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Abstract The Greenland ice sheet holds enough water to

raise the global sea level with *7 m. Over the last few

decades, observations manifest a substantial increase of the

mass loss of this ice sheet. Both enhanced melting and

increase of the dynamical discharge, associated with

calving at the outlet-glacier fronts, are contributing to the

mass imbalance. Using a dynamical and thermodynamical

ice-sheet model, and taking into account speed up of outlet

glaciers, we estimate Greenland’s contribution to the 21st-

century global sea-level rise and the uncertainty of this

estimate. Boundary fields of temperature and precipitation

extracted from coupled climate-model projections used for

the IPCC Fourth Assessment Report, are applied to the ice-

sheet model. We implement a simple parameterization for

increased flow of outlet glaciers, which decreases the bias

of the modeled present-day surface height. It also allows

for taking into account the observed recent increase in

dynamical discharge, and it can be used for future pro-

jections associated with outlet-glacier speed up. Greenland

contributes 0–17 cm to global sea-level rise by the end of

the 21st century. This range includes the uncertainties in

climate-model projections, the uncertainty associated with

scenarios of greenhouse-gas emissions, as well as the

uncertainties in future outlet-glacier discharge. In addition,

the range takes into account the uncertainty of the ice-sheet

model and its boundary fields.
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1 Introduction

The Earth’s two major ice sheets, the Antarctic and the

Greenland ice sheet, hold enough water to raise the sea-

level by around 64 m (Bamber et al. 2001; Lythe et al.

2001). Climate-model projections suggest that temperature

and precipitation increase over both ice sheets during 21st

century (Meehl et al. 2007a). Since melt temperatures in

summer are reached over large parts of the Greenland ice

sheet, especially along its margin, the mass loss associated

with raising temperatures is expected to more than offset

the mass gain due to the increase of precipitation (Gregory

and Huybrechts 2006). In Antarctica, in contrast, the pre-

cipitation is expected to be the dominating term, because

summer temperatures are in general well below the freez-

ing point—even by the end of the 21st century—except in

the Peninsula region.

The total mass balance of the ice sheets is determined by

precipitation, melting and calving at the ice front. Accu-

mulation from precipitation, and ablation from melting

constitute the surface mass balance (SMB), whereas calv-

ing is often referred to as dynamical discharge. The

International Panel of Climate Change (IPCC) Fourth

Assessment Report (AR4) projects that the SMB of the two

ice sheets will change during the years ahead. This results

in a 1–12 cm sea-level-rise contribution from Greenland by

the end of the 21st century relative to 1990, which is
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compensated by a negative contribution from Antarctica of

1–14 cm. These estimates are based on temperature pro-

jections by various state-of-the-art climate models assum-

ing a simple relation between global temperature change

and the SMB. This temperature-SMB relation is based on a

study with high-resolution climate models (Gregory and

Huybrechts 2006). The sea-level-change ranges reflect

uncertainty in temperature projections due to various

greenhouse-gas emission scenarios (Nakićenović and

Swart 2000), as well as spread among climate models.

They also include uncertainty of the temperature-SMB

relation and of the SMB calculation itself (Gregory and

Huybrechts 2006).

Although the SMB for the Antarctic ice sheet is positive

during the 21st century, according to the AR4, the ice sheet

may still be shrinking over this period due to an increase of

dynamical discharge. The major part of the ice loss in

Antarctica is caused by dynamical discharge associated

with calving. Changes in the dynamical discharge are hard

to predict, can occur suddenly, and may be substantial

(Meehl et al. 2007a). The AR4 projects that a change in the

dynamical discharge from both ice sheets adds -0.4 to

7.4 cm to the sea level. This estimate is based on extrap-

olating into the future the observed increase in dynamical

discharge from the two ice sheets during 1993–2003. It is

assumed that this discharge includes the total mass-loss

increase from Antarctica plus half of that from Greenland

(the other half of the mass loss from Greenland is attributed

to the change of the SMB). In addition, the AR4 projects a

small sea-level-rise contribution from dynamical changes

of the ice sheet, which can be simulated with ice-sheet

models, and which is assumed to be no more than 10% of

the SMB. This is estimated by comparing mass loss asso-

ciated with a given SMB in model experiments where the

topography was fixed with experiments where it was free to

vary. Finally, the AR4 presents two additional dynamical

discharge scenarios, where the increase over 1993–2003 is

either assumed to saturate exponentially or increase with

global-mean temperature. These projections add between

-1 and 17 cm to 21st century sea-level rise.

With the present work, we intent to provide a better

estimate of the range of uncertainty of the 21st-century sea-

level-rise contribution from the Greenland ice sheet. Ice-

sheet flow models are forced directly with climate-model

projections of temperature and precipitation over Green-

land as an alternative to the more simple method based on a

relation between sea-level and global temperature used for

the AR4. We use an ensemble of ice-sheet models that

differ by the settings of parameters and scaling of boundary

fields within their ranges of uncertainties. This leads to an

estimate of the ice-sheet model uncertainty, which is the

uncertainty in the sea-level response for a given scenario of

temperature and precipitation changes. We also implement

a more advanced way for projection of sea-level change

associated with an increase of the dynamical discharge than

that used for the AR4.

Greenland has a myriad of fjords, some of them cutting

into the present-day ice sheet. Most of them are less then

5 km wide and are therefore not resolved on today’s ice-

model grids which have a resolution normally between 5 and

20 km. At the fjords, the ice may flow fast since the bottom

friction is considerably smaller than under the surrounding

ice (Joughin et al. 2004). Hence these fjords constitute

corridors where the ice is transported away from the bulk of

the ice sheet. Such dynamical discharge of the ice sheet is

only to a limited extent reproduced by the ice-sheet models,

partly due to the low model resolution compared to the

scales of the fjords, and partly due to the approximations

applied for the dynamical part of the models.

Here we mimic the effect of outlet glaciers by increasing

the sliding at the model grid-points in the vicinity of fjords.

This parameterization also allows for taking into account

the recently observed enhancement of outlet-glacier flow

(Joughin et al. 2004; Rignot et al. 2008; Howat et al.

2008). In addition, the parameterization can be used for

predictions of the outlet-glacier contribution to future sea-

level rise, as an alternative to the simple extrapolation

method used for the AR4.

An increase of sea-surface temperatures in the vicinity

of Greenland fjords has been reported, which may con-

tribute to melt and speed-up of outlet glaciers (Holland

et al. 2008; Straneo et al. 2010). Although we do not model

this process, its effect on outlet glaciers is expected to be

included by the outlet-glacier parameterization.

2 Model and experiment description

Greenland’s contribution to the 21st century sea-level rise

is estimated by using an ice-sheet model forced with cli-

mate-model projections of temperature and precipitation

over Greenland.

2.1 Ice-sheet model

The ice-sheet model provides prognostic estimates of the

ice-sheet thickness, H, on the basis of the mass continuity

equation:

oH

ot
¼ �r � ðvHÞ þM � D;

where M = A - R is the surface-mass balance which is

equal to accumulation, A, from snow and, to some extent,

rain, minus runoff, R. Dynamical discharge associated with

calving at the ice front is indicated by D. It is assumed that

whenever ice is no longer grounded and starts floating, it
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breaks off, which constitutes D. v is the vertically averaged

ice velocity, t is time, and r ¼ ð o
ox ;

o
oy) is the horizontal

divergence operator. This equation states that the ice-

thickness tendency at any grid point is determined by the

sum of a divergence and source/sink terms. The ice-sheet-

model system includes a dynamical model for the diver-

gence term, and a mass-balance model for the M term. In

addition it includes a bed-rock-adjusting model (e.g.

Huybrechts and de Wolde 1999). All these models are

coupled and constitute together what we refer to as the ice-

sheet model. This ice-sheet model has been used previously

in a number of earlier studies (Van de Wal 1999a; Van de

Wal 1999b; Bintanja et al. 2002; Bintanja et al. 2005; van

den Berg et al. 2008; Bintanja and van de Wal 2008).

2.1.1 Dynamical model

The dynamical part of the ice-sheet model is based on the

zero-order shallow-ice approximation for a force balance

of stress variations, and the empirical Glen’s flow law for

the viscosity (e.g. Huybrechts 1990). All forces acting on a

segment of the ice sheet are assumed to be in balance,

which implies that the ice velocities can be diagnostically

estimated. The viscosity depends on the ice temperatures

which are estimated prognostically by solving the ther-

modynamic equation on the basis of three-dimensional ice

advection, diffusion, friction, geothermal heat flux at the

bottom, and annual-mean surface-air temperatures at the

top. The viscosity tensor is also dependent on the vertical

variations of the anisotropy of ice, which is taken into

account by varying a flow enhancement factor with depth

following Mangeney and Califano (1998). Sliding at the

bottom occurs when the temperature in the lowest ice level

reaches the pressure-melting point following Huybrechts

(1990). The model has a 10 x 10 km horizontal resolution

and 15 height levels.

For fast ice streams, having sliding at the bottom, the

horizontal deviatoric stresses may become important,

hereby violating the zero-order shallow-ice approximation

(Hindmarsh 2006). First attempts are made to take the

dynamics of these fast ice streams into account (e.g. Bueler

and Brown 2009), but these models are still in the testing

phase.

2.1.2 Mass-balance model

Accumulation and ablation are estimated on the basis of the

annual precipitation and the annual cycle of surface-air

temperatures, using a positive degree-days (PDD) approach

at each model grid point (Reeh 1991). The annual tem-

perature cycle is approximated by a sinus curve with the

amplitude given from the difference between the July and

the annual-mean temperatures. The diurnal cycle and daily

variability are taken into account by adding to the annual

cycle a Gaussian temperature distribution with a standard

deviation of around 5�, following Reeh (1991). The sur-

face-air temperatures are parameterized on the basis of

height and latitude (Ohmura 1987; Huybrechts and de

Wolde 1999): Both the July and annual-mean temperatures

decrease linearly with latitude and height. At low altitude

in the north, the annual-mean temperature is set up to 3.2�C

colder than given by this linear relation in order to take the

frequent occurrence of surface inversions into account.

The precipitation is averaged over the period 1990–2008

and is based on an estimation by RACMO (Ettema et al.

2009), a high-resolution (*11 km and 40 hybrid levels)

regional climate model, driven with ERA-40 reanalysis

data (Uppala et al. 2005) for the period up to September

2002, and operational analysis data thereafter; both these

data sets are from the European Centre for Medium-Range

Weather forecasts (ECMWF).

For a given calendar day, first snow and then ice will

melt if positive temperature conditions, quantified as a

PDD potential, appear. Following Pfeffer et al. (1991), rain

and water from snow-melt will partly seep into the

underlying snow and refreeze during winter if snow is still

present after the melt season. Precipitation is assumed to

fall as rain when temperatures exceed 1�C.

2.2 Experimental design

The ice-sheet models are applied with boundary fields,

such as temperature, precipitation, and sea level, both for

the past, present-day, and the future. Figure 1 provides an

overview of the application of these fields.

2.2.1 The last glacial cycle

Due to slow ice movements and low thermal conductivity,

the ice temperatures in the interior of the large ice sheets,

have a memory of past climates on the time scales of

multiple millennia. Since the temperature of the ice is

important for its viscosity and hence for its flow, we ini-

tialize the ice-sheet model by running it through the past

125,000 years, including the last glacial cycle and Holo-

cene, using proxy-data time series of temperature and sea

level. The temperature time series, having a 50-year reso-

lution and spanning 100,000 years, (Johnsen et al. 1995), is

a reconstruction based on oxygen isotopes in the Greenland

Ice-core Project (GRIP) ice core, which was taken in the

vicinity of the ice-sheet summit.

The model runs are initiated 135,000 before present

from a state that is in equilibrium with present-day con-

ditions. During the Eem interglacial period, we assume 3�C

higher temperatures than today for 125,000 years ago,

which are linearly decreasing to -5.5�C colder than today
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for 100,000 years ago, matching the beginning of the GRIP

record. The temperature development during the Eem has a

negligible influence on today’s ice-sheet distribution as

given by the ice-sheet model, which we tested by setting

the Eem maximum temperatures both 3�C warmer and

colder than in the original experiment. Precipitation is

given from the present-day precipitation, scaled by the

annual-mean surface-temperature anomalies relative to

today, following Clausen et al. (1988). We tested the

Clausen et al. (1988) parameterization by comparing esti-

mates using this method with precipitation changes given

directly by the 100,000 year GRIP record. This comparison

gives a root-mean-square difference between the two time

series of less than 2%. The sea level during the past

125,000 years is taken from Imbrie et al. (1989).

2.2.2 Twentieth and twenty-first century evolution

In order to estimate the 21st century ice-sheet changes, the

ice-sheet model is forced with precipitation and surface-air

temperature changes estimated by the climate models listed

in Table 1. These models were used for the IPCC Fourth

Assessment Report and were included in the Coupled

Model Intercomparison Project (CMIP3) archive (Meehl

et al. 2007b). They represent the models with the highest

performance score for the Northern Hemisphere extra-

tropics in an evaluation by Gleckler et al. (2008). Many of

these models are also among the best performing models

with regard to surface-air temperature and precipitation

over Greenland as shown in evaluations by Franco et al.

(2010) and Walsh et al. (2008).

Three fields from the climate models are used for the

ice-sheet model: July-mean and annual-mean temperatures

and annual precipitation. In order to estimate the uncer-

tainty of the ice-sheet evolution due to the spread in pro-

jections among climate models, the ice-sheet models are

run with fields from each of the climate models. As indi-

cated in Table 1, some of these models have an ensemble

of runs. In that case, the ensemble-mean field of the model

in question is chosen.

In order to obtain the ice-sheet response to the full climate

change as given by the climate models, from the preindustrial

stage to the year 2100, hindcasts are used for the period

1870–2000 and projections thereafter. Hindcasts are esti-

mated by including observed changes back to preindustrial

time of forcing agents such as greenhouse gases and aerosols

in the climate-model runs. For the future projections, the A2,

A1B, and the B1 greenhouse-gas-emission scenarios are used

(Nakićenović and Swart 2000), which represent a high,

intermediate, and low scenario among those used for the AR4.

The A1B scenario is based on the assumption of a rapid

economical growth, an increase of the Earth population to 9

billion by 2050, and a globalised society implying, for

instance, that new technology spreads easily around the world.

Fig. 1 Boundary fields applied to the ice-sheet model. The x’s

indicate the period over which the precipitation field and the

parameterization of temperatures are estimated. All coloured lines

indicate anomalies relative to this base period. The solid, blue line
indicates temperature anomalies from the GRIP ice core (Johnson

et al. 1995). The dashed, blue line covers the Eem interglacial period

and the beginning of the latest glacial cycle. Here we assume that 3�
higher temperatures than today are reached at around 125,000 years

ago, which linearly decreased to -5.5� relative to today at around

100,000 years ago, matching the onset of the GRIP record. The

precipitation is scaled relative to the temperature anomalies (Clausen

et al. 1988). A sea-level time series is applied back to 125,000 years

ago (Imbrie et al. 1989). The red line indicates temperature and

precipitation trends from climate-model projections. In some runs

these trends are substituted by yearly anomalies (see Sect. 5). The

solid, orange line indicates trends from hindcasts by these models.

The dotted, orange line indicates that the mean changes from the

climate-model hindcasts are subtracted. This subtraction implies that

the ice-sheet model reaches 19th-century, preindustrial conditions

before the onset of the warming trends during the industrial time. The

green line indicates detrended yearly anomalies of temperature and

precipitation from the ERA-40 and ERA-Interim reanalysis data.

These reanalysis anomalies were added during a model-evaluation

experiment only. All fields are functions of latitude and longitude,

except the temperature and sea-level data over the glacial cycle (blue
lines)
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Two sets of temperature and precipitation differences

between three 30-year averages 1870–1899, 1970–1999,

and 2070–2099, constitute the 20th and 21st century

changes. The climate-model mean of these fields are shown

in Fig. 2. These changes over the 20th and 21st century,

DX20 and DX21, are added to the preindustrial state, Xpi, of

the ice-sheet model:

XðtÞ ¼

XpiðtÞ; t\1885;
XpiðtÞ þ t�1885

100
DX20; 1885� t\1985;

XpiðtÞ þ DX20 þ t�1985
100

DX21; 1985� t\2085;
XpiðtÞ þ DX20 þ DX21; 2085� t;

8
>><

>>:

where X indicates July and annual-mean temperatures and

annual-mean precipitation and t is time in years. All X

fields are functions of horizontal space coordinates.

The development of the ice-sheet height may feedback

on the 20th and 21st century temperature and precipitation

changes, which is not taken into account by the climate

models, since they all have constant topography of the ice

sheets. We take this feedback into account by dividing the

changes into a constant part and a part that for temperature

depends on surface height, and for precipitation depends on

the gradient of the surface height. This split is done by a

linear regression of the temperature and precipitation

changes on the surface height and the gradient of the sur-

face height, respectively. For example for temperatures, the

split of DXT
20 into these two parts gives:

DXT
20ðtÞ ¼ RT

20hðtÞ þ dXT
20;

where RT
20 is a regression coefficient:

RT
20 ¼

Z

hoðt0Þhoðt0ÞdA

� ��1Z

DXT
20ðt0Þhoðt0ÞdA;

and dXT
20 is the residual which can be found from:

dXT
20 ¼ DXT

20ðt0Þ � RT
20hoðt0Þ:

The surface height is denoted by h(t), hoðt0Þ is present-

day surface height as given by observations (Bamber et al.

2001), and A denotes the ice-sheet area. Precipitation

changes are regressed on the gradient of the surface height

rather than the surface height itself.

The basic state of the surface temperature and precipi-

tation of the ice-sheet models is based on observations

during recent decades. We therefore first subtract in the

beginning of the ice-sheet-model runs the climate-model-

mean 20th-century changes. Hereby the models arrive at

preindustrial conditions around 1870, before the onset of

the changes over the industrial period.

In order to evaluate the ice-sheet model, the present-day

surface height and mass balance, as simulated by the

model, are compared with observations. For that reason a

special experiment is undertaken, where detrended yearly

anomalies of temperature and precipitation from reanalysis

data over the period 1958–2008 are added. Hereby the

model provides a more detailed picture of the surface-mass

balance during recent decades. ERA-40 data are used until

1989 and ERA-Interim data (Simmons et al. 2008) there-

after. The reanalysis data were detrended by subtracting the

linear trend so that only yearly anomalies were retained.

Hence over the period 1958–2008 both 20th-century

changes from the climate-models and reanalysis anomalies

Table 1 Climate models used for the sea-level change projections

CMIP3 name Centre Ensemble # hindcast

(21st century)

CGCM3.1(T47) Canadian Centre for Climate Modeling 5 (5)

CGCM3.1(T63) Canadian Centre for Climate Modeling and Analysis (Canada) 1 (1)

CNRM-CM3 Météo France, Centre National de Recherches Météorologique (France) 1 (1)

GFDL-CM2.0 US Department of Commerce, NOAA de Recherches Météorologique (France) 3 (1)

GFDL-CM2.1 US Department of Commerce, NOAA Geophysical Fluid Dynamics Laboratory (USA) 3 (1)

ECHAM5 Max-Planck-Institut für Meteorologie (Germany) 4 (4)

CCSM3 National Center for Atmospheric research (USA) 5 (7)

UKMO-HadGEM1 Hadley Centre for Climate Prediction and Research, Met Office (UK) 2 (1)

UKMO-HadCM3 Hadley Centre for Climate Prediction and Research, Met Office (UK) 2 (1)

MRI-CGCM2.3.2 Meteorological Research Institute (Japan) 5 (5)

CSIRO-Mk3.0 CSIRO Atmospheric Research (Australia) 3 (1)

CSIRO-Mk3.5 CSIRO Atmospheric Research (Australia) 3 (1)

MIROC3.2-medium CCSR/NIES/FRCGC (Japan) 3 (3)

MIROC3.2-hires CCSR/NIES/FRCGC (Japan) 1 (1)

The last column gives the number of ensemble members for the hindcast runs and for 21st century runs, where the latter is indicated by

parenthesis
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are added to the model during this evaluation experiment.

Here the climate-model mean is used for the 20th-century

changes.

2.3 Outlet glaciers and model tuning

When the ice reaches fjords, it may float on the water. For

floating ice the bottom friction is negligible. The ice

motion at the ice-sheet edge is opposed by a normal stress

due to the water pressure and shear stresses exerted by the

side walls of the fjords (Paterson 1994). The spatial vari-

ations of such stresses may also constitute the dominating

forces for other outlet glaciers that are not floating, but

sliding over the ground. These stresses are not taken into

account by the zero-order shallow-ice approximation nor-

mally used for the ice-sheet model. In addition, the width

of the outlet glaciers is often smaller than a few kilometers

and is therefore not resolved on the grid of today’s ice-

sheet models.

In an attempt to include the effect of these fjords, the

sliding is enhanced by implementing a sliding enhance-

ment factor which is set to higher values in the vicinity of

the fjords (Fig. 3). This implementation provides a major

contribution to the model tuning. Hence, the magnitude of

the sliding enhancement for each fjord is chosen so that the

model reproduces the present-day surface height relative to

observations as close as possible. As the ice retreats, the

enhancement can propagate inland as long as the bedrock is

below sea-level. Such conditions apply for the Jakobshavn

Isbræ and for areas in the northeast and northwest of

Greenland. The fjords are localized on the basis of the

bedrock topography provided by Bamber et al. (2001).

Since the scales of the fjords are often smaller than the

10 x 10 km model resolution, their positions in the model

(a)(a) (b) (c)

(d) (e) (f)

Fig. 2 Climate-model-mean temperature and precipitation changes

over Greenland during 1885–1985 (upper panels) and 1985–2085

(lower panels). a and d show July temperature changes, b and e
annual-mean temperature changes, and c and f show annual

precipitation changes. Solid and dotted, black lines indicate the

observed present-day coast line and ice edge, respectively, as given

by Bamber et al. (2001)
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do not exactly agree with their real positions. The

enhancement factor for a given fjord is kept about constant

along the fjord using a hyperbolic tangent function with an

elliptic shape, which approximates the shape of the fjord.

The implementation of a sliding enhancement factor

also provides the possibility to take into account an

observed general increase of the outlet-glacier flow during

recent years (Joughin et al. 2004; Rignot et al. 2008.

Howat et al. 2008). During the last glacial period and the

Holocene, the sliding enhancement is kept fixed to the

values indicated in Fig. 3. From 1990 and onwards it is

further enhanced in order to simulate the observed increase

in the dynamical discharge.

We emphasize that we do not aim to present an

improved ice-dynamical model, which implicitly solves the

problem of correctly representing the flow of the outlet

glaciers. Rather we implement a pragmatic parameteriza-

tion which captures the major aspects of this flow.

The model is tuned as to reduce the bias between model

and observations of the present-day surface height. As

mentioned above, the sliding enhancement in the vicinity

of outlet glaciers is used for tuning. In addition, the settings

of an ice-flow enhancement factor in the dynamical model,

and the standard deviation of daily temperature variability

in the mass-balance model are used for tuning. The flow

enhancement factor, which is associated with plastic ice

deformation, is set to 1.75 at the ice-sheet surface

increasing to 3.7 at the bottom, following the vertical

variations given by Mangeney and Califano (1998). These

variations take the change of anisotropy with height into

account as mentioned above.

The standard deviation of daily and diurnal variability of

temperature, which is used for estimating a positive degree-

day potential in the mass-balance model, is normally set

around 5�C (Huybrechts and de Wolde 1999). We set it to

5.2�C in the north of Greenland linearly increasing to 6�C

in the south. This increase towards lower latitudes is

qualitatively consistent with a latitudinal variation of the

diurnal cycle of incoming solar radiation during summer

when melting is important.

The settings of these tuning parameters—including

those for the outlet-glacier enhancement—are chosen so

that the model represents fairly well the present-day ice-

sheet height and its discharge as shown in Sects. 3 and 4.

This may not represent the ultimate tuning minimizing the

biases. However, such a perfect tuning is not necessary

here, since we explore the ice-sheet model uncertainty

when it comes to the 21st century sea-level-rise

projections.

2.4 Estimation of uncertainty due to ice-sheet-model

settings

The ice-sheet-model uncertainty is estimated by varying

parameters and boundary fields that are not fully deter-

mined. This is done in two steps: First, experiments are

performed where a single model parameter is set to (or a

field is scaled with) what we judge as being extreme val-

ues, both in the high and the low end as indicated in

Table 2. Second, experiments with combinations of these

settings, which during the first step resulted in the most

extreme responses in terms of 21st-century mass loss, are

performed. The boundary fields are perturbed by applying a

scaling factor.

Some of the models that are constructed by perturba-

tions of parameters and boundary fields produce unrealistic

present-day ice sheets. We disregard such models if their

present-day ice-sheet volume deviates by more than 30%

of the observed value which is 2.9 million km3 (Bamber

et al. 2001). For the tuned model, the present-day ice-sheet

volume is *3.2 million km3 which is about 10% larger

than observed.

We regard the 30% present-day ice-sheet-volume limit

and the ranges of the parameters and boundary-field scaling

factors (Table 2) as extreme choices. As a consequence,

the ice-sheet model ensemble for exploring uncertainty

includes models with rather extreme parameter and scaling

settings. This implies that the resulting range of uncertainty

is an upper-bound estimate.

Fig. 3 Factor used for increasing the sliding in the vicinities of

fjords. The present-day coast line and the ice edge are indicated as in

Fig. 2
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3 Outlet-glaciers

The inclusion of the simple parameterization of outlet-gla-

ciers flow (Sect. 2.3), provides a more realistic estimate of

the present-day surface height of the ice sheet. This is evi-

dent from Fig. 4, which shows the difference between ice-

sheet height from model and observations, both when the

effects of the fjords are taken into account and when they are

ignored. Both ice-sheet models are run over the past

125,000 years. From 1870 and onwards the climate-model-

mean precipitation and temperature trends are added.

The inclusion of the parameterization of outlet glaciers

results in considerable improvements along the ice-sheet

edge, especially in the northern and south-western part.

The root-mean-square ice-sheet-height difference between

the model and observations is *195 m when the effects of

fjords are included, but reaches *275 m when they are

ignored. In the northern part, deep fjords are present in an

area that is not covered by the ice sheet today. In the

model, the ice sheet builds up over this area during the

previous glacial period. During the Holocene, the ice sheet

does not retreat to the present-day state if the effect of the

fjords is not included in the model.

Many outlet glaciers attain more realistic velocities in

the model when the sliding is enhanced in the vicinity of

fjords. Figure 5 shows modeled and observed velocities

along the Jakobshavn Isbræ as a function of distance from

the ice edge in the observations. Without the sliding

enhancement of this outlet glacier, the velocities are con-

siderable smaller than when the enhancement is included.

In the latter case, the velocities show a spatial structure that

is more comparable to the observations, although the

observations still show larger magnitudes, and a position of

the ice edge further inland relative to the model. The

observations are from the period around 2000–2008

(Joughin et al. 2010). They are therefore from the end of a

decade when speed up and retrieval of this outlet glacier

has been observed (Joughin et al. 2004). A comparison

between model and observation of maximum velocities at

some of the major outlet glaciers is given in Table 3.

4 Mass balance during recent years

In the previous section and in Fig. 4a it was shown that the

present-day surface height from a model, which includes

Table 2 Parameters that are

varied in order to explore ice-

sheet model uncertainty

Name Description Setting Range of

exploration

Dynamical model:

Enh Flow enhancement factor for

plastic deformation flow

See Sect. 2.1.1 50–150%

Slid Sliding coefficient 1.8 9 10-10 N-3 year-1

m7
25–200%

OutGlac Increase of sliding parameter in

the vicinity of outlet glaciers

See Sect. 2.3 0–200%

GeoThm Geothermal heat flux 1.33 9 106 J m-2

year-1
80–150%

Mass-balance model:

TMA Annual mean temperature Parameterization ±2�C

TMJ July mean temperature Parameterization ±2�C

Tstd Standard deviation of daily

temperature variability

5�C 80–120%

PDDs Snow melt factor of PDD 0.003 m water eq. per

degree day

90–110%

PDDi Ice-melt factor of PDD 0.007 m water eq. per

degree day

90–110%

ReFree Freeze of snow-melt water

and rain

See Sect. 2.1.2 No freeze, freeze

during summer

Lithosphere model:

TauBd Relaxation time scale

for bed rock

3,000 years 1,500–7,000 years

Boundary fields:

Prec Precipitation See Sect. 2.1.2 ±20%

TGRIP Last glacial period and

Holocene temperatures

See Sect. 2.2.1 ±20%
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enhanced sliding of outlet glaciers, compares reasonable

well with observations, and it performs better than the

standard ice-sheet model. In this section, the modeled total

mass-balance during the last decades is compared with

observations. Again, the ice-sheet model is run over the

past 125,000 years. From 1870 and onwards the climate-

model-mean surface-air-temperature and precipitation

trends are added.

The modeled surface-mass balance (SMB), which is the

difference between accumulation and runoff and integrated

over the ice sheet, is given by the dark-green, solid line in

Fig. 6 for 1958–2008. Over this period, yearly anomalies of

temperature and precipitation are taken into account (Sect.

2.2.2). A corresponding SMB estimate from an energy-bal-

ance model implemented in the RACMO regional climate

model (RCM) is shown by the blue line (van den Broeke

et al. 2009; Ettema et al. 2009). These two estimations of the

SMB are not entirely independent, since the present-day

(a) (b) (c)

Fig. 4 Bias of the present-day (year 2000) modeled surface height

relative to the observations given by Bamber et al. (2001), when a

sliding enhancement factor in the vicinity of the outlet glaciers is

included (a) and not included (b). The difference between (a) and

(b) is given by (c). The present-day coast line and the ice edge are

indicated as in Fig. 2

Fig. 5 Maximum velocities along Jakobshavn Isbræ diagonal to the

ice edge. Zero distance is set at the point of maximum velocity in the

observations, and positive distances are upstream. The solid and dotted
lines are for a model including and ignoring, respectively, enhancement

of outlet-glacier sliding. The dashed line is for observations which are

taken as a mean over measurements from January 2000, June 2005, July

2006, and September 2008 (Joughin et al. 2010)

Table 3 Maximum velocities of selected outlet glacier, from obser-

vations and models with and without enhanced outlet-glacier sliding

Observations Enhanced

sliding

No enhanced

sliding

Jakobshavn Isbræ 6�; 10.7? 6.0 2.2

Kangerdslugssuaq 7.3*; 6.3? 7.5 6.8

Helheim 8.4* 7.1 2.9

Ikeq 4*; 12.3? 5.0 3.7

Observations are from (�) Joughin et al. 2004, from the beginning of

the 1990s; (*) Howat et al. 2008, from around year 2000; and (?)

Joughin et al. 2010, from 2000–2008. Units are in km year-1
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precipitation field used for the ice-sheet model is estimated

by the same RCM simulation. However, in the RCM, the

SMB is calculated on the basis of the observed present-day

ice-sheet topography, whereas in the ice-sheet model, the

topography has freely evolved over the last glacial period

and the Holocene. In addition, for the ice-sheet model, the

SMB is estimated on the basis of a PDD approach, whereas

an energy-balance model is used within this RCM.

The year-to-year variability of two SMB estimates agree

fairly well, though the time-mean SMB for the ice-sheet

model, 348 Gt year-1, is smaller than that from the RCM,

466 Gt year-1, but is in agreement with the value given by

Rignot et al. (2008), *340 Gt year-1. The latter is a

combination of two different PDD-model-based results

(Box et al. 2006; Hanna et al. 2008). Also the variability in

terms of the standard deviation is larger for the ice-sheet

model, 129 Gt year-1, than for the RCM, 103 Gt year-1.

This may indicate that the PDD-model is more sensitive to

temperature and precipitation forcing than is the energy-

balance model, which is in accordance with earlier results

(Van de Wal and Oerlemans 1994; van de Wal 1996;

Bougamont et al. 2007).

Dynamical discharge, D, is given by the light-green, solid

line in Fig. 6a. As mentioned in Sect. 2.3, the flow of many

outlet glaciers has increased during the last two decades. In

total this has led to an increase of the dynamical discharge by

10–20% between 1996 and 2008 (van den Broeke et al.

2009, their Fig. S3 which is based on results from Rignot

et al. 2008). The implementation of the sliding enhancement

factor allows for taking into account an increase of dynam-

ical discharge. In order to mimic the observed increase, the

sliding enhancement is gradually increased from 1990 in the

vicinity of the outlet glaciers, so that the dynamical dis-

charge increases by about 15%. The dashed, dark-green and

light-green line give the SMB and D for this experiment. The

total surface-mass balance, SMB-D, is indicated by the red

lines. The black dashed line is a 5-year running mean of the

SMB-D in the case of the sliding enhancement.

Observational estimates of the total mass balance during

recent decades are indicated by the gray shading in Fig. 6b.

This observational range includes all observations and their

uncertainties as given by Katsman et al. (2010). Observa-

tions show that the rate of mass loss increased from *0 to

100 Gt year-1 around 1995 to *100–300 around 2005. A

(a)

(b)

Fig. 6 Mass balance of the

Greenland ice sheet over the

period 1958–2010. In a, dark-
green lines indicate the

surface-mass balance, SMB, the

light-green lines the dynamical

discharge, D, the red lines the

total mass balance, SMB-D,

while the black line gives

a 5-year running-mean estimate

of SMB-D. The dashed lines are

for a model with increased

sliding of outlet glaciers

beginning in 1990, and the solid

lines are for a model without

sliding increase. The blue line
indicates SMB as estimated by

van den Broeke et al. (2009). In

b, the 5-year running mean of

SMB-D (dashed line) is given

along with the observations and

their uncertainties (gray
shading). The observations are

from Katsman et al. (2010)
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comparison of the modeled total mass balance averaged

over 5 years (Fig. 6b, black, dashed lines) and these

observations indicates that the model results are within the

range of uncertainty of the observations.

5 Greenland’s contribution to sea-level rise

during the 21st century

In summary of the two previous sections, the ice-sheet

model, with our settings of parameters, provides realistic

results with respect to the total ice-sheet height and the

evolution of the total mass balance over the last two decades.

After this assessment of the current climate, the model is

now run another 100 years ahead in order to estimate con-

tributions to sea-level changes by the end of the 21st century.

To this end, the model is forced with temperature and pre-

cipitation changes over the period from 1870 to 2100, taken

from various climate-model runs (Sect. 2.2.2)

Projections of sea-level change, on the basis of tem-

perature and precipitation trends from the ensemble of

climate models forced by the A1B greenhouse-gas emis-

sion scenario, are shown by the coloured lines in Fig. 7.

Due to the spread among climate models, future changes

range from 1.9 to 8.0 cm, where the upper and lower bound

are associated with the UKMO-HadGEM1 and the GFDL-

CM2.1 trends, respectively. Without temperature and

precipitation forcing over the 21st century, the ice-sheet

model estimates that the ice sheet is almost in balance,

which is indicated by the black, dashed line.

The gray lines in Fig. 7 show all perturbation-ensemble

members, which are ice-sheet models where model param-

eters and boundary fields have been perturbed (Sect. 2.4).

The ice-sheet model uncertainty is explored using future

predictions from both the UKMO-HadGEM1 and the

GFDL-CM2.1 model, since these two models constitute the

spread among climate models with regard to the melt

response of the Greenland ice-sheet during the 21st century.

Not all perturbation-ensemble members produce realistic

present-day ice sheets. For example, the model that projects

*13 cm of sea-level rise by the year 2100 provides an ice

volume in the year 2000 of only 1.2 million km3 which is less

than 50% of the observed value. This model was set with 2�C

warmer July temperatures than the unperturbed version. We

disregard this model since it deviates by more than 30%

relative to the observed volume. In this case, we then con-

struct a model with a more moderate perturbation of the July

temperature for the perturbation ensemble.

The total uncertainty including spread among climate

models, various greenhouse-gas emission scenarios, as well

as the ice-sheet model uncertainty is given in Fig. 8a.

Dark-green shading indicates the spread among climate

models for the A1B emission scenario. The red and blue

shading is model spread for the A2 and B1 scenario,

Fig. 7 Projections of Greenland’s contribution to sea-level rise for

the 21st century. Projections are based on the ice-sheet-volume

anomalies relative to the year 2000 assuming an ice density of 910 Kg

m-3 and an Earth ocean area of 36.2 million km2. Left axis gives the

ice-sheet-mass change in 1012 ton, whereas the right axis provides the

associated total sea-level rise. The coloured lines show projections

using temperature and precipitation trends over the 20th and 21st

century from the climate models indicated in the frame. These climate

models are forced with the A1B emission scenario of greenhouse

gases. Gray lines show all perturbation runs, where parameters and

boundary fields have been perturbed in the ice-sheet model as

outlined in Sect. 2.4. These perturbation runs are all based on trends

from the UKMO-HadGEM1 and the GFDL-CM2.1 model, since these

models represent the spread among climate models with regard to the

21st century Greenland ice-sheet change. Black, dashed line indicates

projections when no 21st-century forcing is applied to the ice-sheet

model
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respectively, which is not intersected by the spread from

the A1B scenario. Finally, the light-green shading indicates

the additional range due to uncertainty of the ice-sheet

model and its boundary fields.

A further source of uncertainty is the future behavior of

the outlet glaciers. As mentioned in Sect. 4, the model can

reproduce the observed increase in dynamical discharge

when gradually increasing a sliding enhancement factor in

the vicinity of outlet glaciers. We now add this gradually

increase of sliding to the model that is based on the

UKMO-HadGEM1 trends. Red lines in Fig. 8b show pro-

jections for three different periods of sliding increase:

(a)

(b)

Fig. 8 Sea-level-rise projections for the 21st century. The dark,
green shading indicates the spread among climate models for the A1B

greenhouse-gas emission scenario. The red shading shows the spread

among climate models for the A2 scenario, which is not intersecting

the spread for the A1B scenario. The blue shading indicates a

corresponding spread for the B1 scenario. The light-green shading
shows additional spread due to ice-sheet-model uncertainty. This is

based on the ensemble of perturbation runs, as indicated in Fig. 7,

excluding runs that resulted in unrealistic ice sheets (see Sect. 5 for

details). In b, the red lines indicate runs with trends from the UKMO-

HadGEM1 model forced with the A2 scenario. The red, solid line
indicates a run without enhancement of outlet-glacier sliding, whereas

runs including enhanced sliding, over periods indicated in the frame,

are given by the other red lines. In a, the light-green shading spans

the uncertainties of the ice-sheet model with UKMO-HadGEM1 A2-

scenario trends, and the model based on the GFDL-CM2.1 B1-

scenario trends. In b, the light-green shading spans uncertainty as in a
except that enhancement of outlet-glacier sliding during 1990-2100 is

included in the ice-sheet model with UKMO-HadGEM1 A2-scenario

trends. The black line shows the projection by this latter ice-sheet

model where the UKMO-HadGEM1 A2-scenario trends are substi-

tuted by the yearly anomalies over the 21st century. The UKMO-

HadGEM1 had only one ensemble member for the A2 scenario. This

model run gives the highest sea-level-rise projection among all

experiments. The vertical axes are as in Fig. 7
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1990–2010, 1990–2050, 1990–2100. For example for

1990–2010, the sliding enhancement factor is gradually

increased from 1990 to 2010 and then kept constant. The

sliding enhancement over 1990–2010 gives *0.9 cm of

additional sea-level rise by 2100, whereas over 1990–2050

and 1990–2100 gives *2.0 and 2.4 cm, respectively.

Apparently, the response in terms of sea-level rise saturates

when the enhancement factor is increasing over a succes-

sively longer period. This is so, because the dynamical

discharge depends on the ice-sheet height and its gradient

in the vicinity of the outlet glaciers. The ice velocities are

dependent on the gradient of the surface height, and the

amount of discharge is dependent on both the velocities

and the ice thickness. When the outlet-glacier flow

increases due to the sliding enhancement, it may reduce

both the ice-sheet height and its gradient. Hence this con-

stitutes a negative feedback process that damps the

dynamical-discharge increase induced by the enhancement

of the sliding.

In order to take all uncertainties into account, we add the

UKMO-HadGEM1 trends and the entire 21st-century

sliding increase in the models of the perturbation ensemble

used for exploring the ice-sheet-model uncertainties. Light-

green shading in Fig. 8b gives the range of uncertainty

when all four sources of uncertainty are taken into account:

climate model spread, greenhouse-gas emission scenarios,

outlet glaciers speed up, and the uncertainty of the ice-

sheet model and its boundary conditions.

For simplicity, linear trends of surface-air temperature

and precipitation are used to estimate the sea-level-change

projections mentioned above. Climate models exhibit nat-

ural variability on yearly and decadal time scales. Such

variability in future climate-model scenarios of tempera-

ture and precipitation will likely be unpredictable and is

therefore not taken into account for these sea-level-change

projections. By using linear trends, the effect of this inter-

annual variability is omitted. However, interaction between

the ice sheet and the short-term variability of the precipi-

tation and temperature forcing fields is likely non-linear.

For instance, the ice-sheet may lose more mass in a warm

year than it gains in a cold year, even though the warm and

cold years are anomalies of the same magnitude (but

opposite signs) relative to the linear trend. This effect is

studied by running all ensemble members of each of the

models using yearly anomalies of surface-air temperature

and precipitation instead of the linear trends during the 21st

century. The anomalies of temperature and precipitation

are relative to the 1970–1999 average.

Two examples are given in Fig. 9a, b for the CCSM3 and

the MRI-CGCM2.3.2 model. The runs with yearly vari-

ability from each ensemble member all indicate a larger sea-

level change than the run with the linear trend based on the

ensemble mean. In order to estimate the non-linear effect

associated with the inter-annual variability, the difference

between the mean of the ensemble runs and the run with the

linear trend is calculated. Figure 9c provides differences for

each of the models where the differences are averaged over

2071–2100. The effects associated with the inter-annual

variability of temperature and precipitation are positive for

all models and give up to 2 cm of additional sea-level rise by

the end of the 21st century.

Finally we explore whether this non-linear effect could

extend the upper limit of the sea-level change, which was

(c)

(b)

(a)

Fig. 9 Comparison of projections based on linear trends and yearly

anomalies of surface-air temperatures and precipitation from climate

models over the 21st century. As an example, a and b show for the

CCSM3 and the MRI-CGCM2.3.2 model projections based on yearly

anomalies for each ensemble member (light-blue lines), their mean

(thin, dark-blue line), and based on the linear trend (thick, dark-blue
line). c indicates difference between the mean of the ensemble-

member projections based on yearly variability and the projection

based on the linear trend (the dark-blue lines in a and b). The

difference is averaged over 2071–2100. The results are presented for

each model (dark-blue bars) and the model mean (light-blue bar).

The vertical axes are as in Fig. 7
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given above on the basis of the linear trends. In the ice-

sheet model that gives the most extreme response in terms

of sea-level change (this is the model providing the upper

edge of the light-green shading in Fig. 8b) the linear trends

of temperature and precipitation are now substituted with

yearly anomalies. These forcing fields are from the

UKMO-HadCM1 model for the A2 scenario which has

only 1 ensemble member. The black line in Fig. 8b shows

the resulting sea-level-change projection which adds about

1 cm to the upper estimate based on the linear trends.

6 Discussion and conclusions

We estimate that the Greenland ice sheet will contribute

*0–17 cm to sea-level rise by the end of the 21st century.

Our methods for the estimation of this range of uncertainty

go beyond those used for the AR4 by, for instance,

implementing a parameterization for outlet-glacier speed

up and adding future changes of temperature and precipi-

tation directly to ice-sheet models. Table 4 presents the

split of the uncertainty range into its components. The

major part of the uncertainty is due to the spread among

climate models, which is followed by the contribution from

the ice-sheet models.

Outlet glacier speed up stands for up to *2.5 cm of sea-

level change by the end of the 21st century (Table 4). The

AR4 projects a value of 1 ± 0.5 cm based on extrapolation

of dynamical discharge during 1993–2003. This value can

be compared with our scenario of enhanced outlet-glaciers

sliding during 1990–2010, which likewise gives a contri-

bution of 1 cm (Fig. 8b). However, when the outlet-glacier

sliding continues to increase throughout the 21st century,

the sea-level-rise response becomes no more than 2.5 cm.

This is smaller than the maximum contribution from what

is mentioned as scaled-up ice-sheet discharge projected by

the AR4. For the three greenhouse-gas emission scenarios

that we consider, the AR4 projects a maximum of 13 cm

from both ice sheets where around a third of this (*4 cm)

can be attributed to Greenland.

The sea-level rise of 17 cm is found to be an upper bound

estimate, which can only be reached for a certain combi-

nation of parameter settings and scaling of the boundary

field of the ice-sheet model. As mentioned in Sect. 4, the

SMB from our model over the last five decades shows larger

annual variability than that estimated with the energy-bal-

ance model implemented in an RCM (Van den Broeke et al.

2009). This energy-balance approach is more advanced than

the PDD method used here, since, for instance, it takes solar

radiation and albedo changes into account. Comparisons of

PDD models and energy-balance models have shown that

the former produce a larger runoff response than the latter

for high temperatures (van de Wal 1996; Bougamont et al.

2007). Although experiments with perturbations of several

PDD-model parameters are included in the perturbation

ensemble for estimating the ice-sheet-model uncertainty,

the PDD model, due to its simplicity, may still overestimate

future runoff, irrespectively of its parameter settings.

However, the shortcomings of the PDD model are unlikely

to influence the upper bound estimate found here.

Vermeer and Rahmstorf (2009) find on the basis of a

simple model, which relates total sea-level to global-mean

temperature, that the AR4 underestimates the sea-level rise

over the coming 100 years by at least a factor of two. The

melt from the Greenland ice-sheet constitutes an important

part of the total sea-level rise during the next 100 years.

For the three greenhouse-gas emission scenarios that we

consider, the AR4 reports a range of 1–8 cm due to SMB

changes and 0–2 cm associated with dynamical-discharge

changes. This gives a maximum of 10 cm of sea-level rise.

Though our results indicate a higher upper bound estimate

than that from the AR4, we cannot confirm that the AR4

underestimates with a factor of two when it comes to the

Greenland contribution.
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