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Abstract.
Here we present a set of regional climate scenarios of sea level rise for the

northeast Atlantic Ocean. In this study, the latest observations and results obtained
with state-of-the-art climate models are combined. In addition, regional effects due
to ocean dynamics and changes in the Earth’s gravity field induced by melting
of land-based ice masses have been taken into account. The climate scenarios are
constructed for the target years 2050 and 2100, for both a moderate and a large
rise in global mean atmospheric temperature (2◦ C and 4◦ C in 2100 respectively).
The climate scenarios contain contributions from changes in ocean density (global
thermal expansion and local steric changes related to changing ocean dynamics) and
changes in ocean mass (melting of mountain glaciers and ice caps, changes in the
Greenland and Antarctic ice sheets, and (minor) terrestrial water-storage contribu-
tions). All major components depend on the global temperature rise achieved in the
target periods considered. The resulting set of climate scenarios represents our best
estimate of twenty-first century sea level rise in the northeast Atlantic Ocean, given
the current understanding of the various contributions. For 2100, they yield a local
rise of 30 to 50 centimeter and 40 to 80 centimeter for the moderate and large rise
in global mean atmospheric temperature, respectively.

Keywords: climate scenarios, local sea level rise

1. Introduction

In this paper, we present a new set of climate scenarios of sea level rise
for the northeast Atlantic Ocean which can be used by stakeholders,
such as government agencies responsible for coastal management. In
constructing this new set, the latest observations and modeling results
have been combined, similar to the approach used by Meehl et al.
(2007a) to estimate global sea level rise. In addition, regional effects
have been incorporated for both ocean and land ice contributions, in the
form of local changes in ocean density associated with ocean dynamics
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and the effects of changes in the Earth’s gravity field resulting from the
redistribution of mass due to melting of land-based ice masses.

The Royal Netherlands Meteorological Institute (KNMI) first pre-
sented a set of three climate scenarios (low, central and high) in 2000,
for the target years 2050 and 2100. The underlying scientific basis of
these climate scenarios was the projection for global mean sea level rise
discussed in the second IPCC Assessment Report (Houghton et al.,
1995). To account for differences between local sea level rise in the area
of interest and global sea level rise, another 10 cm (one to two times
the standard deviation of the regional variations displayed by climate
models at that time; Houghton et al. 1995), was added to the high
climate scenario only.

Recently, KNMI researchers extended that simple methodology (van
den Hurk et al., 2006). To construct a set of new climate scenarios,
results from a suite of state-of-the-art climate models and recent obser-
vations were combined in a consistent manner. The contribution of the
thermal expansion of the ocean was analyzed focusing on the northeast
Atlantic Ocean to include the effects of changes in the regional ocean
circulation on sea level. In this paper, the methodology is further refined
by including the effects that the redistribution of mass associated with
the melting of land-based ice masses has on the Earth’s gravity field
(Woodward, 1888) and hence on local sea level. This in contrast to the
assumption of a eustatic rise resulting from the reduction of land-based
ice masses applied in van den Hurk et al. (2006).

Section 2 describes the general methodology adopted by KNMI in
developing the climate scenarios presented in 2006, as well as aspects
specific for the climate scenarios of sea level rise. The various contri-
butions to sea level rise that are taken into account are discussed in
Sections 3, 4 and 5. The final climate scenarios are presented in Section
6, along with a discussion (Section 7).

2. The KNMI’06 climate scenarios

For atmospheric parameters, the KNMI’06 climate scenarios were con-
structed for the target year 2050 relative to 1990 using two steering
parameters (for details see van den Hurk et al., 2006): the rise in
global atmospheric temperature since 1990 (∆Tatm) projected by large-
scale climate models (Atmosphere-Ocean General Circulation Models
or AOGCMs) and the variation in the atmospheric circulation over
Western Europe simulated by AOGCMs. The latter parameter was
found to have a large influence on seasonal mean precipitation in the
region of interest (van Ulden and van Oldenborgh, 2006; Lenderink
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et al., 2007). Using these two steering parameters, four different cli-
mate scenarios were defined, representing the impacts of moderate or
large atmospheric warming, with either an unchanged or a changed
circulation over Europe.

Although it can be expected that changes in the local atmospheric
circulation affect the mean water level in marginal seas such as the
North Sea, the current generation of AOGCMs does not have sufficient
resolution to resolve this. Hence, for sea level rise, we were forced to
omit the variation in the atmospheric circulation over Western Europe
as a steering parameter, and climate scenarios were defined for a mod-
erate and large rise in global atmospheric temperature only. On the
other hand, because of the obvious needs for long-term planning with
regard to coastal management, climate scenarios of sea level rise were
constructed for the target years 2050 and 2100. In this way, a set of
four climate scenarios of sea level rise was defined (van den Hurk et al.,
2006).

The Intergovernmental Panel on Climate Change (IPCC) presents
climate change projections grouped by specific emission scenarios in
their assessment reports (Solomon et al., 2007a; Houghton et al., 2001).
These emission scenarios represent storylines of economic, social and
technical development. The KNMI’06 climate scenarios are not distin-
guished based on these storylines, because the ranges of global atmo-
spheric temperature rise of the different storylines overlap considerably
halfway into the twenty-first century. This also holds for the projected
changes in sea level (Solomon et al., 2007b, their Table SPM-1). At
present, uncertainties in the projections for global mean atmospheric
temperature and global mean sea level are mainly due to model uncer-
tainties, reflected by a wide range in results from AOGCM simulations
with a common emission scenario (see for example Meehl et al., 2007a,
Figure 10.31). Uncertainty about emissions of greenhouse gases plays a
smaller role. In light of this large model uncertainty, it is advantageous
to have a large model ensemble for the analysis that follows. As in
van den Hurk et al. (2006), we therefore express the climate scenarios
grouped by global mean atmospheric temperature rise rather than by
emission scenario.

2.1. Definition of steering parameters

The values for global mean atmospheric temperature rise that define
the climate scenarios (van den Hurk et al., 2006) are selected based
on an analysis of AOGCM simulations forced by the A1B, B1 and A2
emission scenarios performed in preparation of the Fourth IPCC As-
sessment Report (Solomon et al., 2007a). These simulations have been
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made available to the scientific community in the form of the World
Climate Research Programme’s (WCRP’s) Coupled Model Intercom-
parison Project phase 3 (CMIP3) multi-model dataset (Meehl et al.,
2007b). These AOGCMs simulate values of global mean atmospheric
temperature rise between 1990 and 2050 of ∆Tatm = 1.1 ◦ C to 2.0 ◦ C,
and of ∆Tatm =1.6 ◦ C to 4.3 ◦ C for 2100 (van den Hurk et al., 2006).
Hence, atmospheric temperature rises of +1 ◦ C and +2 ◦ C are used for
2050, and values of +2 ◦ C and +4 ◦ C for 2100. These values roughly
correspond to the 10% and 90% points of the probability distribution
function of the temperature rise (see Figure 1 for the distribution for
target year 2100).

It should be noted, however, that a higher temperature increase for
2100 could eventually be justified, since the AOGCM simulations in the
CMIP3 database do not account for the full uncertainty of the climate
system. Feedbacks that are known to influence the climate system on
century-long time scales, such as carbon cycle feedbacks and vegetation
feedbacks, are not or only very crudely represented in these AOGCMs
(Friedlingstein et al., 2006). On one hand, perturbed physics ensembles
indicate higher climate sensitivities than displayed by these state-of-
the-art AOGCMs (Stainforth et al., 2005). On the other hand, analyses
of instrumental and proxy records indicate that the climate sensitivity
displayed in these AOGCMs is realistic (Hegerl et al., 2006). Sudden
changes in the climate system induced by rapid disintegration of ice
sheets (Oppenheimer, 1998) or a complete collapse of the thermohaline
circulation (Vellinga and Wood, 2002) are not included in this ensemble
of simulations either.

2.2. Constructing climate scenarios of sea level rise

Global mean sea level may change because of a change in the amount
of mass in the ocean, or by a change in the average density of the ocean
(steric changes)1. Global mean changes in ocean density are dominated
by the thermal expansion of ocean water, referred to as the thermosteric
contribution. Halosteric changes induced by salinity variations may be
important locally (see below) but play only a minor role in the global
mean (Bindoff et al., 2007).

Local changes in sea level may differ from the global mean due
to variations in surface winds and ocean currents, spatial variations
in ocean heat uptake (Levitus et al., 2000), salinity variations (Boyer
et al., 2005) and changes in the Earth’s gravity field associated with

1 Changes in the ocean basin volume due to sedimentation and tectonic move-
ments are neglected here
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the redistribution of mass resulting from the release of melt water from
land-based ice masses (Woodward, 1888; Mitrovica et al., 2001).

To construct climate scenarios of sea level rise for the northeast
Atlantic Ocean, contributions from various sources are considered here.
For the period 1990-2005, observations of local sea level rise are used
for all climate scenarios (Section 3). From 2005 onwards, changes in
ocean density (global mean thermal expansion and local steric changes,
Section 4) and changes in ocean mass (melting of mountain glaciers and
ice caps, changes in the Greenland and Antarctic ice sheets, and (minor)
terrestrial water-storage contributions, Section 5) are considered sepa-
rately. Local sea level changes from the ocean mass sources are based on
estimates for eustatic changes and the effects of the associated gravity
changes on local sea level.

All major components of the sea level rise estimates depend on
the global atmospheric temperature rise ∆Tatm achieved in the target
periods considered. Hereby, it is taken into account that part of this
atmospheric temperature rise is already achieved in the period 1990-
2005. Currently, the global mean atmospheric temperature is about 0.3
◦ C higher than in 1990 (derived from low-pass filtered HadCRUT3
global temperature index, Brohan et al., 2006; Rayner et al., 2006; see
www.climexp.knmi.nl).

3. Observed total sea level rise 1990-2005

For all climate scenarios, sea level rise over the period 1990-2005 is
defined based on recent observations. The global mean rate of sea level
rise over the twentieth century deduced from tide gauges is 1.7 ± 0.3
mm/year (Holgate and Woodworth, 2004; Church and White, 2006).
Solomon et al. (2007b) report a global mean rise of 1.8 ± 0.5 mm/year
for the period 1961-2003, and an accelerated rise revealed by satellite
radar altimetry of 3.1 ± 0.7 mm/year for the period 1993-2003.

Along the coast of the Netherlands, such an acceleration has not
been observed over the last decades. There, sea level rose at a steady
rate of about 2.5 ± 0.6 mm/yr (data by RWS National Institute for
Coastal and Marine Management, the Netherlands). This observed lo-
cal rate of sea level rise is applied in the climate scenarios, yielding a
contribution of 4 ± 1 cm for the period 1990-2005 (Table IV).
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4. Changes in ocean density

The contribution of steric sea level changes is estimated based on an
analysis of sea level data for the twenty-first century from AOGCM
simulations in the CMIP3 database (Meehl et al., 2007b). Some model
results were discarded after a quality check, because of obvious defi-
ciencies in the data (UKMO HadGem1, IPSL CM4). The dataset that
is used for the analysis consists of 41 simulations forced by the A1B,
the A2 or the B1 emission scenario (Solomon et al., 2007a), obtained
with 13 different AOGCMs (Table I).

Three variables of interest were retrieved: timeseries of global mean
thermosteric sea level rise, fields of local sea level changes, and fields of
atmospheric temperature rise. Only from three AOGCMs, both types
of sea level variables were available (Table I). Except for the isopycnic
model BCCR−BCM2.0, the global mean of the reported fields of local
steric changes is zero by definition, because sea level is defined to relate
to the instantaneous volume of the ocean. This is a natural definition
for models that are volume conserving rather than mass conserving.
Actual sea level changes need to be calculated based on the (changes
in the) density fields. The timeseries of global mean thermosteric sea
level rise reported by the modeling groups are the results of such a pro-
cedure based on the temperature fields only. Timeseries of global mean
halosteric sea level rise are not available from the CMIP3 database.
The contribution for the local steric change was therefore split into
an estimate for global mean thermosteric sea level rise (TSG, obtained
from the reported time series of global mean thermosteric sea level
rise) and for the difference in steric change between the North Atlantic
Ocean and the global mean (THSL, obtained from the fields of local
sea level changes). The model ensemble on which these contributions
are based consists of 6 members for TSG (10 members for THSL).

The fields for local steric sea level change are interpreted as the
sum of the local thermosteric and halosteric sea level rise. Except for
the GISS models (Lucarini and Russell, 2002; Schmidt et al., 2004), the
land ice distribution is kept fixed in all analyzed AOGCMs, and there is
no contribution from changes in ocean mass in the local sea level data.
The local data from the GISS models are discarded from the analysis
because the land ice contribution they contain can not be separated
from the steric signal. Furthermore, it is assumed that the modeled
contribution of changes in the terrestrial water storage is negligible
(see Section 5.4 for a separate treatment of this contribution).

A time series over the region [25◦ W,10◦ E] × [40◦ N, 65◦ N] was con-
structed from the fields of steric sea level change to obtain an estimate
of the additional steric sea level rise THSL in the northeast Atlantic
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Ocean. The monthly time series for TSG, TSHL and atmospheric tem-
perature rise ∆Tatm were converted to year-averaged timeseries and
smoothed using a five-year running mean.

4.1. Global mean thermosteric sea level rise (TSG)

Projections for ∆Tatm and TSG for the twenty-first century were pre-
sented by Solomon et al. (2007a). While ∆Tatm is expected to rise more
or less linearly over the course of the century (Meehl et al., 2007a, Fig.
10.4), sea level responds slower and accelerates toward the end of the
twenty-first century (Meehl et al., 2007a, Fig. 10.31). For the three
emission scenarios considered here the reported ranges for global mean
thermosteric sea level rise between 1980-1999 and 2090-2099 are 13-32
cm (A1B scenario), 14-35 cm (A2 scenario) and 10-24 cm (B1 scenario,
from Table 10.7 of Meehl et al., 2007a).

In a study on modeled thermosteric sea level changes in the twentieth
century (Urrego Blanco and Katsman, document in preparation) it was
found that AOGCM results for TSG from the CMIP3 database may
be contaminated by model drift. In the accompanying pre-industrial
control runs, in which the atmospheric forcing is kept constant and
hence global mean thermosteric sea level is expected to reach a steady
state. However, many of the AOGCMs display a fairly linear drift of up
to ten centimeters per century. This suggests that these models were not
spun up long enough to reach equilibrium in the (deep) ocean. This was
also noted by Gregory et al. (2001) with regard to simulations prepared
for Houghton et al. (2001). Following Gregory et al. (2001) and Urrego
Blanco and Katsman (document in preparation), it is assumed that the
SRES scenario runs analyzed here contain a similar drift as the accom-
panying pre-industrial control runs, in addition to the signal of ocean
expansion we want to quantify as the contribution TSG. Therefore, all
timeseries for TSG were corrected for model drift by subtracting the
linear trend in the timeseries of the accompanying pre-industrial control
run. The effects of this procedure are illustrated in Figure 2a, which
shows the original data against the drift-corrected data for TSG, for the
year 2100 relative to 2005. The data for atmospheric temperature rise
were corrected in the same way for completeness, although the drift in
this variable is much smaller (Fig. 2b). Although in individual models
the drift can be substantial, this drift-correction procedure introduces
differences of only a few centimeters in the ensemble mean results for
TSG in comparison with the uncorrected results presented by van den
Hurk et al. (2006).

In Figure 3, the simulated global mean thermosteric sea level rise
(TSG) in 2050 and 2100 (relative to 2005) is plotted against the sim-
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ulated global mean temperature rise ∆Tatm since 1990 (∆Tatm since
1990 is defined as ∆Tatm since 2005 + 0.27◦ C). For the end of the
twenty-first century, the AOGCMs project TSG = 10−35 cm. For 2050,
TSG = ± 5 − 10 cm. The dependency of TSG on the atmospheric
temperature change is described by a linear fit through the data for each
of the target years (solid lines in Figure 3). We assume an uncertainty
that is independent of ∆Tatm, and define it as one standard deviation
of the fit parameters at the central value of ∆Tatm for the two periods
(dashed lines in Figure 3). Thus one can read from this figure the lower
and upper estimates for TSG at ∆Tatm = 1◦ C and 2◦ C in 2050 and
at ∆Tatm = 2◦ C and 4◦ C in 2100 that are required to construct the
climate scenarios. The results are given in Table II.

4.2. Additional steric sea level rise in the northeast
Atlantic Ocean (THSL)

To analyze the difference in steric sea level between the northeast At-
lantic Ocean and the global mean, fields for local sea steric level change
(interpreted as the sum of the local thermosteric and halosteric sea level
rise) were obtained from the CMIP3 database (Meehl et al., 2007b).
Except for the isopycnic model BCCR−BCM2.0, the global mean of
these fields is zero by definition, because sea level is defined to relate to
the instantaneous volume of the ocean. This is the natural definition for
models that are volume conserving rather than mass conserving. Hence,
these fields do not display a model drift, and need not be corrected.
The results from the BCCR − BCM2.0 model are corrected for the
slight linear drift of 1.2 cm/century in the pre-industrial control run.

Regionally, changes in thermosteric sea level rise can deviate sub-
stantially from the global mean value (Cazenave and Nerem, 2004;
Solomon et al., 2007a). In many of the analyzed AOGCM simulations,
sea level in the North Atlantic Ocean increases more than the global
mean sea level (see Solomon et al., 2007a, Figure 10.32 for the difference
between averages for 2080-2099 and 1980-1999 from 16 AOGCMs forced
with the SRES A1B scenario).

Figure 4 shows the difference in steric sea level between the north-
east Atlantic Ocean and the global mean value THSL projected by
the AOGCMs, but now as a function of atmospheric temperature rise
∆Tatm, for target years 2050 and 2100. The mean hardly displays a
dependence on ∆Tatm. However, the scatter tends to increase with
atmospheric temperature rise, and is asymmetric with respect to the
mean: the uncertainty at the high end of the range is larger than at
the low range. From Figure 4, two types of model behavior emerge.
Either THSL is close to zero regardless of ∆Tatm, or THSL increases
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sharply with rising atmospheric temperatures. The latter behavior re-
flects dynamical sea level changes associated with circulation changes
that occur in a selection of the model simulations. In particular, the
difference in steric sea level between the North Atlantic Ocean and the
global mean is strongly related to the strength of the meridional over-
turning circulation (AMOC) in the basin. In state-of-the-art AOGCM
simulations the AMOC weakens by about 25% (bandwidth 0-50%) over
the course of the twenty-first century (see Solomon et al., 2007a, Figure
10.15, from Schmittner et al., 2005).

Figure 5 shows the local steric sea level rise THSL against the
maximum strength of the AMOC (note that only the models marked
by an asterisk in Table I, for which the latter variable was available
in the CMIP3 database, are plotted). In some of the simulations, the
AMOC is significantly reduced, and THSL is relatively large. When the
strength of the AMOC hardly changes, THSL appears close to zero.
Such dynamic changes in sea level associated with AMOC changes were
also discussed by Levermann et al. (2004) and van der Schrier et al.
(2004).

To account for the asymmetric behavior resulting from possible
changes in ocean dynamics displayed in Figures 4 and 5, the following
procedure was used to estimate the contribution of local steric changes
THSL. We assume a linear dependence of THSL and its uncertainty
bands on ∆Tatm. This dependence is quantified by calculating the ratio
between THSL and ∆Tatm for all data points at five-year intervals
(black dots in Figure 4). The slope of the solid line, from which the
central value of the contribution is derived, is the median value of all the
calculated ratios (0.8 cm/K). The slopes of the dashed lines, defining
the upper and lower uncertainty bands of the contribution, respectively,
are the 10% and 90% values of all the calculated ratios (-0.8 cm/K
and +4.2 cm/K). The contribution for THSL for the various climate
scenarios is obtained by multiplying these slopes by the appropriate
atmospheric temperature changes (Table II).

The contributions of global mean TSG and additional local THSL

(Table II) are combined by adding the central values. The total un-
certainty ranges are defined by adding their bandwidths quadratically.
The final results are listed in Table IV.

5. Changes in ocean mass

Changes in ocean mass occur through melting of land-based ice masses
and changes in terrestrial water-storage contributions (e.g., changes in
ground water, lakes, rivers and snow pack, see Section 5.4; Houghton
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et al., 2001). Melting of mountain glaciers and ice caps (Section 5.2)
and shrinking of the Greenland and Antarctic ice sheets (Section 5.3)
are the main ocean mass contributons to sea level rise.

5.1. Gravity changes induced by ice melt

When ice masses on land melt, the released fresh water is not dis-
tributed evenly over the oceans (Woodward, 1888; Mitrovica et al.,
2001). Large land-based ice masses exert a gravitational pull on the
surrounding ocean and hence sea level is relatively high in the vicinity
if the ice mass (see schematic in Fig. 6). When the ice mass shrinks, that
pull reduces, and sea level will actually drop over a distance up to about
20◦ (2200 km) from the ice sheet (area A in Fig. 6) rather than rise due
to the added melt water (Farrell and Clark, 1976). Farther away from
the land ice mass, up to a distance of about 60◦ (6700 km, area B), sea
level does rise, but this rise is smaller than the rise that would result
from equal distribution of the melt water (the eustatic sea level rise).
At even greater distances the local sea level rise becomes larger than
the eustatic rise (area C). As a result of these local gravity changes, a
shrinking land ice mass yields a distinct pattern of local sea level rise
referred to as its fingerprint (Farrell and Clark, 1976; Mitrovica et al.,
2001). Fingerprints have been used to identify the origin of global melt
water pulse 1A (Clark et al., 2002; Bassett et al., 2007).

Mitrovica et al. (2001) presented maps of the ratio of the local sea
level rise (including effects of changes in gravitation) and the eustatic
rise, assuming shrinking of the Antarctic ice sheet, Greenland ice sheet,
and of a collection of the world’s glaciers (Meier, 1984) respectively.
The computed fingerprints show that western Europe lies in area B
with regard to the Greenland ice sheet and the collection of glaciers,
and in area C with regard to the Antarctic ice sheet.

In the KNMI’06 climate scenarios of sea level rise (van den Hurk
et al., 2006), the effect of gravity changes was not taken into account.
The contributions from land ice melt were all summed and assumed to
be eustatic. Here, the impacts of gravitation changes are incorporated
by multiplying the eustatic contributions from ice melt by the appro-
priate ratio of local sea level rise and eustatic rise in the northeast
Atlantic Ocean given by Mitrovica et al. (2001, their Figure 1).

5.2. Mountain glaciers and ice caps

The response of mountain glaciers and ice caps outside Greenland and
Antarctica to atmospheric warming is characterized by means of the
sensitivity Bg of their mass balance to global temperature increase,
expressed in mm/yr/K. The changes in melting behavior resulting
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from changes in the shape of the glaciers during retreat are taken into
account by assuming that Bg is proportional to ice area A, and that
ice volume and ice area scale as Vg ∼ Aα (Bahr et al., 1997; van
de Wal and Wild, 2001). Although this scaling law was derived for
individual glaciers in a steady state, we apply it here to the whole
ensemble, as was suggested by Wigley and Raper (2005). The fact that
most of the considered glaciers are not in a steady state but retreating
may introduce errors of the order of 20% (Meehl et al., 2007a). A wide
range of sensitivities Bg and volumes Vg is used in the calculations of
the glacier contribution to cover such uncertainties.

The sensitivity of the mass balance Bg is assumed to change over
time according to

Bg(t) = B0

Vg(t)

V0

1/α

(1)

with B0 and V0 the present-day sensitivity and ice volume of the glaciers,
respectively. The proportionality constant α=1.375 is taken from Bahr
et al. (1997). At any given year y, the melt rate Mg is given by Bg times
the difference ∆T between the global mean atmospheric temperature
and the equilibrium temperature of the glaciers:

Mg(t) = Bg(t)∆T (t) = Bg(t)[∆Tatm
yt − y

yt − y0

+ ∆Teq] (2)

with yt the target year (2050 or 2100), y0 the base year (2005) and
∆Tatm the global mean atmospheric temperature rise defined for a
specific climate scenario. ∆Teq is an off-set temperature representing
the current difference between the global mean atmospheric temper-
ature and the equilibrium temperature of the glaciers. The eustatic
contribution of glacier melt for a given climate scenario is obtained by
integrating Equation (2) from the base year y0 to the target year yt.

We assume a present-day temperature off-set of ∆Teq=1◦ C over
equilibrium for the glaciers (representing the global mean atmospheric
temperature rise since pre-industrial times, see the discussion below),
and define B0 = 0.8 ± 0.2 mm/yr/K. These parameter values cor-
respond to observation-based estimates of the current contribution of
mountain glaciers to sea level rise of 0.5 ± 0.2 mm/yr for the period
1960-2003 and 0.8 ± 0.2 mm/yr for the last decade (Kaser et al.,
2006; Solomon et al., 2007b). Estimates of the total ice volume cur-
rently stored in mountain glaciers and ice caps outside Greenland and
Antarctica range from 15 cm to 37 cm sea level rise equivalent (Ohmura,
2004; Dyurgerov and Meier, 2005; Lemke et al., 2007). For our calcula-
tions, we use V0 = 20 cm as the central value and V0=10 cm and V0=40
cm as the upper and lower bounds, respectively.
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Using these parameters, the melt rate Mg in Equation 2 increases
over time to a final value between 0.6 mm/yr and 2.5 mm/yr in 2100
for the different climate scenarios. The eustatic contribution of the
glaciers and ice caps for the four climate scenarios (listed in Table
III) is obtained by integrating Equation 2 for the specified values of
∆Tatm over the appropriate period. Uncertainty bands are defined by
adding uncertainties with regard to the range in Bg and the range in
Vg quadratically.

The eustatic contribution between 2005 and 2100 estimated in this
way ranges from 4 to 19 cm depending on the assumed temperature
rise. The results of the calculation appear not very sensitive to the
choice of the present-day temperature off-set ∆Teq. Doubling it to 2◦

C yields an increase in the central estimates of 3 cm or less in 2100.
The bandwidth increases by just 1 cm. A lower value for ∆Teq of 0.5 ◦

C yields a reduction of the eustatic glacier contribution by less than 2
cm and a slight (< 1 cm) reduction of the bandwidth.

Meehl et al. (2007a) estimate the eustatic contribution of glaciers
and ice caps at 7 to 16 cm. This range is slightly narrower than ours, but
the central estimates from the two studies are very similar. The melt
rate projected for the end of the century is somewhat smaller similar
(0.5 to 1.9 mm/yr for the selected emission scenarios, see Table 10.7
in Meehl et al., 2007a). Gregory and Oerlemans (1998) and Raper and
Braithwaite (2006) model glacier melt using a regional glacier model
forced by AOGCM output. Their approaches are more sophisticated
than ours, as they distinguish between melting behavior in summer and
non-summer months (Gregory and Oerlemans, 1998) and allow glaciers
to approach a new equilibrium as their environment warms (Raper and
Braithwaite, 2006), for example. Gregory and Oerlemans (1998) arrive
at an estimate of 13 cm eustatic sea level rise due to glacier melt in
2100, which is at the high end of our estimates for the moderate and
warm climate scenario (Table III). Raper and Braithwaite (2006) start
with a melt rate at the low end of the observed range (0.2 mm/year),
so the numerical value that they obtain for eustatic sea level rise in
2100 (5 cm), is at the very low end of our estimates. It should be noted
that this approach, as the ones adopted by Gregory and Oerlemans
(1998) and Raper and Braithwaite (2006), assumes that glacier motion
is unchanged as atmospheric temperatures rise. This may result in an
underestimation of the contribution of mountain glaciers. In a recent
assessment, Meier et al. (2007) project a eustatic contribution from
glaciers by extrapolating observed accelerations in the rate of change
of the mass balance over the past decade to the end of the century.
Their estimated range of of 10 to 25 cm in 2100 is about 5 cm larger
than ours.
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To account for the effects of gravity changes induced by glacier melt,
the eustatic contribution is multiplied by a factor 0.8, derived from the
ratio between the local sea level rise and the eustatic rise along western
Europe for the collection of glaciers presented in (Mitrovica et al., 2001,
their Figure 1c). This only induces a change of a few centimeters to the
contribution. The final local results applied in the climate scenarios are
presented in Table IV.

5.3. Greenland and Antarctic ice sheets

At present it is unclear how the Greenland and Antarctic ice sheets will
respond to atmospheric warming, as recent observations and modeling
results disagree (see Solomon et al., 2007a, and the discussion below).
As a consequence, large uncertainties are involved in the estimate of
their contributions to sea level rise. As in van den Hurk et al. (2006), we
base the eustatic contributions from the ice sheets on estimates of (i)
the present-day melt rate M , (ii) the sensitivity of the mass balance of
the ice sheets to global mean atmospheric temperature rise B and (iii)
the impacts of relatively fast changes in the ice dynamics in response
to large rises in atmospheric temperature expressed in the form of a
maximum sensitivity of the mass balance Bmax. The sensitivity of the
mass balance of the ice sheets to global mean atmospheric temperature
rise B is assumed constant here for simplicity, even though model sim-
ulations show that this may not be the case (Gregory and Huybrechts,
2006). To include the effects of gravitation changes on local sea level
(Mitrovica et al., 2001), the two ice sheets are treated separately.

5.3.1. Greenland ice sheet
Estimates for the present-day sea level change due to the melting of the
Greenland ice sheet, including the glaciers and small ice caps around
its edges, have been obtained by remote sensing over the last few
decades (see Shepherd and Wingham, 2007 and Lemke et al., 2007 for
a review). Even though the Greenland ice sheet thickens at its center
(Johannessen et al., 2005), the ice sheet as a whole loses mass. Lemke
et al. (2007) report an equivalent rate of sea level rise due to mass
loss of the Greenland ice sheet of MGL = 0.21± 0.07 mm/yr for 1993-
2003. Compared to the period 1961-2003 this implies an acceleration of
the mass loss; the forty-year average being MGL = 0.05± 0.12 mm/yr
(Lemke et al., 2007). On the basis of these observational results we
estimate that at present the shrinking of the Greenland ice sheet yields
a eustatic sea level rise of MGL = 0.2± 0.1 mm/yr. The high end of the
range is the same as the central estimate presented by (Shepherd and
Wingham, 2007) of a eustatic sea level rise of about 0.3 mm/yr, based
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on a series of studies using satellite observations from various periods
over the last two decades.

Measurements are too sparse, and time series too short to asses
the sensitivity of the mass balance of the ice sheets to atmospheric
temperature rise with confidence on the basis of observations. Model
projections of the sensitivity of the mass balance of the Greenland
ice sheet to global mean atmospheric temperature rise for the twenty-
first century are highly uncertain (Huybrechts et al., 2004; Gregory
and Huybrechts, 2006). For the Greenland ice sheet the net balance
points to increased mass loss for rising temperatures. The estimate of
the temperature dependence of the ice sheet mass balance BGL from 18
coupled climate models forced with an AR4 emission scenario is BGL =
0.11 ± 0.09 mm/yr/K with respect to local temperature (Huybrechts
et al., 2004; Gregory and Huybrechts, 2006). The polar amplification
of temperature over Greenland is approximately a factor 1.6 (median
value obtained from Huybrechts et al. 2004, Table 2). To construct the
climate scenarios, we therefore use BGL = 0.2 ± 0.15 mm/yr/K with
respect to global mean temperature changes.

Currently, observations predict a larger contribution to sea level rise
than the models simulate for this period. Numerical ice sheet models
are not yet able to represent ice dynamics that may be of importance
for the behavior of the Greenland ice sheet (Meehl et al., 2007a), like
accelerated ice flows caused by for example basal lubrication (Zwally
et al., 2005), ice shelf removal (Joughin et al., 2004) or the ungrounding
of ice fronts (Howat et al., 2005). Accelerated ice flow (Krabill et al.,
2004; Rignot and Kanagaratnam, 2006) could dramatically increase
the contribution to sea level rise, but quantitative projections over the
course of this century are almost impossible to make. Climate simula-
tions of the last interglacial period (130,000 years ago) by Otto-Bliesner
et al. (2006) show that for climate conditions with a local temperature
rise of +3◦ C compared to present-day climate, the Greenland ice sheet
had melted to about half its current size (3.4 m sea level equivalent),
but this melting process took about three thousand years. This yields
an estimate for the mass balance sensitivity of BGL,max = 0.4 mm/yr/K
with respect to the local temperature. Ridley et al. (2005) simulated
the behavior of the Greenland ice sheet in a high CO2 climate. They
assessed a mass loss that peaked at values exceeding 4 mm/yr (40% of
the ice volume lost in six to seven centuries, see also Fig. 10.38 in Meehl
et al., 2007a), in response to a global mean temperature rise of about
3◦ C, yielding BGL,max = 1.3 mm/yr/K. To incorporate the high end
of these uncertainties in BGL,max in our climate scenarios, we define
an upper bound of the sensitivity of the mass balance BGL,max=1.3
mm/yr/K based on the model results of Ridley et al. (2005).
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In the climate scenarios, the central value of the melt rate of the
Greenland ice sheet to sea level rise MGL,tot is the sum of the present-
day melt rate of MGL = 0.2± 0.1 mm/yr and the estimate for the mass
balance sensitivity (BGL = 0.2 ± 0.15 mm/yr/K) times the atmospheric
temperature rise averaged over the target period considered (2005-
2050 or 2005-2100). The lower bound of the contribution is defined
by adding the uncertainties in MGL and BGL ∆Tatm quadratically.
The upper bound is calculated by adding the uncertainties in MGL

and (BGL,max − BGL) ∆Tatm quadratically. Table III lists the eustatic
sea level rise contribution of melting of the Greenland ice sheet. These
eustatic contributions are multiplied by a factor 0.25 (obtained from
Fig. 1b of Mitrovica et al., 2001), to account for the effects of gravity
changes on local sea level in the area of interest. The local contribution
induced by melt of the Greenland ice sheet is listed in Table IV for all
climate scenarios.

5.3.2. Antarctic ice sheet
Satellite-based estimates for the mass change of the Antarctic ice sheet,
including glaciers and small ice caps around its edges, vary widely. In
their review, Shepherd and Wingham (2007) conclude that the East
Antarctic Ice Sheet is gaining mass at a rate of about 25 Gt/year,
while the West Antarctic Ice Sheet is losing mass at a rate of about
50 Gt/year (note that both numbers have large uncertainties). In par-
ticular, glaciers draining into the Amundsen Sea displayed large per-
turbations recently. Shepherd and Wingham (2007) report a central
estimate for the net mass loss of 25 Gt/yr for the Antarctic ice sheet,
from a range of -139 Gt/yr to + 42 Gt/yr in central estimates from
various studies. This mass loss is equivalent to a eustatic sea level rise of
MAA = 0.07 mm/yr (range is 0.4 to -0.12 mm/yr). Lemke et al. (2007)
report a eustatic sea level rise of MAA = 0.2± 0.35 mm/yr due to
changes in the Antarctic ice sheet over the period 1993-2003, a similar
range as in Shepherd and Wingham (2007). For the climate scenarios,
we therefore use the Lemke et al. (2007) estimate for the present-day
melt rate of the Antarctic ice sheet MAA.

Model projections of the sensitivity of the mass balance of the Antarc-
tic ice sheet BAA to global mean atmospheric temperature rise for
the twenty-first century and are not fully compatible with the picture
that emerges from the recent observations described above (Huybrechts
et al., 2004; Gregory and Huybrechts, 2006). For the Antarctic ice sheet,
models suggest a decrease of mass loss, or even mass gain when temper-
ature rises because increased precipitation counteracts (or overcomes)
modeled increases in ablation over the twenty-first century (Meehl
et al., 2007a). The estimate of the temperature dependence of the ice
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sheet mass balance from 18 AOGCMs forced with an AR4 emission
scenario is BAA = −0.3± 0.2 mm/yr/K for Antarctica with respect to
local temperature changes (Meehl et al., 2007a).

However, observations display a net mass loss of the ice sheet with
indications of an accelerated loss over recent years (Lemke et al., 2007).
So, the sign of the sensitivity of the mass balance of Antarctica is
undetermined (negative from model simulations, positive from recent
observations). As for the Greenland ice sheet, recent observations have
pointed out shortcomings of the ice models which raises questions on
the validity of the model results. Unrepresented processes like the ef-
fects of ocean warming (Shepherd et al., 2004), ice shelf buttressing
(Rignot et al., 2004; Scambos et al., 2004), and glacier ungrounding
(Thomas et al., 2004) may be important. Because of this discrepancy
between model results and observations, the mean sensitivity of the
mass balance of the Antarctic ice sheet is set to zero in this study, and
a large uncertainty is assumed: BAA = 0.0± 0.35 mm/yr/K.

While Houghton et al. (2001) concluded that accelerated sea level
rise caused by a raprid disintegration of the West Antarctic ice sheet
was very unlikely in the course of the twenty-first century, Meehl et al.
(2007a) acknowledge the possibility of such a rapid change based on
recent changes (Shepherd et al., 2004; Vaughan, 2007). In particu-
lar, the apparent vulnerability of the glaciers in the Amundsen sector
(containing an amount of ice equivalent to 1.5 m eustatic sea level
rise) is emphasized by Vaughan (2007). He estimates that a mass loss
equivalent to a eustatic sea level rise at a rate of 30 cm/century is not
impossible in the course of the twenty-first century. Assuming a global
mean temperature rise of 2 to 4 ◦ C over the same period yields a very
rough estimate for BAA,max = 1.0 mm/yr/K.

In the climate scenarios, the eustatic contribution of the Antarctic
ice sheet is calculated in the same way as for the Greenland ice sheet
(see Table III for the results). The eustatic contributions are multiplied
by a factor 1.1 to account for local effects of gravity changes induced
by the reduction of this land-based ice mass (see Section 5.1; Mitrovica
et al., 2001, their Fig. 1a). The final contributions are listed in Table
IV.

5.3.3. Comparison to KNMI’06 and IPCC 4AR (2007)
In van den Hurk et al. (2006), the present-day melt rate of the two ice
sheets combined was estimated at MAA+GL = 0.4± 0.4 mm/yr, based
on publications available in mid-2006 (e.g., Krabill et al. (2004); Rignot
and Thomas (2002); Rignot et al. (2005); Rignot and Kanagaratnam
(2006); Velicogna and Wahr (2005); Zwally et al. (2005)). van den Hurk
et al. (2006) used a combined estimate for the mass balance sensitivity
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of the ice sheets, based mainly on recent observations, of BAA+GL =
0.2± 0.4 mm/yr/K. For both the present-day melt rate and the mass
balance sensitivity of the ice sheets, the values used by van den Hurk
et al. (2006) are the same as the sum of the values for the individual ice
sheets applied here. In van den Hurk et al. (2006), the upper bound of
the contribution from the ice sheets was defined using a value for the
mass balance sensitivity BGL,max for the Greenland ice sheet only. In
light of the recent assessment of the vulnerability of the West-Antarctic
Ice Sheet (Meehl et al., 2007a; Vaughan, 2007), a maximum sensitivity
BAA,max for the Antartic ice sheet is considered here as well.

In Meehl et al. (2007a), the eustatic contribution of the Greenland
and Antarctic ice sheets was based on the modeled sensitivity of the ice
sheets to local temperature changes (Huybrechts et al., 2004; Gregory
and Huybrechts, 2006). For the Greenland ice sheet, this eustatic con-
tribution is 1 to 8 cm (B1, A1B and A2 scenario, Table 10.7 of Meehl
et al., 2007a). For the Antarctic ice sheet, the range is -12 to -3 cm.
Increased ice flow due to changing ice sheet dynamics was assessed to
be more likely than reported in Houghton et al. (2001), based on new
insights from observations (e.g., Alley et al., 2005; Vaughan, 2007).
An estimate of 10 to 20 cm is reported, obtained by upscaling of the
discharge and temperature change observed over the last decade (melt
rate of MGL+AA = 0.32 mm/yr, global mean temperature change of
0.63 ◦ C). The total eustatic contribution from the Greenland and
Antarctic ice sheets, including this upscaled ice discharge, amounts
to -5 cm to +13 cm, assuming that the central estimates reported in
Table 10.7 of Meehl et al. (2007a) can be added, and their uncertainties
added quadratically. The estimates presented here range from -1 cm to
+ 35 cm. An important difference between the two eustatic assessments
arises from defining the sensitivities B and Bmax based on observations
(this study) rather than models (Meehl et al., 2007a). Although the es-
timates for Bmax applied here are very uncertain, we chose to use them
to estimate the contribution of the ice sheets to sea level rise. Since the
impacts of sea level rise on a low-lying country like the Netherlands can
be large, it is important to avoid underestimation of the contributions.

5.4. Terrestrial water storage contributions

Besides being stored in ice sheets and glaciers, water is stored on land as
snow, surface waters, and subsurface water (ground water). Changes in
this storage may occur due to climate variations, human interventions
in the water cycle and changes in land use, for example (Church et al.,
2001). Estimates of the various contributions are highly uncertain, and
of different signs (Church et al., 2001; Cazenave and Nerem, 2004). The
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net trend in sea level appears negative but the uncertainty bands indi-
cate that a positive value is possible as well. In Solomon et al. (2007a),
the possibility of sea level changes resulting from anthropogenic changes
in terrestrial water-storage is mentioned but not quantified.

Because of the huge uncertainties involved in this contribution and
to avoid underestimation of its effects, van den Hurk et al. (2006)
estimated the total of the terrestrial water storage contributions to
be 2 ± 2 cm in 2100 for all climate scenarios, and half of this value in
2050 (Table IV).

6. Climate scenarios of sea level rise in the northeast

Atlantic Ocean

Regional climate scenarios of local sea level rise can now be constructed
by combining estimates for the observed sea level rise between 1990 and
2005 (Section 3), the steric sea level rise since 2005 (Table II, Section 4),
and the various changes in ocean mass (Table III, Section 5), taking
into account the effects of changes in gravitation resulting from the
redistribution of the mass (Section 5.1). Table IV lists all contributions
of the sea level rise scenarios.

The central values can simply be added to obtain a central estimate
Hc for each scenario. However, because of the large uncertainties in-
volved in estimating all separate contributions, we present ranges of sea
level rise for each atmospheric temperature scenario, rather than these
single central values. The high and the low end of the range are treated
separately, because of the asymmetry in the uncertainty bands of some
of the contributions. The uncertainty band at each end is calculated
from a quadratic summation of the uncertainty bands reported for the
individual components. For the uncertainty band at the high end of the
range ∆Hh, we use:

∆Hh =

√

∑

i

(xh,i − xc,i)2 (3)

with xh,i the high end of the range of contribution i, and xc,i the central
estimate of that contribution. The summation is over all contributions
i. A similar procedure is applied to define the uncertainty band at the
low end of the range ∆Hl. The total range for each climate scenario
becomes (Hc − ∆Hl,Hc + ∆Hh) (Table IV).

The final figures presented to the stakeholders are rounded off to 5
cm, since the large uncertainties involved in determining the estimates
do not justify a precision of one centimeter. For the moderate (warm)
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climate scenario in 2050, the projected range becomes 15 cm to 25 cm
(20 cm to 35 cm). For 2100, a moderate (warm) climate scenario of 30
cm to 50 cm (40 cm to 80 cm) is obtained (Table IV).

7. Summary and discussion

This paper describes the construction of climate scenarios of sea level
rise for the northeast Atlantic Ocean. To arrive at these climate scenar-
ios, information from AOGCM simulations performed in preparation of
the Fourth IPCC Assessment Report, and recent observations are taken
into account, as in Solomon et al. (2007a). Moreover, regional effects are
incorporated, by means of the local steric sea level rise deduced from
AOGCM simulations (Section 4.2) and the effect of gravity changes
induced by ocean mass changes (Section 5). To our knowledge, this is
the first time that gravitational effects on local sea level arising from the
redistribution of mass due to melt of land-based ice masses is accounted
for in climate scenarios for local sea level changes. Because of the as-
sociated gravity changes, changes in the Antarctic ice sheet are more
relevant to regions in the extratropics in the northern hemispheric than
changes in the Greenland ice sheet. The reverse holds for extratropical
regions in southern hemisphere. For 2100, the projections for local sea
level rise that are obtained range from 30 to 80 cm, depending on the
rise in global mean atmospheric temperature that is assumed (Section
6).

The relation between global mean atmospheric temperature rise
∆Tatm and thermosteric sea level rise TSG is assumed to be linear
here (see Fig. 3). This is a simplified view of the processes involved
in ocean heat uptake (Gregory et al., 2001; Raper et al., 2002). In a
recent paper, Rahmstorf (2007) argues that given the large response
time of the ocean on changes in atmospheric conditions, the initial
rate of sea level rise is expected to be proportional to the temperature
increase. That is, he stated that the relation between global mean
atmospheric temperature rise ∆Tatm and thermosteric sea level rise
TSG is not linear, as is assumed here (see Fig. 3), but quadratic.
By fitting the results of the CLIMBER 3-α model for the twentieth
century, Rahmstorf (2007) found a proportionality constant for the
thermosteric sea level of a=1.6 mm/yr/K. When the semi-empirical
relationship outlined by Rahmstorf (2007) is used to explore future sea
level rise it yields a global mean thermosteric rise of 51 cm. This is
substantially larger than the central estimate of 26 cm presented by
Solomon et al. (2007a). It is also 12 cm (30%) larger than the actual
rise modelled by CLIMBER 3-α over the twenty-first century. A fit of
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the twenty-first century data for TSG from the six AOGCMs analyzed
in this study yields a considerably smaller proportionality constant
of a = 0.9 ± 0.03 mm/yr/K. It is important to note, however, that
the proportionality constant a is very model dependent. For the set of
models analyzed here, a ranges from 0.7 mm/yr/K (MIROC3.2 (hires) )
to 1.4 mm/yr/K (GISS aom), while the individual fits are all very good
(correlations larger than 0.9). Notably, all analyzed AOGCMs display
a smaller proportionality constant a than the CLIMBER 3-α model
analyzed by Rahmstorf (2007). As a consequence, applying the semi-
empirical analysis using the ensemble mean proportionality constant
a = 0.9 ± 0.03 mm/yr/K yields lower estimates for TSG than the one
discussed in Rahmstorf (2007). Based on the ensemble averaged a, for
the moderate (warm) scenario a central estimate for TSG=6.3 cm (9.0
cm) in 2050 and TSG=16.5 cm (26.5 cm) in 2100 is obtained. These
numbers are very close to the applied values listed in Table II.

Because state-of-the-art AOGCMs lack reliable dynamic land ice
modules and terrestrial water storage modules, information on the
various components contributing to sea level rise needs to be gath-
ered from different sources (AOGCMS, regional land ice models, recent
observations), and combined in a consistent manner. Besides the fact
that each of these sources has its own shortcomings, this also implies
that possibly important feedbacks between the components, like for
example the impacts of fresh water input due to melting land ice on
the ocean circulation (Gerdes et al., 2006), are not taken into account.
Such changes in the circulation will in turn affect dynamic sea level
(Levermann et al., 2004). Reversely, changes in sea ice and ocean tem-
perature will affect the local atmospheric temperature and hence land
ice melt. Therefore, it is of importance to improve our understanding of
the interactions between the various components of the climate system,
in order to be able to reduce uncertainties in estimates for future sea
level.
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Figure captions

Figure 1:
Probability density function of global atmospheric temperature rise
∆Tatm for 2100 projected by available AOGCM simulations forced with
A1B, A2 and B1 emission scenarios (second column in Table I). Gray
shading outlines the temperature range used for the climate scenarios
of sea level rise.

Figure 2:
Original versus drift-corrected data for (a) global mean thermosteric
sea level rise TSG (relative to 2005) and (b) global mean atmospheric
temperature rise ∆Tatm (relative to 1990). Emission scenarios are dis-
tinguished by symbols (see legend), numbers are used to label the
different AOGCMs

Figure 3:
Global mean thermosteric sea level rise TSG (relative to 2005) as a
function of global mean atmospheric temperature rise ∆Tatm (relative
to 1990) for the AOGCM simulations in Table I. Gray (black) symbols
denote values for 2050 (2100), solid and dashed lines outline the mean
and one-standard deviation of linear fits through the data for these
target years, respectively. Symbols distinguish the applied emission
scenarios (see legend)

Figure 4:
Additional steric sea level rise in the eastern North Atlantic basin
THSL (relative to 2005) as a function of global mean atmospheric
temperature rise ∆Tatm (relative to 1990) for the AOGCM simulations
in Table I. Gray (black) symbols denote values for 2050 (2100), dots
indicate data points at five-year intervals between these target years.
Symbols distinguish the applied emission scenarios (see legend). Solid
and dashed lines outline the central value and upper and lower uncer-
tainty bounds of the contribution, respectively (see text for details on
the calculation).

Figure 5:
Local steric sea level rise in the eastern North Atlantic basin THSL
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(relative to 2005) as a function of the reduction in the maximum
strength of the AMOC in the Atlantic Ocean (in Sv) for the AOGCM
simulations marked by an asterisk in Table I.

Figure 6:
Illustration of the effect of gravity changes on local sea level induced
by a (partly) melting land-based ice mass

Table captions

Table I: Overview of AOGCM simulations (models and applied emission
scenarios) used to assess the steric component of sea level rise in this
study. Data for global mean thermosteric sea level rise (column marked
TSG) were available for 6 AOGCMs. Fields of local steric changes
(column marked THSL) from 10 AOGCMs were used in the analysis.
Local data from the GISS models were discarded from the analysis
because they contain an (unreliable) contribution from land ice melt
(see Section 4). For models marked by an asterisk the relation between
the meridional overturning circulation and local sea level is analyzed
in Section 4.2.

Table II: Steric contributions (split between global mean thermosteric
sea level change TSG and local steric sea level change THSL) relative
to 2005, for the moderate and warm climate scenario (target years 2050
and 2100, in cm), including uncertainty ranges

Table III: Eustatic contributions from land ice (in cm) relative to 2005,
for the moderate and warm climate scenario (target years 2050 and
2100), including uncertainty ranges

Table IV: Overview of all contributions incorporated in the climate
scenarios (lower bound / central / upper bound). Effects of changes in
gravitation are accounted for in the contributions from land ice melt
(see Section 5.1, multiplication factor in parentheses)
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Tables

Table I. Overview of AOGCM simulations (models and applied emission scenarios) used
to assess the steric component of sea level rise in this study. Data for global mean
thermosteric sea level rise (column marked TSG) were available for 6 AOGCMs. Fields of
local steric changes (column marked THSL) from 10 AOGCMs were used in the analysis.
Local data from the GISS models were discarded from the analysis because they contain
an (unreliable) contribution from land ice melt (see Section 4). For models marked by an
asterisk the relation between the meridional overturning circulation and local sea level is
analyzed in Section 4.2.

TSG THSL reference

BCCR-BCM2.0∗ B1, A2 Furevik et al. (2003)

CCSM3.0 B1, A1B, A2 Collins et al. (2006)

CGCM3.1 (T47)∗ B1, A1B, A2 B1, A1B, A2 Flato (2005)

ECHAM5/MPI-OM∗ B1, A1B, A2 Jungclaus et al. (2006)

FGOALS-g1.0∗ B1, A1B Yu et al. (2004)

GISS-AOM B1, A1B [discarded] Lucarini and Russell (2002)

GISS-ER B1, A1B, A2 [discarded] Schmidt et al. (2004)

INM-CM3.0 B1, A1B, A2 Volodin and Diansky (2004)

MIROC3.2 (hires)∗ B1, A1B B1, A1B K-1 model developers (2004)

MIROC3.2 (medres)∗ B1, A1B, A2 B1, A1B, A2 K-1 model developers (2004)

MRI-CGCM2.3.2∗ B1, A1B, A2 Yukimoto and Noda (202)

PCM A2 Washington et al. (2000)

UKMO HadCM3 B1, A1B, A2 Gordon et al. (2000)
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Table II. Steric contributions (split between global mean thermosteric sea level change
TSG and local steric sea level change THSL) relative to 2005, for the moderate and
warm climate scenario (target years 2050 and 2100, in cm), including uncertainty ranges

moderate warm

year (∆Tatm since 1990) 2050 (1◦ C) 2100 (2◦ C) 2050 (2◦ C) 2100 (4◦ C)

TSG (cm)

central 6.9 20.1 11.3 29.8

lower bound 4.5 15.6 8.9 25.3

upper bound 9.3 24.6 13.7 34.3

THSL (cm)

central 0.8 1.6 1.6 3.1

lower bound -0.8 -1.7 -1.7 -3.3

upper bound 4.2 8.4 8.4 16.7

Table III. Eustatic contributions from land ice (in cm) relative to 2005, for the moderate
and warm climate scenario (target years 2050 and 2100), including uncertainty ranges

moderate warm

year (∆Tatm since 1990) 2050 (1◦ C) 2100 (2◦ C) 2050 (2◦ C) 2100 (4◦ C)

glaciers (cm)

central 4.5 10.7 6.0 14.5

lower bound 3.5 8.1 4.7 10.1

upper bound 5.6 13.6 7.5 19.3

Greenland (cm)

central 1.2 3.5 1.7 5.4

lower bound 0.7 1.7 0.8 2.3

upper bound 3.3 13.1 6.2 25.4

Antarctica (cm)

central 0.9 1.9 0.9 1.9

lower bound -0.9 -3.1 -1.5 -6.2

upper bound 3.5 11.9 5.7 21.4
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Table IV. Overview of all contributions incorporated in the climate scenarios (lower bound / cen-
tral / upper bound, in cm). Effects of changes in gravitation are accounted for in the contributions
from land ice melt (see Section 5.1, multiplication factor in parentheses)

moderate warm

year (∆Tatm since 1990) 2050 (1◦ C) 2100 (2◦ C) 2050 (2◦ C) 2100 (4◦ C)

observed 1990-2005 3.0/4.0/5.0 3.0/4.0/5.0 3.0/4.0/5.0 3.0/4.0/5.0

steric rise since 2005 4.8/7.7/11.9 16.1/21.7/29.9 8.8/12.9/20.1 25.1/32.9/47.2

glaciers (0.8) 2.8/3.6/4.5 6.5/8.6/10.9 3.8/4.8/6.0 8.1/11.6/15.4

Greenland (0.25) 0.2/0.3/0.8 0.4/0.9/3.3 0.2/0.4/1.5 0.6/1.4/6.4

Antarctica (1.1) -0.9/1.0/3.9 -3.4/2.1/13.1 -1.6/1.0/6.2 -6.8/2.1/23.5

terrestrial water storage 0.0/1.0/2.0 0.0/1.0/2.0 0.0/1.0/2.0 0.0/1.0/2.0

total 13.8/17.6/22.9 30.0/38.2/52.4 19.0/24.1/33.3 40.5/53.0/79.5

total, rounded off range 15 / 25 30 / 50 20 / 35 40 / 80
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Figures

Figure 1. Probability density function of global atmospheric temperature rise ∆Tatm

for 2100 projected by available AOGCM simulations forced with A1B, A2 and
B1 emission scenarios (second column in Table I). Gray shading outlines the
temperature range used for the climate scenarios of sea level rise.

Figure 2. Original versus drift-corrected data for (a) global mean thermosteric sea
level rise TSG (relative to 2005) and (b) global mean atmospheric temperature
rise ∆Tatm (relative to 1990). Emission scenarios are distinguished by symbols (see
legend), numbers are used to label the different AOGCMs
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Figure 3. Global mean thermosteric sea level rise TSG (relative to 2005) as a func-
tion of global mean atmospheric temperature rise ∆Tatm (relative to 1990) for the
AOGCM simulations in Table I. (∆Tatm relative to 1990 = ∆Tatm relative to 2005
+ 0.27◦ C). Gray (black) symbols denote values for 2050 (2100), solid and dashed
lines outline the mean and one-standard deviation of linear fits through the data for
these target years, respectively. Symbols distinguish the applied emission scenarios
(see legend)
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Figure 4. Additional steric sea level rise in the eastern North Atlantic basin THSL

(relative to 2005) as a function of global mean atmospheric temperature rise ∆Tatm

(relative to 1990) for the AOGCM simulations in Table I (∆Tatm relative to 1990
= ∆Tatm relative to 2005 + 0.27◦ C). Gray (black) symbols denote values for
2050 (2100), dots indicate data points at five-year intervals between these target
years. Symbols distinguish the applied emission scenarios (see legend). Solid and
dashed lines outline the central value and upper and lower uncertainty bounds of
the contribution, respectively (see text for details on the calculation).

Figure 5. Local steric sea level rise in the eastern North Atlantic basin THSL

(relative to 2005) as a function of the reduction in the maximum strength of the
AMOC in the Atlantic Ocean (in Sv) for the AOGCM simulations marked by an
asterisk in Table I.
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Figure 6. Illustration of the effect of gravity changes on local sea level induced by a
(partly) melting land-based ice mass
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