bigg, 1999).
The trends in Antarctica are larger, in particular over West
Antarctica. Here we see a significant increase in ice volume
and calving (Figs. 7d and 9d). The West Antarctic ice sheet
thickness increase is inconsistent with the observed values,
suggesting a model limitation.
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Figure 8. Comparison of ice surface velocity (unit: myr−1) from observations (left) and the GREB-ISM forced stand-alone dynamic equi-
librium experiment at equilibrium state (right).

Table 6. Ice volume and boundary calving from the forced dynamic equilibrium experiment and observation.

Experiment (region) Total ice volume [106 km3] Boundary calving [1012 kg]

Observation (Greenland) 2.83 (Greve, 1997) 170–270 (Bigg, 1999)
3.12 (Morlighem et al., 2017, 2020)

GREB ISM (Greenland) 3.36 211.91

Observation (Antarctica) 25.6 (Martin et al., 2011) 1781± 64 (Liu et al., 2015)
26.8 (Morlighem et al., 2017, 2020)

GREB ISM (Antarctica) 32.09 2231.69
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Figure 9. Results from the GREB-ISM forced stand-alone dynamic equilibrium simulation at equilibrium state: annual mean ice thick-
ness (a, c) and the ice thickness difference (b, d) between GREB-ISM simulation and the observation in Greenland (a, b) and Antarctica (c, d).
The ice thickness observation is derived from the BedMachine dataset (Morlighem et al., 2017, 2020).

We could not find the specific limitation that is causing
West Antarctic Ice Sheet bias. The precipitation forcing does
play a role in controlling the West Antarctic Ice Sheet, but
we could not find any reasonable precipitation forcing that
would result in significantly improved simulations of the
West Antarctic Ice Sheet. The parameterization of the float-
ing ice for ice shelves (SSA) also impacts the simulation of
West Antarctic Ice Sheet. The ice shelf can grow and be-
come grounded as an ice sheet with lower viscosity. How-
ever, again we could not find any reasonable value for the
ice viscosity (ηSSA) that would significantly reduce this bias.
We further tested different sliding law coefficient Csl, rang-
ing from 6× 103 to 6× 105 yr−1. The result indicates that the
varying coefficient values do not bring a fundamental simula-
tion improvement. Similarly, a basal melting scheme (Martin
et al., 2011) with different strength has also been tested, but
improvement could not be found.

The simulated ice surface velocity for Antarctica and
Greenland shows a reasonable pattern, capturing the main
features of the transport (Fig. 8) and the mean values. For
Antarctica the ice mean flow is 109 myr−1, faster than the
observation (80 myr−1) from MEaSUREs data (Mouginot
et al., 2012; Rignot et al., 2011, 2017), and slower in the
interior and faster near the boundaries. The largest velocities
(more than 1000 myr−1) appear in ice shelf regions (Ross
and Filchner–Ronne Ice Shelf), which is due to the presence
of the floating ice for ice shelves (SSA). Similarly, Green-
land ice velocities are also in good agreement with observa-
tions (Joughin, 2017; Joughin et al., 2010) in terms of pat-
tern and mean flow magnitude (57 simulated and 56 myr−1

observed).
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4.4 Transition experiment

We next evaluate the capability of the global ice sheet model
to respond to realistic changes in the boundary conditions.
We therefore design an experiment, in which we force the
GREB-ISM with surface temperature and precipitation over
the past 250 kyr, similar to the one discussed in Niu et al.
(2019) for the Northern Hemisphere, but extended to the
whole globe to evaluate the response of the ice sheet on a
global scale. The surface temperature and precipitation forc-
ing for this experiment are as follows:
Tsurf(λ,φ, t)= Ttoday(λ,φ, tday)+ (TLGM(λ,φ, tday)

−Ttoday(λ,φ, tday))
δ18O(t)−δ18OPD
δ18OLGM−δ18OPD

S(λ,φ, t)= min
[
Stoday(λ,φ, tday)+ (SLGM(λ,φ, tday)

−Stoday(λ,φ, tday))
δ18O(t)−δ18OPD
δ18OLGM−δ18OPD

,0
]
.

(41)

The surface temperature (Tsurf) and ice mass balance (S)
are present-day regional and seasonally varying climatolo-
gies (Ttoday, Stoday) plus a seasonally changing (tday) forc-
ing pattern for Tsurf and S that varies according to δ18O
proxy data derived from the Greenland Ice Core Project
(GRIP) dataset (Greve, 1997). δ18OPD and δ18OLGM rep-
resent δ18O at the present day and Last Glacial Maximum
(LGM), respectively. The LGM reference climate forcing
pattern TLGM(λ,φ, tday) is taken from the AWI Earth sys-
tem model (AWI-ESM) (see Sect. 2 for detail), which results
from a CGCM simulation forced by insolation, greenhouse
gas and ice sheet. The main feature of this forcing pattern
(not shown) is a much colder climate (more than 10 ◦C) from
North America to Central Asia and Antarctica, which con-
tained or were surrounded by large ice sheets (Kageyama
et al., 2017). The simulation is integrated between −250 kyr
and the present and initialized with present-day observed ice
thickness.

The time series in Fig. 10 depicts the sea level change
in this simulation from −200 kyr BP compared with a δ18O
proxy time series from ocean sediments (Imbrie et al., 1984).
The two curves show similar time series variations with a
correlation of −0.67. This indicates that qualitatively the
GREB-ISM ice sheet shows similar overall global ice sheet
variations to those observed over the past 200 kyr. The
GREB-ISM sea level varies by about 120 m, which is the
same as observed sea level changes (Fairbanks, 1989; Lam-
beck et al., 2014), indicating that the simulated ice sheet vol-
ume variations are similar to those observed. The sea level is
also 20 m lower than the present day due to the excess West
Antarctic Ice Sheet volume that we also observed in the dy-
namical equilibrium simulation.

There are several significant extremes in the past 200 kyr
simulation, which correspond to the Last Interglacial (LIG;
−127 kyr), Last Glacial Maximum (LGM; −21 kyr) and the
present day. The ice sheet thicknesses for these three time pe-
riods are shown in Fig. 11. During the LIG, only the Green-
land Ice Sheet thickness exceeded 400 m in the Northern

Hemisphere, and the Antarctic Ice Sheet thickness is sim-
ilar to present day. During the LGM large European (e.g.,
Fennoscandia) and North American (Laurentide) ice sheets
are reproduced with thousands of meters ice thickness, which
is also what we expected according to previous studies (Clark
et al., 2009; Velichko et al., 1997).

The estimate of ice sheet volume in Greenland and Antarc-
tica for the Last Interglacial, Last Glacial Maximum and Late
Holocene from GREB-ISM and from Fyke et al. (2011) are
presented in Table 7. Overall, our simulation of the Green-
land Ice Sheet is similar to Fyke et al. (2011) but with larger
time variations. However, the simulation of Antarctica ice
thickness shows very little to no variation between these
three periods. The difference between the GREB-ISM model
and Fyke et al. (2011) in Antarctica ice sheet may be due to
different experimental setups. Fyke et al. (2011) varied and
changed the ice shelf parameterization periods during their
simulation, which was not done in our experiments. In sum-
mary, the results of this experiment indicate that the GREB-
ISM ice sheet model does have realistic responses to time-
varying boundary conditions.

5 Model benchmark: GREB-ISM coupled simulations

We now focus on the fully coupled GREB-ISM model, in
which the ice sheet and other climate variables are interact-
ing in both directions. In the following sections, two sets of
experiments are presented. First a dynamic equilibrium ex-
periment is conducted, which is similar to the experiment dis-
cussed in Sect. 4.3, but now fully coupled with fixed bound-
ary conditions. Second, a set of experiments with shortwave
radiation oscillating on periods of 20, 50 and 100 kyr for the
Northern Hemisphere are conducted. Those two experiments
are designed to evaluate how coupling influences the model’s
behavior and to what extent the ice sheet responds to peri-
odic solar forcing. The discussion of these experiments will
focus on the introduction of the GREB-ISM model. A more
detailed analysis of the ice sheet dynamics coupled with cli-
mate dynamics is left for future studies.

5.1 Dynamic equilibrium for present-day conditions

In this experiment, the GREB-ISM model is fully coupled
and forced with the fixed boundary conditions of present-
day 340 ppm CO2 concentration and solar radiation. Tsurf and
land precipitation are flux-corrected to the mean present-day
values. However, those flux-corrected variables can respond
to changes in the climate system, since the flux correction
terms are state-independent (see Sect. 3.1). The simulation is
200 kyr long and results are shown in Figs. 12 and 13.
Tsurf and precipitation show no long-term drift and are

close to the observation (Fig. 12a and c). Both reach equilib-
rium after about 50 kyr. The global ice volume difference is
mainly contributed by ice thickness difference in the South-
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Figure 10. Time series of simulated sea level (left axis; units: m) from the stand-alone transition experiment and δ18O proxy data (right axis,
the axis has been inverted).

Figure 11. Global ice thickness (unit: m) distribution in the Last Interglacial (a, b), the Last Glacial Maximum (c, d) and present day (e, f)
from the stand-alone transition experiment.

ern Hemisphere (Fig. 12b), which is similar to the one in
the forced experiment discussed in Sect. 4.3 (Figs. 7 and 9).
As the ice volume increases, the sea level shows a clear de-
crease tendency and reaches equilibrium after 50 kyr as well.
The ice thickness spatial pattern in the coupled experiment is
comparable to the stand-alone experiment (Figs. 13 and 9).
Overall, this control run simulation shows that the coupled
GREB-ISM system converges towards an equilibrium state
close to the observed one. The simulated trends appear to be

mostly due to the anomalous growth of the West Antarctic
Ice Sheet.

5.2 Shortwave radiation oscillation experiment

In the following experiments we use the same setup as in the
previous section but allow the Northern Hemisphere short-
wave radiation, sw, to oscillate, taking the following form:
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Table 7. Annual mean ice volume in the stand-alone transition experiment for different time periods from GREB-ISM simulation and from
Fyke et al. (2011).

Scenario GREB-ISM Fyke et al. (2011) GREB-ISM Fyke et al. (2011)
Greenland [106 km3] Greenland [106 km3] Antarctica [106 km3] Antarctica [106 km3]

LIG 1.04 2.19 29.97 31.2
LGM 5.47 3.69 31.28 40.4
Late Holocene 3.40 3.47 32.52 30.9

Figure 12. Results from the fully coupled dynamic equilibrium experiment: evolution of global annual mean surface temperature (a,
units: ◦C), total ice volume (b, units: 106 km3), annual mean precipitation (c, units: mmd−1) and sea level change (d, units: m). The
dashed lines are modern observation references.

sw(t)=
(

1+Asw · sin
(

2π
t

pd

))
· swpresent, (42)

where Asw is the amplitude of the sw oscillations, which in-
creases from 0 at 13◦ N to 0.1 at 35◦ N and maintains 0.1
northward of 35◦ N. The oscillation period, pd, is set to 20,
50 and 100 kyr in three individual simulations. The sw oscil-
lation is relative to the present-day solar radiation, swpresent.
The shortwave maximum amplitude is about 20 Wm−2 at
65◦ N in the annual mean (Fig. 14a–c) and varies with lat-
itudes and seasons (not shown). The 20, 50 and 100 kyr

oscillation periods are simulated for 210, 325 and 350 kyr.
The time series for selected climate variables are shown in
Fig. 14. The results are shown in reference to the final year
of the control run, which is the coupled dynamical equilib-
rium simulation in Sect. 5.1. To illustrate ice form and retreat
in one cycle, we show results from the last forcing cycle of
each simulation in Figs. 15–17.

Starting with the 20 kyr oscillation run, there are a num-
ber of interesting aspects to point out (Figs. 15a, d, 16a, d
and 17a–d). First, at the initial half-cycle, the ice volume is
slightly lower than the reference state, indicating a warming
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Figure 13. Same as Fig. 9 but for the coupled dynamic equilibrium experiment.

period leads to deglaciation (Fig. 14a–c). Then, after the sec-
ond cycle, the ice volume is always larger than in the control
simulation and the cycles are very similar to each other. If we
focus on the last cycle of the simulations (Figs. 15–17), we
note that Tsurf and precipitation are mostly in phase with each
other and with the shortwave radiation forcing. The northern
hemispheric Tsurf oscillation amplitude is about ± 6 ◦C, and
the mean value is clearly below zero (the control run value).
This is despite the fact that the mean shortwave radiation is
the same as in the control run. This suggests that the oscil-
lating shortwave radiation has a mean cooling effect. This
overall cooling is related to the overall increase in the mean
ice sheet volume and extent.

It is beyond this study to fully explore how this effect
arises, but it is likely to be related to the ice–albedo effect. In
the control run the northern hemispheric summer mean ice
cover is nearly zero and, with increasing SW forcing, does
not decrease much further. However, it can increase substan-
tially for decreased SW forcing, leading to a mean ice cover

in the oscillation run that is much larger than in the control.
Subsequently, the northern hemispheric albedo is also much
higher than in the control leading to a cooler northern hemi-
spheric Tsurf.

The ice sheet response to the 20 kyr shortwave oscillation
has a number of interesting aspects. As mentioned above, the
mean ice sheet volume is larger than in the control run. In-
deed, it is never smaller than in the control run, not even at
the minimum (compare Figs. 13a and 16a), with the excep-
tion of the first cycle. Ice-covered regions and ice volume are
out of phase. The ice-covered regions (including land snow
and sea ice) grow first and are nearly 180◦ out of phase with
the SW forcing. The ice sheet volume lags behind the ice-
covered area and reaches its maximum nearly 90◦ (a quarter
cycle) after the minimum in shortwave radiation (Fig. 15a).
This illustrates that the ice sheets have not had enough time
to equilibrate with the sw forcing. Further, we can notice that
the ice sheet growth and decay is asymmetric, with a slower
buildup and faster decay in ice volume, with the reverse pat-
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Figure 14. Time evolution of change in total ice volume (black, unit: 7× 106 km3), surface temperature (red, unit: ◦C), precipitation (blue,
unit: 10−1 mmd−1), ice cover area (cyan, unit: 4× 106 km2) and solar radiation at 65◦ N (orange, unit: 4 Wm−2) from the shortwave
oscillation experiment in Northern (upper) and Southern (lower) Hemisphere with forcing period of 20 kyr (a, d), 50 kyr (b, e) and 100 kyr
(c, f). The control equilibrium state values from the coupled dynamic equilibrium experiment are removed to obtain changes.

tern in ice sheet area. In the buildup phase the ice sheet ex-
tends over large regions at lower latitudes but has relatively
thin ice (Fig. 16b). In the decaying phase the ice sheets re-
treat to higher latitudes and the ice sheet is relatively thick
(Fig. 16d).

The northern hemispheric sw forcing also leads to a re-
sponse in the Southern Hemisphere climate (Fig. 15d). This
is mainly due to the GREB-ISM atmospheric heat and mois-
ture transport. It is also partly due to the change in global sea
level induced by the northern hemispheric ice sheet changes.

The Southern Hemisphere ice sheet changes are in-phase
with the Northern Hemisphere climate. It is further noted
that the amplitude of the Southern Hemisphere precipitation
response relative to Tsurf is bigger than in the Northern Hemi-
sphere (compare Fig. 15a and d; given the same scaling fac-
tors). This suggests that the moisture transport is more af-
fected by the northern hemispheric climate change than the
heat transport.

The longer 50 and 100 kyr period runs show a number of
changes relative to the 20 kyr run. First, the ice sheet vol-
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Figure 15. Same as Fig. 14 but only for the last cycle of each run. The vertical dashed lines represent the solar forcing sine function phases
of −90, 0 and 90◦.

ume amplitudes increase relative to the 20 kyr run, illustrat-
ing that the ice sheets are more sensitive to longer time period
forcings (Fig. 15a–c). Second, we see a shift of the maxi-
mum ice volume closer to the phase of the minimum of the
sw forcing, suggesting that the ice sheets become closer to
equilibrium with longer period sw forcing. However, even
the 100 kyr oscillation run still shows a significant delay in
the ice sheet volume extrema relative to the forcing extrema,
indicating that the ice sheets are not yet in equilibrium with
the forcings. This illustrates that the intrinsic timescales of
the northern hemispheric ice sheets are longer than 100 kyr.
It is further interesting to note that the ice sheets can extend

over shallow oceanic regions, like the Hudson Bay, Bering
Strait or Arctic Sea in the Siberian sector (Fig. 16g and k),
but at the same time do not extend into deep ocean regions
(compare Fig. 1c with Fig. 16g and k).

The increase in ice thickness response for the longer 50
and 100 kyr period runs has, however, little impact on the
amplitudes of the Tsurf, precipitation and ice cover response
in the Northern Hemisphere, which also occurs in the South-
ern Hemisphere (Fig. 15e and f). For ice sheets in the South-
ern Hemisphere, the ice thickness is almost keeping constant,
which indicates the Antarctica Ice Sheet in the GREB-ISM
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Figure 16. Ice thickness (unit: m) distribution in four phases for the forcing periods of 20 kyr (upper), 50 kyr (middle) and 100 kyr (lower)
from the last cycle of the shortwave oscillation experiment. The corresponding −180, −90, 0 and 90◦ phase of the solar forcing phases are
marked in the headings.

is not very sensitive to the orbital forcing in Northern Hemi-
sphere.

6 Summary and discussion

In this study we introduced a newly developed global ice
sheet model coupled to the GREB model, defining the new
model GREB-ISM. The ice sheet is simulated on the global
grid fully interacting with the climate simulation on all grid
points. The ice sheet mass balance is driven by accumulation
of snow, melting by surface heat fluxes and changes due to
ice transport. The ice transport follows the shallow ice ap-
proximation for grounded ice and shallow shelf approxima-
tion for ice shelves. Sea-ice–climate interactions are also in-
cluded.

The GREB-ISM climate simulation interacts with ice
sheets through surface temperature, precipitation, albedo,
land–sea mask, topography and sea level. To allow for these
interactions, the original GREB model was changed by im-
proving the precipitation simulation of land, including a
prognostic sea ice thickness scheme; coupling the surface
albedo to the ice thickness; allowing variable land topogra-
phy as function of ice thickness; introducing global sea level
variation and associated changes in land–sea masks; and im-
proving the meridional turbulent, atmospheric heat transport.
Thus, the new GREB-ISM is a fully coupled atmosphere,
ocean, land and ice sheet model.

We evaluated the performance of the stand-alone ice sheet
model in a series of idealized and realistic ice sheet model
simulations. We conducted simulations following the EIS-
MINT I and II idealized experiments and found that the
GREB-ISM ice sheet model performs similarly to other mod-
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Figure 17. Anomalies of surface temperature (upper; unit: ◦C), precipitation (middle; unit: mmd−1) and glacier mask change (lower; brown,
cyan and blue represent from ocean to land, from ocean to ice shelf and from land to ocean, respectively) in four phases during the last cycle
of the 20 kyr shortwave oscillation experiment. The equilibrium state from coupled dynamic equilibrium experiment is removed to obtain
anomalies. The corresponding −180, −90, 0 and 90◦ phase of the solar forcing phases are marked in the headings.

els with some limitations in the simulation of internal ice
temperature. In simulations with realistic climate forcing
close to the present day, we found that the equilibrium in
Greenland and most of the East Antarctic ice thickness distri-
bution is very similar to that observed, but the West Antarctic
Ice Sheet gains too much ice. The overall surface ice veloci-
ties and associated calving rates of this model are similar to
those observed for both Greenland and East Antarctica.

We investigated the West Antarctic Ice Sheet thickness
bias, by evaluating whether uncertainties in precipitation and
the parameterization of the ice shelf dynamics (basal melting
and viscosity) could cause this bias. However, we found that
this bias is unlikely to be caused by these limitations alone,
and it is likely to also result from other, so far unknown,
limitations in the GREB-ISM model. A possible explanation
could be the complexity of the topography and land–sea dis-
tribution of West Antarctica and Antarctic Peninsula, which
is not well resolved in the current model resolution. So, the
coarse grid resolution of this model is likely to play a role in
this limitation (Cuzzone et al., 2019).

A time-dependent simulation with simplified surface tem-
perature and precipitation forcing of the past 250 kyr il-
lustrated that the GREB-ISM model can produce a realis-

tic ice sheet response for Greenland, North American and
Fennoscandian ice sheets, together with sea level variability.
The results for the Antarctic Ice Sheet are less conclusive but
may be due to the simplified setup of the experiment.

We further conducted a series of coupled GREB-ISM sim-
ulations to evaluate the full interaction of all climate elements
in the model. The coupled model simulations produce global
equilibrium ice sheets and calving rates very similar to those
observed for present-day boundary conditions. Much of this
success in creating a realistic global ice sheet is related to the
fact that the GREB-ISM model works with flux correction
of surface temperature and land precipitation. This leads to
realistic mass balance estimates for the ice sheets even in a
fully interactive coupled simulation.

When forced with idealized, oscillating solar radiation
forcing on the Northern Hemisphere with different oscilla-
tion periods (20, 50 and 100 kyr) the model responds with
growth of large continental ice sheets and clear interac-
tions with the climate system in the Northern and Southern
Hemispheres. The simulations illustrated asymmetries in the
buildup and decay of large ice sheets in response to peri-
odic forcing, showing that the ice sheets are more sensitive
to longer-timescale forcings. These experiments illustrate the
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potential of this model for exploring such interactions in fu-
ture studies.

The current version GREB-ISM is a useful tool to ex-
plore ice-sheet–climate global interaction in ice-age cycles.
First, a globally fully coupled model enables us to explore
the interaction between the two hemispheres. Most previous
studies only simulate Northern or Southern Hemisphere ice
sheets and take the others as prescribed boundary conditions
(Ganopolski et al., 2010; Tigchelaar et al., 2019). Second, the
model is very cheap and it has a high potential to do a fully
coupled transition simulation for glacial cycles and sensitiv-
ity test. The previous studies pointed out that the ice sheet in
paleoclimate has multiple stable equilibria (Abe-Ouchi et al.,
2013). Therefore, the simulation of transitions are necessary
for ice-age cycle processes. For instance, only in transition
experiments can we see the ice sheet inertia effect that the
longer forcing period leads to stronger ice thickness response
(e.g., Fig. 15).

In summary, we presented a new model that is suited
for the simulations of global-scale climate variability on
timescales of 100 kyr and longer. Given the coarse resolution
of the model, it may be less suitable for shorter timescale
studies. The model is computationally efficient, calculating
100 000 model years of global simulations per day on a desk-
top computer, allowing the simulation of the whole Quater-
nary period (2.6 Myr) within 1 month. For simulations of
climate and ice sheet variability over the Quaternary period
the GREB-ISM model is, as presented here, a good starting
point. Further development may include other relevant cli-
mate processes, such as the carbon cycle, deep ocean reser-
voirs, or the ability of the atmosphere and ocean circulation
to respond to changes in topography and the climate state,
as well as glacial isostatic adjustment. Such further develop-
ments are possible within the framework of the GREB-ISM
model and will be addressed in future studies.

Code availability. The GREB-ISM source code, the model in-
put data and a simple user manual are available on Zenodo:
https://doi.org/10.5281/zenodo.5831376 (Xie, 2022). The reader
can redo the simulations in the paper by following the instruction
from README.md. The model license is Creative Commons At-
tribution 4.0 International.

Data availability. For ice thickness, the Antarctic data are
from MEaSUREs BedMachine Antarctica, Version 2 dataset
(Morlighem, 2020; Morlighem et al., 2020), while the Green-
land data come from IceBridge BedMachine Greenland, Version
3 (recently, it has been updated to version 4, Morlighem et al.,
2017, 2021). Observed ice surface velocity in Antarctica for the
model benchmark is from the MEaSURE InSAR-Based Antarc-
tica Ice Velocity Map, Version 2 dataset (Mouginot et al., 2012;
Rignot et al., 2011, 2017); observed ice surface velocity in Green-
land is from the MEaSUREs Greenland Annual Ice Sheet Veloc-
ity Mosaics from SAR and Landsat, Version 1 dataset (Joughin,

2017; Joughin et al., 2010). The sea level proxy data are from
SPECMAP dataset (specmap.017, Imbrie et al., 1984; Imbrie and
McIntyre, 2006). The some values from Tables 4–7 are from lit-
erature sources, which are cited inside the text. The other input
data for model simulation are all included in our Zenodo package
(https://doi.org/10.5281/zenodo.5831376, Xie, 2022).
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