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Abstract In this work we establish a framework for
estimating future regional sea-level changes for Norway.
Following recently published works, we consider how
different physical processes drive non-uniform sea-level
changes by accounting for spatial variations in (1) ocean
density and circulation (2) ice and ocean mass changes and
associated gravitational effects on sea level and (3) vertical
land motion arising from past surface loading change and
associated gravitational effects on sea level. An important
component of past and present sea-level change in Norway
is glacial isostatic adjustment. Central to our study, there-
fore, is a reassessment of vertical land motion using a far
larger set of new observations from a permanent GNSS
network. Our twenty-first century sea-level estimates are
split into two parts. Firstly, we show regional projections
largely based on findings from the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change
(IPCC AR4) and dependent on the emission scenarios A2,
A1B and BI1. These indicate that twenty-first century rel-
ative sea-level changes in Norway will vary between —0.2
to 0.3 m (l-sigma £ 0.13 m). Secondly, we explore a
high-end scenario, in which a global atmospheric temper-
ature rise of up to 6 °C and emerging collapse for some
areas of the Antarctic ice sheets are assumed. Using this
approach twenty-first century relative sea-level changes in
Norway are found to vary between 0.25 and 0.85 m (min/
max £ 0.45 m). We attach no likelihood to any of our
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projections owing to the lack of understanding of some of
the processes that cause sea-level change.
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1 Introduction

There is large uncertainty associated with projections of
twenty-first century global sea-level change. This uncer-
tainty is due to a lack of understanding of some of the
processes that drive sea-level changes and, in particular,
the potential contributions of the large ice sheets. Projec-
tions given in the Fourth Assessment Report from the
Intergovernmental Panel on Climate Change (hereafter
IPCC AR4) indicate a global mean sea-level rise of
0.18-0.76 m for the period 2090-2099 relative to
1980-1999 (Meehl et al. 2007). (Note that these projec-
tions include the so called scaled-up values for future ice-
dynamic changes). Given limited understanding of the
causes of sea-level change, however, neither an upper
bound nor probability was attached to the IPCC AR4
projections. Clearly, an inability to assign probabilities to
sea-level projections is not a problem confined to the IPCC
AR4, it is a long standing issue in sea level science which
the community is working to address. This issue, in turn,
has presented a difficulty for coastal planners and other
decision makers as, for a quantitative risk assessment,
information on future sea levels is required in a probabi-
listic form (Pfeffer 2011).

Following the IPCC ARA4, significant progress has been
made in sea level research (e.g. Cazenave et al. 2009;
Milne et al. 2009; Church et al. 2011) and efforts are
underway to improve projections of the contributions of ice
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to future sea-level change (e.g. www.ice2sea.eu). Never-
theless, reliable sea-level projections are likely still some
years away. Over the same period, there has also been an
increased interest in regional and/or local projections of
sea-level change (e.g. Katsman et al. 2008, 2011; Kopp
et al. 2010; Church et al. 2011; Slangen et al. 2012).
Observations show that past sea-level changes have been
spatially variable (or non-uniform), so we expect that
future changes will also be of this nature (Milne et al.,
2009). Thus, identifying the processes causing sea-level
changes at regional scales (e.g. Landerer et al. 2007,
Pardaens et al. 2011) and improving future projections of
the spatial variability of sea-level change (e.g. Gomez et al.
2010) have become an important focus for scientific
researchers. The move towards regional projections has
also led to several countries commissioning national
reports into future sea-level changes. For example, the
Delta Committee report for the Netherlands (Vellinga et al.
2008) and the United Kingdom’s climate projections
(Lowe et al. 2009). In this vein, we present here a frame-
work for assessing future sea-level changes for Norway.
The main aim of this work is to show how twenty-first
century regional sea-level changes will affect the Norwe-
gian coast.

Relative Sea-Level (RSL) change is defined as the
change in ocean surface height with respect to the solid
Earth. Paleo observations from across Fennoscandia,
including Norway, show a spatial pattern of RSL change
over the past ~ 10,000 years that largely reflects vertical
land motion (e.g. Lambeck et al. 1998). This process,
termed Glacial Isostatic Adjustment (GIA), provides a
measure of the Earth’s viscous relaxation in response to
past ice mass loss. As well as being evident in the paleo
record, analyses of the Fennoscandian tide-gauge network
also show that GIA is an important component of twentieth
century RSL change (e.g. Ekman 1996; Henry et al. 2012;
Richter et al. 2012). These tide-gauge data, which are
unevenly spaced along the coast, indicate that over the
past ~ 100 years some areas of Norway experienced an
overall RSL fall while other areas underwent a limited RSL
rise (that is, values somewhat below the global mean).
More recently, the advent of Global Navigation Satellite
Systems (GNSS) and other geodetic techniques have
enabled us to directly measure present-day crustal defor-
mation and to do so with a high degree of precision (e.g.
Milne et al. 2001; Johansson et al. 2002). These geodetic
data show that, generally speaking, highest rates of uplift
correspond to areas of thickest ice during the last glacial. In
summary, a range of observations show that vertical land
motion needs to be carefully considered if we are to arrive
at accurate sea-level projections for Norway.

Changes in RSL due to deflections of the ocean surface
can arise due to a number of different physical processes.
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In our analysis, closely following methods in recently
published works (Katsman et al. 2011; Slangen et al. 2012),
we focus on non-uniform ocean surface height changes
arising from variations in (1) ocean mass and (2) ocean
density and circulation. Changes in ocean mass (here we
consider only the exchange of mass between ice reservoirs
and the oceans) will produce a non-uniform sea level pat-
tern largely owing to self-gravitational effects of the ice
load. This sea level response is often referred to as a ‘fin-
gerprint’ as it can be used to identify the source and size of
ice mass variations. While the formalization of this theory
has been established for several decades (Farrell and Clark
1976) it is not until recently that concerted efforts have
been made to include non-uniform ocean mass changes
into projections (e.g. Mitrovica et al. 2009; Gomez et al.
2010). This reluctance is partly due to an inability to well
constrain the future contributions of the large ice sheets.
Changes in ocean density and circulation can be divided
up as follows: Firstly, if we consider ocean density changes
(also known as the steric signal), non-uniform ocean sur-
face changes are caused by regional variations in ocean
temperature and salinity—the thermosteric and halosteric
signals, respectively. Secondly, for ocean circulation (the
redistribution of ocean mass), non-uniform ocean surface
changes are driven by variations in ocean density and wind
stress. Projections from climate models show that non-
uniform ocean surface changes mainly relate to the ocean
density signal (e.g. Lowe and Gregory 2006). It is impor-
tant to note that results from different climate models also
show that there is little agreement between projected pat-
terns of ocean surface variations (e.g. Gregory et al. 2001;
Meehl et al. 2007). This means there is generally low
confidence in regional projections of ocean density and
circulation change. Both regional projections of non-uni-
form ocean surface changes owing to variations in (1)
ocean mass (land ice) and (2) ocean density and circula-
tion, therefore, suffer from relatively large uncertainties.
The paper is structured as follows: In Sect. 2 we
examine vertical land motion in Norway, which we con-
strain using new GNSS observations (Kierulf et al. 2013)
and a forward model of GIA. Our projections of twenty-
first century RSL change are split into two parts. Firstly, in
Sects. 3.1 to 3.2 we present projections largely based on the
findings of the IPCC AR4 and from Slangen et al. (2012).
In the second part (Sect. 3.3), we explore a high-end sce-
nario in which a global atmospheric temperature rise of up
to 6 °C and emerging collapse for some areas of the Ant-
arctic ice sheets are assumed (Katsman et al. 2011). The
discussion is given in Sect. 4, where we briefly compare
our projections to present-day observations of RSL change
from the Norwegian tide gauge network. We go on to
consider the largest uncertainties associated with our pro-
jections and processes that drive sea-level changes but are
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not included in this study. The conclusions are listed in
Sect. 5.

2 Present-day vertical land motion in Norway

Observations of GIA in Fennoscandia have traditionally
been used to infer details of Earth’s viscosity structure and/
or the region’s ice history (e.g. Fjeldskaar 1994; Lambeck
et al. 1998; Milne et al. 2001; Steffen and Kaufmann
2005). They also inform us on vertical land motion—an
important component of present-day RSL change for
Norway. In this Section we use new GNSS observations
(Kierulf et al. 2013) to investigate present-day vertical land
motion. We focus on the vertical component of motion as it
is this, rather than horizontal movements, which is most
useful for estimating present and future sea-level changes.
Using the new GNSS observations we use a forward model
of GIA to determine a crustal velocity field for Norway
(see also Kierulf et al. 2013).

2.1 Observations of vertical land motion in Norway

In a landmark project named BIFROST (Baseline Infer-
ences for Fennoscandian Rebound Observations Sea Level
and Tectonics), a network of GNSS observations from
across Fennoscandia was used to investigate regional
present-day crustal motion (Milne et al. 2001; Johansson
et al. 2002). These studies included measurements from the
GNSS networks in Sweden and Finland but data from only
1 GNSS site in Norway (Tromsg). Since the early 2000s,
members of the BIFROST project have continued to update
their results and incorporate new GNSS observations into
their analyses (Lidberg et al. 2007, 2010). Around 10
GNSS records from Norway are included in the latest work
of Lidberg et al. (2010). In a very recent study, Kierulf
et al. (2013) examined data from the entire Norwegian
GNSS network, which is currently comprised of ~ 140
permanent stations (Fig. 1). However, only around half of
these sites have been operating for a sufficiently long time
that reliable velocity estimates can be determined from the
data (see Kierulf et al. 2013) and below). In the following,
we briefly outline the analysis and new results of Kierulf
et al. (2013), which are a key component of our sea-level
projections.

2.1.1 GNSS analysis-strategy and assessing vertical
velocities

Kierulf et al. (2013) examine GNSS data up until the
beginning of 2011 and, for their analysis, employ the
GAMIT software (Herring et al. 2010). GAMIT makes use
of the so called double difference approach, in which, a
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Fig. 1 Locations of the 139 permanent GNSS stations on the
Norwegian mainland. Colors indicate estimated vertical velocities
(mm/year) given in the ITRF2008 reference frame. Dots mark stations
with less than 3 years of data; these observations are not included in
this study as they are considered unreliable (see also Kierulf et al.
2013)

network of GNSS stations are analyzed in a single
adjustment. Note that solutions are given in the ITRF2008
reference frame. The time-series analysis was performed
using the CATS software (Williams 2008), using a com-
bination of flicker noise and white noise, as recommended
for most GNSS sites (Williams et al. 2004). Annual and
semi-annual signals are included as additional parameters
in determining the vertical velocity estimates. For more
details on the analysis-strategy, see Kierulf et al. (2013).
As the Norwegian GNSS network has been gradually
built up over a number of years, some GNSS sites have
longer time-series than others. This has implications for the
reliability of crustal velocities estimated from GNSS
observations in different parts of the network. We note that
Kierulf et al. (2013) conduct several tests to show how the
stability and uncertainty of the velocity estimates varies as
a function of time-series length. In their uncertainty test,
for example, they find that velocities derived from 3 years
of data have an average uncertainty of 1 mm/year. For
comparison, to achieve an average uncertainty of 0.5 mm/
year requires an observation period of at least 7.5 years.
Based on the results of Kierulf et al. (2013) and to ensure
our vertical velocity estimates are reliable, we opt to only
include data from GNSS stations that have been operating
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for 3 years or longer. Of the 139 stations established in
Norway, 66 have been operating for 3 years or more
(Fig. 1). This means we currently lack reliable GNSS
observations for the middle of Norway (the coast north of
Trondheim and south of Bodg) and some coastal areas in
the north.

The GNSS observations indicate that vertical land
motion over Norway varies between 1 and 8 mm/year.
Coastal locations generally have uplift rates lower than
5 mm/year (Fig. 1). Note that the average uncertainty on
the 66 velocity estimates is + 0.7 mm/year (Kierulf et al.
2013). In Table 1 we compare the observations reported by
Kierulf et al. (2013) to vertical velocities obtained from
four earlier GNSS analyses, each study employed a dif-
ferent analysis strategy. Some of the differences between
the velocity estimates will be due to different reference
frame realizations. For example, Kierulf et al. (2009) show
differences of ~1 mm/year in the vertical component
between the ITRF2000 and ITRF2005 realizations over
Fennoscandia (ITRF2008 shows negligible differences to
ITRF2005). Comparisons between ITRF2000 and
ITRF2008 indicate the latter to be the far more precise
solution (Altamimi et al. 2011). Thus, we have more
confidence in the vertical velocities presented by Kierulf
et al. (2013) but note that ITRF2008 will still contain
uncertainties.

2.2 Glacial isostatic adjustment modeling

The GIA model employed is composed of three compo-
nents: a model of grounded past ice evolution (for Fen-
noscandia and other ice covered areas), a sea level model to
compute the redistribution of ocean mass for a given ice
and Earth model, and an Earth model to compute the solid
Earth deformation associated with the ice-ocean loading
history. In the following we describe each component in
order; the model setup is similar to that used in the analysis
of Milne et al. (2001) and Milne et al. (2004).

The ice model is made of two parts: The Fennoscandian
and Barents Sea ice sheets are represented by the model of
Lambeck et al. (1998), which has been shown to provide
good fit to paleo sea level data from the region. For other
areas of the globe, we use the ICE-3G ice sheet recon-
struction of Tushingham and Peltier (1991).

The sea level model predicts the vertical deflection of
both the ocean surface and the Earth’s solid surface due to
changes in ice-ocean mass configuration. Height shifts of
the ocean surface are determined by computing perturba-
tions to the geopotential. Perturbations to the rotation
vector and the resulting feedback of this forcing on sea
level and land motion are computed as described by Milne
and Mitrovica (1998) and Mitrovica et al. (2001a). Global
ice/water mass is conserved in the model. For more detail
on the sea level algorithm used to compute the ocean
loading in this analysis, see Mitrovica and Milne (2003)
and Kendall et al. (2005). Note that the sea level model is
also applied later in our study to examine the non-uniform
sea level response to future ice mass changes (see Sect.
3.1.3).

Following Peltier (1974), the GIA ice-ocean forcings are
convolved in space and time with the impulse response
Love numbers to give the solution for a generalized surface
load. A Maxwell viscoelastic rheology is used and the
Earth model is spherically symmetric, self-gravitating and
compressible. The elastic and density structure are taken
from seismic constraints (Dziewonski and Anderson, 1981)
and depth parameterized with a resolution of 15-25 km.
The radial viscosity structure is depth parameterized more
crudely into three layers: an elastic lithosphere (i.e. very
high viscosity values are assigned), an isoviscous upper
mantle bounded by the base of the lithosphere and the
670 km deep seismic discontinuity, and an isoviscous
lower mantle continuing below this depth to the core-
mantle boundary.

To compute present-day vertical land motion, we
adopted an algorithm based on that described by Mitrovica
et al. (1994). Spherical harmonic expansions were trun-
cated at degree and order 256.

2.2.1 Earth model sensitivity test and determining a best-fit
model

Past GIA modeling studies have used both paleo sea level
data (e.g. Lambeck et al. 1998) and/or GNSS observations
(e.g. Milne et al. 2001, 2004) to help constrain Earth model
parameters. These investigations have shown that it is not
yet possible to uniquely constrain Earth’s viscosity struc-
ture for the Fennoscandian region. Such studies, however,

Table 1 Estimated vertical velocities (mm/year) obtained in different analyses for 5 of the Norwegian GNSS stations

Oslo Stavanger Trondheim Tromsg Vardg
Johanssen et al. (2002) - - - 4 _
Lidberg et al. (2007) ITRF2000 5.8 1.2 3.8 2.3 1.9
Lidberg et al. (2010) ITRF2005 6.5 2.9 6.2 4.6 5.7
Kierulf et al (2013) ITRF2008 5.1 1.5 4.3 2.9 2.7
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are able to provide a range of Earth parameter values that
satisfy the various GIA observables. Given our limited
knowledge of Earth’s viscosity structure, we generate
predictions of present-day vertical land motion using a
suite of 297 Earth viscosity models. The range of values we
explore is similar to those in Milne et al. (2001, 2004),
namely; lithospheric thickness is varied from 71 to 120 km,
upper mantle viscosity from 0.05 x 10*' to 5 x 10*' Pas
and lower mantle viscosity from 10! to 50 x 10! Pas.

To determine an optimal Earth model (i.e. the model
which gives best-fit to the GNSS data) we conduct a simple
statistical test. We compute vertical velocities at all 66
GNSS stations considered for each of the 297 Earth models
introduced above and quantify the goodness of fit for each
Earth model using the % criterion:

d 2
Xz _ li yé)re _ y;)bs
n g

i=1

(1)

The %* value indicates the difference between the

predicted (7)) and observed vertical velocity (y?*) for a
specified observational error (g;) and given GNSS station
(i). A value of 1 or less indicates fit to the data.

Figure 2 shows how goodness of fit to the GNSS obser-
vations varies with Earth model parameters. We find similar
results to Milne et al. (2001, 2004), namely that the vertical
velocities favor an Earth model with a relatively stiff upper
mantle. Differences between x> values for the various
lithospheric thicknesses are small. Results from a more
comprehensive investigation, however, suggest a preference
for a lithosphere of ~ 100 km or thicker (Milne et al. 2004).
For the models with a 120 km lithospheric thickness, an
upper mantle viscosity of 3 x 10?' Pas and lower mantle
viscosity of 5 x 10! Pas gives best-fit to the GNSS data. In

the remainder of this analysis, we only use predictions from
this model (hereafter referred to as our best-fit GIA model).

As discussed above, the vertical component of motion is
most important when considering sea-level changes. The
intent of the GIA modeling work performed here is,
therefore, to find a land motion model that best fits the
observed vertical velocities, rather than as an investigation
of past ice mass changes and/or Earth viscosity structure.
We note that other studies have inferred Earth viscosity
values differing to ours and indicate significant lateral
variations of Earth structure across Fennoscandia (see the
in-depth review of Steffen and Wu (2011)). Indeed, lateral
variations in Earth structure must be included if GNSS
observations are to be interpreted correctly for studies of
GIA (Whitehouse et al. 2006), but this goes somewhat
beyond the scope of our work here.

2.2.2 Modeled vertical land motion and associated
gravitational effects on sea level

Predicted vertical velocities generated using our best-fit
GIA model (Fig. 3) show a pattern of land motion similar
to previous work (e.g. Milne et al. 2001; Hill et al. 2010).
All of mainland Norway is predicted to be uplifting; rates
along the Norwegian coast vary between 1 and 5 mm/year.
Residuals between the best-fit GIA model and GNSS data
show that the model tends to slightly over predict rates of
uplift in the middle of Norway, around 64°N, and under
predict towards the south (Fig. 3). However, no clear pat-
tern of misfit is apparent. At 39 of the 66 GNSS stations
examined, differences between the modeled and observed
vertical velocities are less than the uncertainty on the
observed value (i.e. at these positions % is less than 1 and
the model provides a good fit to the GNSS data). In

Lithospheric thickness

71 km

96 km
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Fig. 2 The x> results for 297 different Earth viscosity models (see text for details). Each frame is based on a fixed value for lithospheric
thickness. The 95 % confidence level is marked by the white dashed line
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summary, the GIA model fits the majority of the data but
there are noticeable misfits in some locations. For areas
where we do not have reliable GNSS data, however, the
GIA model provides a useful tool for estimating vertical
land motion (see also Kierulf et al. 2013).

We also take into account gravitational effects on sea
level associated with GIA. These ocean surface height
changes are typically between 5 and 10 % of the vertical
land motion signal (Tamisiea and Mitrovica 2011) so this is
arelatively small effect. The predicted ocean surface height
changes generated using our best-fit GIA model show a
pattern similar to our predicted vertical velocities (figure not
shown). Maximum rates at the centre of uplift are around
0.6 mm/year, this is slightly larger than the 0.4 £+ 0.1 mm/
year found by Milne et al. (2001) although there are differ-
ences in our model setup. (Note that using a similar range of
Earth model parameters as we explore here, Milne et al.
(2001) show the sensitivity of ocean surface changes asso-
ciated with GIA to variations in Earth viscosity structure is
no larger than £0.1 mm/year). For our best-fit GIA model,
we find ocean surface changes associated with GIA vary
between 0.2 and 0.5 mm/year along the Norwegian coast.

2.2.3 Uncertainties in the modeled vertical land motion
field

We estimate the uncertainty of the best-fit GIA model
velocity solutions as 0.5 mm/year (1-sigma). This is the

Fig. 3 Predicted vertical velocities (mm/year) for Fennoscandia
using our best-fit GIA model (left). Observed vertical velocities are
also shown as in Fig. 1. Residuals; observed vertical velocities minus
our best-fit GIA model prediction for the 66 GNSS stations examined

@ Springer

RMS of the differences between velocities from the model
and all the GNSS observations but with some outliers
removed (see Kierulf et al. 2013). As mentioned, our ver-
tical velocity solutions are constrained by observations in
the ITRF2008 reference frame, which also has uncertain-
ties (Altamimi et al. 2011; Wu et al. 2011). The uncer-
tainties in geocenter motion and scale of the reference
frame are important for the vertical velocity estimates and,
consequently, our regional sea-level projections (see
Table 1). Reference frame uncertainties are hard to quan-
tify due to lack of independent measurements. Recent work
by Wu et al. (2011), however, presents an estimate of these
uncertainties by combining data from GRACE, ocean
bottom pressure measurements and ITRF2008 results.
They find the geocenter of ITRF2008 is consistent with the
center of mass of the Earth at 0.5 mm/year and that the
accuracy of the scale of the reference frame is 0.2 mm/
year. We, therefore, estimate the total uncertainty of our

crustal velocity field as v/0.52 +0.52 + 0.22 = 0.7 mm/
year (1-sigma).

3 Projected twenty-first century relative sea-level
changes

Here we present our projections of twenty-first century
RSL change for Norway. In the first part of our analysis
(Sects. 3.1-3.2), we use methods and results from IPCC

-2.0-15-1.0-05 0.0 05 1.0 1.5 2.0

(right). Circles with a horizontal line through have a residual value
less than the uncertainty of the observed velocity (i.e. a y? value of 1
or less)
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AR4 and Slangen et al. (2012) to calculate regional RSL
changes using output from models forced by the SRES
scenarios A2, A1B and B1 (Nakicenovic and Swart 2000).
We consider how different processes drive non-uniform
RSL changes by accounting for variations in (1) ocean
density and circulation (2) ice and ocean mass and asso-
ciated gravitational effects and (3) vertical land motion
arising from past surface loading change and associated
gravitational effects on sea level (see Sect. 2). This is a
useful exercise as it shows, in more detail than previous
works, how global projections largely from IPCC AR4 are
different along the Norwegian coast when regional RSL
variations are taken into account.

In the second part of our analysis (Sect. 3.3), we explore
a high-end scenario of twenty-first century RSL changes
for Norway. There are two motivations for doing this:
Firstly, maximum global atmospheric temperature rise for
the scenarios A2, A1B and B1 is projected to be not much
larger than ~4 °C (Meehl et al. 2007). Hence, none of
these scenarios are considered to be high-end scenarios of
climate change. For computing ocean density and circula-
tion changes, therefore, we explore the scenario of up to a
6 °C warming (Katsman et al. 2008, 2011). Secondly, there
are large uncertainties associated with the potential con-
tributions of the ice sheets, and to a lesser extent, glaciers
and ice caps. High-end ocean mass changes are estimated
using the assumption that observed present-trends of ice
loss (accelerations) continue and/or using expert judgment
(Meier et al. 2007; Katsman et al. 2011).

3.1 Data and model descriptions

We make use of results from Atmosphere Ocean General
Circulation Models (AOGCMSs) which are available in the
Coupled Model Intercomparison Project phase 3 (CMIP3)
database. As in Slangen et al. (2012), we examine output
from models forced by the IPCC SRES scenarios A2, A1B
and B1. To calculate regional sea-level projections requires
several model outputs. This information, however, is not
available for all of the AOGCMs in the CMIP3 database.

3.1.1 Future ocean density and circulation changes

To calculate regional future ocean density and circulation
changes requires (1) the projected global mean, which can
be approximated as the global mean thermal expansion as
global salinity changes are so small, and (2) the local
deviation with respect to the global mean. The latter is
known as the Dynamic Sea Level (DSL) and is related to
regional variations in ocean temperature and salinity and
circulation changes. Non-uniform ocean surface changes
owing to density and circulation changes (AH (0, ¢, 1)) are
given as (Yin et al. 2010):

AH(0,$,1) = ADSL(0, §, 1) + Ah(t) 2)

Thus, local sea-level change consists of the change in
the global mean thermal expansion (AA(f)) plus the change
in dynamic sea level (ADSL(6, ¢,t)). Projections are a
function of (0) latitude and (¢) longitude and (¢) time. Note
that the global mean thermal expansion component has
been corrected for the near linear trend found in some of
the AOGCMs control runs (e.g. Gregory et al. 2001). As
information is not available for all the AOGCMs, we use
between 12 and 15 of the models in the CMIP3 database to
calculate the projected global mean depending on the
forcing scenario applied.

Table 2 lists the 17 AOGCMs from which we examine
future ocean density and circulation changes. Before
computing twenty-first century local DSL changes, how-
ever, we perform a regional assessment of the AOGCMs.
In this test, we examine the ability of the models to rep-
licate present-day observed DSL for the period 1992-2002.
If the models are able to adequately reproduce present-day
regional patterns of DSL, then it gives us increased confi-
dence in their suitability for projecting twenty-first century
sea-level changes for the Norwegian coast (e.g. Yin et al.
2010; Slangen et al. 2012).

We follow a similar methodology as described by Yin
et al. (2010). The observed DSL from 1992 to 2002 is
obtained from altimetry data and drifting buoys

Table 2 The 17 AOGCMs used to calculate regional ocean density
and circulation changes

Model Scenarios Reference

BCCR BCM 2.0 AlB, A2, B1 Furevik et al. (2003)
CCCMA CGCM 3.1* AlB, A2, Bl  Flato (2005)

GFDL CM 2.0 AlB, A2 Delworth et al. (2006)
GFDL CM 2.1 AlB, A2, Bl Delworth et al. (2006)
GISS AOM* AlB, Bl Lucarini and Russell (2002)

GISS MODEL EH*  AlB Schmidt et al. (2006)

GISS MODEL ER* AlB, A2, B1, Schmidt et al. (2006)

IAP FGOALS 1.0 g  AlB, Bl Yonggiang et al. (2002)
MIROC 3.2 (hires) AlB, B1 Hasumi and Emori (2004)
MIROC 3.2 (medres) A2, Bl Hasumi and Emori (2004)
MIUB ECHO-g* AlB, A2, Bl Min et al. (2005)

MPI ECHAMS AlB, A2, Bl Jungclaus et al. (2006)
MRI CGCM 2.3.2a*  AlB, A2, Bl  Yukimoto and Noda (2002)
NCAR CCSM 3.0 AlB, A2, B1 Collins et al. (2006)
NCAR PCM 1 Al1B, A2, Bl  Washington et al. (2000)
UKMO HADCM 3 AlB, A2, Bl Gordon et al. (2000)
UKMO HADGEM AlB, A2 Johns et al. (2006)

* Models omitted from further analysis because they show poor
agreement to the observed dynamic sea level and/or include a con-
tribution from land ice that cannot be separated from the steric signal
(see Sect. 3.1.1)
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(Maximenko et al. 2009; Niiler et al. 2003). In order to
make a comparison, modeled DSL changes were averaged
over the same period. We select two rectangular windows
to make our regional assessment; the areas 0-14° E, 56—
66° N and 0-34° E, 66-73° N. Note that this study area
excludes all data in the Gulf of Bothnia. Differences
between models (DSL;"”d) and observations (DSL;.’bS ) were
calculated by computing the RMS error (Yin et al. 2010):

1 N
RMS? = W > wi(DSLy! — DSLY™)? (3)

In Eq. 3 the weight of the grid-point (w;) is set equal to
the area of the corresponding grid-cell and the sum of the
weights (W) corresponds to the total ocean area covered.
RMS differences between observed DSL and the ensemble
of 17 AOGCMs vary between 0.08 and 0.51 m (Fig. 4).
We opt to use only models with a RMS error of less than
0.3 m (Yin et al. 2010). This threshold eliminates four
models from further analysis. We also omit the models
GISS AOM and GISS-EH because they include a
contribution from land ice which cannot be separated
from the steric signal (Katsman et al. 2008). This leaves 11
AOGCMs for the calculation of future regional ocean
density and circulation changes for Norway.

3.1.2 Future ocean mass changes

Temperature and precipitation fields from the AOGCMs
are used to calculate future land ice mass changes, which
can be split into the contributions from (1) glaciers and ice
caps and (2) from the ice sheets. Ice mass changes are
based on scenarios A2, A1B and B1 and results from
around 12 of the AOGCMs available from the CMIP3
database (see Slangen et al. (2012) for details).

Slangen et al. (2012) employ a glacier model based on
the volume-area scaling approach. Following this method,
temperature and precipitation fields from the AOCGMs are
used to calculate glacier area changes. Glacier volume is
then related to glacier area using a power law (e.g. Bahr
et al. 1997). The glacier inventory used is divided into 19
regions (Radi¢ and Hock 2010) and we have separate ice
mass projections for each region. Note that as no complete
glacier inventory exists, upscaling was performed in 10 of
the 19 regions (Radi¢ and Hock 2010).

Future ice mass changes from the ice sheets (Greenland
and Antarctica) are the same as in IPCC AR4. That is,
projected surface mass balance changes are calculated
following Gregory and Huybrechts (2006). (Note that
modeled changes in ice sheet flow are also taken into
account by modifying the sea level contribution due to
surface mass balance changes). In addition, we opt to use
the so called scaled-up values for future ice-dynamic
changes (see Meehl et al. 2007). Here the present-day
global ice sheet imbalance (0.32 mm/year for the period
1993-2003) scales linearly with the projected average
atmospheric temperature change. As in Slangen et al.
(2012), the scaled-up values for future ice-dynamics are
divided assuming a 1/3 contribution from Greenland and
2/3 from Antarctica.

Projected ice mass changes are confined to the areas of
southwest Greenland and the Antarctic Peninsula.

3.1.3 Future non-uniform sea-level changes due to land
ice changes

Predictions of future RSL changes are generated using the
sea level model described in Sect. 2.2. The ice model input
consists of the projected ice sheet and glacier mass changes

Fig. 4 The root mean square 0.6
error between the modeled and
observed DSL for the period 0.5

1992 to 2002. Models with a
RMS error larger than the 0.3 m
threshold (dashed line) were
excluded from computing future
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as detailed above. Note that for the Earth response, we
assume that deformations over the next century will be
purely elastic. Projected ice mass loss, therefore, will lead
to a relatively localized elastic rebound of the Earth’s
surface. As both the elastic Earth response and ocean sur-
face perturbation scales linearly with the surface loading
change, non-uniform sea-level changes can be normalized
by the ice mass loss (e.g. Mitrovica et al. 2001b):

19
S1(0,4) = Vi x S3(0,¢) + Vo x S0, ) +>_ Vi
m=1
x S™™ (0, ¢) (4)

Equation 4 describes how the total projected sea-level
change (S;(0, ¢)) is the sum of the normalized sea-level
change (S"(6, ¢)) multiplied by the individual projections
of ice mass changes for the glacier and ice sheets. Mass
changes are given for Antarctica (V,), Greenland (V) and
the 19 glacier regions (V). Predictions of sea-level change
are non-uniform being a function of (0) latitude and (¢)
longitude.

3.2 Projected twenty-first century regional RSL
changes based on IPCC AR4

3.2.1 Projected global sea-level changes

We divide our analysis into projected global and regional
sea level estimates.

Projected contributions to global mean sea-level change
are essentially the same as given by Slangen et al. (2012).
We note that the thermal expansion term is slightly dif-
ferent here as we opt to use a different set of AOGCMs. It
is important to note that, for both projections of ocean
density and ocean mass (land ice) change, we find that the
multi-model range overlaps between the scenarios. In other
words, there is little difference between projections from
A2, AIB and B1 (Meehl et al. 2007). Given this, we
present here the multi-model average across all scenarios
with a corresponding 1-sigma uncertainty.

As mentioned, global ocean density changes can be
approximated as the global mean thermal expansion
because global salinity changes are very small. We com-
pute thermosteric sea-level change across scenarios A2,
A1B and B1 as 0.22 £ 0.06 m (1-sigma) for the period
2090-2099 relative to 1980-1999. Note that the standard
deviation only quantifies the variability of the AOGCMs
and not the uncertainty on the individual model projec-
tions. Table 3 shows the contributions to projected global
mean sea-level changes. We do not include the effect of
GIA on ocean basin volume changes but this is predicted to
be small (Tamisiea 2011). The sum of mean sea-level
changes across scenarios A2, AlB and Bl is

0.47 £ 0.08 m (1-sigma). This is useful to know as we can
then see how different our regional projections are when
compared to the global mean.

3.2.2 Projected regional ocean density and circulation
changes

We show projected DSL patterns forced using the AIB
scenario for the 11 AOGCMs selected in Sect. 3.1.1
(Fig. 5). The models indicate that local sea-level changes
owing to ocean density and circulation changes will, gen-
erally speaking, be larger than the global mean. Previous
modeling studies have focused on identifying the contrib-
uting factors to regional differences in AOGCMs (e.g.
Landerer et al. 2007; Meehl et al. 2007; Katsman et al.
2008; Yin et al. 2010; Pardaens et al. 2011) and we go on to
address this in the Discussion (Sect. 4). Visual inspection
of the fields indicates that differences within our study area
are no larger than a few centimeters. Thus, given the
somewhat larger range between the AOGCMs, local vari-
ations along the Norwegian coast are not taken into
account. For the period 2090-2099 relative to 1980-1999,
we calculate the multi-model average across scenarios A2,
AlB and B2 as 0.09 + 0.08 m (l-sigma). This is our
estimate for twenty-first century regional DSL changes
along the Norwegian coast.

3.2.3 Projected non-uniform sea-level changes due to land
ice changes

There are relatively small differences between the pro-
jected ice mass changes for the different scenarios (see
Table 3 and Slangen et al. (2012)). It is not surprising,
therefore, that corresponding sea-level changes for Nor-
way are also similar. As with the ocean density and cir-
culation projections, we calculate the multi-model average
across scenarios A2, AIB and B2 (Fig. 6). Note that the
local uncertainty, which is not shown, varies

Table 3 Contributions to projected twenty-first century (2090-2099
relative to 1980-1999) global mean sea-level change across scenarios
A2, A1B and B1

Contribution to global mean sea-level change (m)

Steric 0.22 + 0.06 (47 %)
Glaciers* 0.17 + 0.04 (36 %)
Greenland* 0.07 £ 0.02 (15 %)
Antarctica* 0.01 £ 0.02 (2 %)
Sum 0.47 £ 0.08

Uncertainties are 1-sigma and contributions are also expressed as
percentages of the global mean. *based on numbers from Slangen
et al. (2012). Note that the uncertainties on the contributions are
summed quadratically
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BCCR BCM2.0 GFDL CM2.0 GFDL CM2.1

Fig. 5 Projected twenty-first century (2090-2100 relative to 1981-2000) dynamic sea-level changes for the A1B scenario (units are in meters).
The 11 AOGCMs shown are those which are able to adequately reproduce the observed pattern of present-day DSL (see Fig. 4)

between + 0.035 and 0.04 m (l-sigma) along the Nor-
wegian coast. The projections in Fig. 6 show significant
regional variations; sea-level changes in the south of
Norway (~0.16 m) are approximately twice as large as
those in north (~0.08 m).

@ Springer

We are also able to analyze the sea-level response
generated from individual ice masses. This indicates that
the north—south gradient in the projections is largely due to
changes of glaciers and ice caps. Note that the contribution
from the nearby Scandinavian glaciers is found to be less
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Fig. 6 Projected twenty-first century (2090-2099 relative to

1980-1999) sea-level changes due to variations in land ice (units
are in meters). We show the multi-model average across scenarios

than 0.01 m as their mass changes are so small. When
considering the large ice sheets, we find that ice mass
changes in southwest Greenland will lead to an almost
negligible sea level response for Norway. On the other
hand, changes on the Antarctic Peninsula generate a sea
level signal which is between 10 and 20 % larger than the
global mean. We do not show these individual patterns
here but refer the reader to the existing literature (e.g.
Gomez et al. 2010; Mitrovica et al. 2011; Tamisiea and
Mitrovica 2011) which show sea level projections gener-
ated from changes in Greenland and Antarctica, and details
of how they deviate from the global mean. These studies
also show that the sea level response is highly sensitive to
the assumed pattern of ice mass change and the underlying
physics of the sea level model applied (see also the Dis-
cussion in Sect. 4).

3.2.4 Projected twenty-first century regional RSL changes
based on IPCC AR4

Here we give regional RSL projections for the end of the
twenty-first century using the multi-model average across
scenarios A2, AI1B and B2 (Fig. 7). As shown above, we
estimate global thermal expansion as 0.22 £ 0.06 m and
regional dynamic sea-level change as 0.09 & 0.08 m.
Thus, total ocean density and circulation changes are pro-
jected to be 0.31 £ 0.1 m (l-sigma) for the period
2090-2099 relative to 1980-1999. Non-uniform sea-level
changes due to land ice mass changes range between 0.08
and 0.16 m (with a I-sigma uncertainty of £ 0.04 m).
Vertical land motion and associated gravitational effects on
sea level are taken from the results of our best-fit GIA
model. To obtain the cumulative GIA effect for the period

A2, AIB and BIl. Locations of ice mass changes in southwest
Greenland, the Antarctic Peninsula and the 19 glaciated regions are
colored white

-0.2

-0.1 0.0 01
Fig. 7 Projected twenty-first century (2090-2099 relative to
1980-1999) relative sea-level changes using the multi-model average
across scenarios A2, A1B and B1 (units are in meters). Our regional
estimates take account of (1) ocean density and circulation changes,
(2) ice and ocean mass changes and associated gravitational effects on
sea-level and (3) vertical land motion and associated gravitational
effects arising from past surface loading change. The uncertainty on
our projections is & 0.13 m (1-sigma). Note that the uncertainties on
the contributions to RSL change are summed quadratically

2090-2099 relative to 1980-1999 we multiply the rates
given in Sect. 2 by 105 years.

Fig. 7 shows that, using the multi-model average across
scenarios A2, A1B and B2, projected twenty-first century
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RSL change varies between —0.2 and 0.3 m (1-sig-
ma =+ 0.13 m). Regional RSL changes are between —40
and 60 % of the projected global mean (0.47 m). The
pattern largely reflects vertical land motion due to GIA;
this process dominates over ocean density and mass
changes in areas where sea-level change is projected to be
negative. A summary of projected RSL changes for key
locations is given in Table 4. Rather than using results
from our GIA model here, we opt to directly use the GNSS
observations as we have reliable velocity estimates for
these locations (i.e. more than 3 years of data).

3.3 Projected twenty-first century regional RSL
changes for a high-end scenario of climate change

3.3.1 Projected high-end global sea-level changes

Here we explore a scenario of high-end climate change for
Norway. As before, we divide our analysis into projected
global and regional sea level estimates. To estimate global
mean thermal expansion, we make use of the results of
Katsman et al. (2011). The authors use two different
approaches to extrapolate beyond the temperature range
covered by the AOGCMs: (1) they establish a relationship
between the change in global atmospheric temperature and
global mean thermosteric sea-level change and (2) the
change in rates between these two datasets is examined.
The latter of these two methods is similar to the semi-
empirical method of Rahmstorf (2007) except that here it is
used in a more restricted way as it is only the thermosteric
term that is considered. For an increase in temperature
from between 2 and 6 °C, the two different approaches
give a global thermosteric sea-level change of 0.12 to
0.49 m (with a central value of 0.31 m).

Projected high-end ocean mass changes can be split into
the contributions from (1) glaciers and ice caps, and (2) the
large ice sheets. For glaciers and ice caps we take the
estimates from Meier et al. (2007). They examine two
scenarios, firstly assuming that the observed present-day

imbalance will remain constant over the twenty-first cen-
tury, which results in a 0.1 & 0.03 m contribution for 2006
to 2100. Secondly, assuming present accelerations con-
tinue, this leads to a total sea-level change of
0.24 £ 0.13 m for the same period. Extending the time
interval back to 1990 would only make a small difference
(~ 0.01 m) to our results. We note that the IPCC AR4
assess the contribution of glaciers and ice caps as
0.77 £ 0.22 mm/year for 1993 to 2003 (Lemke et al.
2007). Accounting for the uncertainty on the two scenarios
presented by Meier et al. (2007) we find the range for
glacier changes is between 0.08 and 0.37 m (central value
0.23 m).

For the ice sheets, we take the severe scenario from
Katsman et al. (2011). Here the authors use similar esti-
mates for surface mass balance changes as in IPCC AR4.
Ice-dynamic changes are based on expert judgment, which
is aided using recent geodetic observations of ice mass
changes. This approach allows the authors to roughly
estimate possible high-end contributions from the ice
sheets but, clearly, it does not tell us how these changes
will relate to future climate or temperature change. Kats-
man et al. (2011) estimate a global mean contribution of
0.13 to 0.22 m (central value 0.18 m) from Greenland for
the period 1990 to 2100. These values are not dissimilar to
those obtained in a detailed assessment by Dahl Jensen
et al. (2009) in which the authors take ice flux estimates
from Pfeffer et al. (2008) to place an upper bound of
~0.2 m from Greenland by 2100. For Antarctica, the
severe scenario of Katsman et al. (2011) is based on the
case of an emerging collapse for some areas of the ice
sheets. This gives a global mean contribution of —0.01 to
0.41 m (central value 0.2 m) from Antarctica for the period
1990 to 2100.

Table 5 summarizes the separate contributions to global
sea level. Total global changes are found by adding the
median values of the separate contributions and uncer-
tainties are summed quadratically (Katsman et al. 2011).
Thus, for the period approximately 2090-2099 relative to

Table 4 Projected twenty-first century (2090-2099 relative to 1980-1999) RSL changes as an average of scenarios A2, A1B and B1

Location Projected ocean density and Projected non-uniform sea-level GIA effects of gravity GNSS data Total RSL
circulation changes change from land ice changes change
(1o £ 0.1 m) (lo £ 0.04 m) (loc < £ 0.01 m)
Oslo 0.31 0.13 0.05 —0.54 £ 0.06 —0.05 £ 0.12
Kristiansand 0.31 0.14 0.03 —0.18 + 0.06 0.3 £0.12
Stavanger 0.31 0.13 0.03 —-0.15+0.06 032 £0.12
Bergen 0.31 0.12 0.03 —0.26 + 0.07 02 +£0.13
Trondheim  0.31 0.11 0.05 —0.45 +0.07  0.02 £0.13
Tromsg 0.31 0.8 0.04 —-03+0.06 0.13 £0.12

For comparison, global mean sea level is projected to be 0.47 &+ 0.08 m (1-sigma). To find the total RSL change, uncertainties on the

contributions to RSL change are summed quadratically
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Table 5 Contributions to high-end projected twenty-first century
(approximately 2090-2099 relative to 1980-1999) global mean sea-
level change

Central value as a
percentage of the central

Contribution to global mean
sea-level change; central

value and range (m) global mean
Steric 0.31 (0.12 to 0.49) 34 %
Glaciers 0.23 (0.08 to 0.37) 25 %
Greenland 0.18 (0.13 to 0.22) 20 %
Antarctica 0.20 (—0.01 to 0.41) 22 %
Sum 0.91 (0.59 to 1.22)

Thermosteric changes are from Katsman et al. (2008; 2011). Glacier
changes are based on the work of Meier et al. (2007) and ice sheet
contributions taken from Katsman et al. (2011). Total global changes
are found by adding the median values of the separate contributions
and uncertainties are summed quadratically. Due to rounding errors,
the sum given in the final row is not exactly equal to the sum of
contributions

1980-1999, high-end global mean changes range from 0.59
to 1.22 m (central value 0.91 m).

3.3.2 Projected high-end regional ocean density
and circulation changes

As before, dynamic sea-level changes are examined using
a regional analysis for the Norwegian coast (the areas
0-14° E, 56-66° N and 0-34° E, 66-73° N). We aim to
compare projected global temperature changes to the
regional DSL changes (e.g. Katsman et al. 2008, 2011).
This requires that we first compute a time-series of pro-
jected global atmospheric temperature changes from the
CMIP3 database. Secondly, we take the DSL changes
computed in Sect. 3.2.2. The projected global temperature
and DSL changes are averaged over 5-year periods
between 2000 and 2100 (Fig. 8). To estimate the trend of
the data we use the method outlined by Katsman et al.
(2008). In doing so, we adopt a central value as the trend
of the dataset and use the 10 and 90 % quintiles to
indicate the variability of the data for increasing tem-
perature change. For the Norwegian coast, the resulting
dynamic sea-level change for a global warming of 6 °C is
—0.06 to 0.57 m with a central value of 0.22 m. We note
that this is significantly larger than the range of —0.05 to
0.2 m reported for the Netherlands (Katsman et al. 2011).
These results are added to the estimate of global ther-
mosteric sea-level change (see also Katsman et al.
(2008)). For a global atmospheric temperature rise of
6 °C, therefore, total sea-level change due to ocean den-
sity and circulation changes is given as 0.19 to 0.93 m
(central value 0.53 m) for the Norwegian coast.

3.3.3 Projected high-end non-uniform sea-level changes
due to land ice changes

Estimates of high-end future ice mass changes are taken
from Sect. 3.3.1. As before, the separate ice mass estimates
are multiplied by their corresponding normalized sea level
pattern to find the non-uniform sea level response (see
Eq. 4). For glaciers and ice caps, where we use values based
on the work of Meier et al. (2007), we assume the same
normalized pattern as calculated using the multi-model
average of scenarios A2, AIB and B2 (Sect. 3.2.3). Sea-
level changes due to melting of glaciers and ice caps are
calculated as between 0.04 and 0.18 m along the Norwegian
coast (see also Table 6). Taking the ice sheet estimates from
Katsman et al. (2011), corresponding non-uniform sea-level
changes in Norway are between —0.01 and 0.02 m for
Greenland and between —0.01 and 0.5 m for the Antarctic
ice sheets. This shows that the Norwegian coastline is rel-
atively insensitive to high-end ice mass changes in Green-
land. On the other hand, sea-level changes owing to ice
mass loss in Antarctica are above the global mean. Note that
our approach here is not entirely consistent as Katsman
et al. (2011) propose that future ice mass loss occurs in
several different regions rather than in southwest Greenland
and on the Antarctic Peninsula as we assume here.

3.3.4 Projected twenty-first century regional RSL changes
for a high-end scenario of climate change

Here we give regional RSL projections for the end of the
twenty-first century for our high-end scenario of climate
change. We show the central estimate of projected RSL
change, which we find varies between 0.25 and 0.85 m
along the Norwegian coast (Fig. 9). The uncertainties on
the sea-level projections show only small spatial variations,
so we assign a min/max range of £ 0.45 m to our central
estimates (see also Table 6). We note that our projected
regional RSL changes are between 25 and 95 % of the
projected central estimate of the global mean (0.91 m).
Clearly, as RSL changes are positive, this shows ocean
surface increases dominate over the land uplift signal
across all of Norway. The pattern of RSL change, however,
still largely reflects land motion due to GIA.

Table 6 summarizes the individual contributions to
projected high-end RSL for key locations in Norway. As
before, we opt to directly use the GNSS observations as we
have reliable velocity estimates for these locations (i.e.
more than 3 years of data). We note that there is large
uncertainty associated with both (1) local density and cir-
culation changes and (2) the contribution of the Antarctic
ice sheets. Uncertainty with local density and circulation
changes reflects the large variation between the AOGCMs
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Fig. 8 Projected regional 0.6
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Table 6 Projected high-end twenty-first century (approximately 2090-2099 relative to 1980-1999) sea-level changes at key locations in Norway

Location Global Local ocean Non-uniform  Non-uniform  Non-uniform GIA gravity GNSS data Total RSL

thermal density glaciers (m) Greenland Antarctica effects change

expansion changes (m) (m) (m) (lo <+ 0.01 m) (m)

(m)
Oslo 0.12t0 049  —0.06 to 0.57  0.06 to 0.26 0 to 0.01 —0.01 to 0.49  0.05 —0.54 £ 0.06 0.44 (—0.01 to 0.88)
Kristiansand  0.12 to 0.49  —0.06 to 0.57  0.06 to 0.28 0 to 0.01 —0.01 to 0.5 0.03 —0.18 £ 0.06 0.83 (0.37 to 1.29)
Stavanger 0.12t0 049  —0.06 to 0.57  0.06 to 0.27 0 —0.01 to 0.5 0.03 —0.15 £ 0.06 0.85 (0.39 to 1.31)
Bergen 0.12t0 049  —0.06 to 0.57  0.06 to 0.26 0 —0.01 to 0.49  0.03 —0.26 £ 0.07 0.73 (0.27 to 1.19)
Trondheim  0.12to 0.49  —0.06 to 0.57  0.05 to 0.23 0 —0.01 to 0.48  0.05 —0.45 £ 0.07 0.54 (0.08 to 0.99)
Tromsg 0.12t0 049  —0.06 to 0.57  0.03 to 0.15 0 —0.01 to 0.46  0.04 —0.3 £0.06 0.62 (0.17 to 1.06)

The projected ocean density and circulation changes are calculated using the methods of Katsman et al. (2008; 2011). The land ice signal includes an estimation of
glacier changes based on the work of Meier et al. (2007) and ice sheet contributions from Katsman et al. (2011). Total RSL changes are found by adding the median
values of the separate contributions and uncertainties are summed quadratically. For comparison, global mean sea level is projected to be between 0.59 and 1.22 m

(central value 0. 91 m)

with increasing temperature (see Fig. 8). Whereas, the
uncertainty associated with the Antarctic is largely due to
the lack of understanding how the marine-based portions of
the ice sheets will react in a changing climate. We note that
there are some small inconsistencies between the time
periods we consider for our high-end contributions but
believe this will not greatly influence our final results.

4 Discussion

In the following we show observed rates of RSL change
from some of the Norwegian tide gauge records (see also
Henry et al. 2012; Richter et al. 2012). This helps to put our
projections into perspective. In Sect. 4.2 we go on to dis-
cuss two main issues: (1) how to reduce the uncertainty of
our projections and (2) processes that drive sea-level
changes but are not included in this study.

@ Springer

4.1 Observed present-day RSL change

In Fig. 10 we show our sea-level projections alongside tide
gauge observations from Oslo. The Oslo tide gauge record
contains significant gaps during its early period of opera-
tion, so we opt to only plot data post 1914. To obtain an
estimate of present-day RSL change for Oslo we conduct a
least squares adjustment to determine the trend in the data
over the past 30 years. The rate of RSL change over the
period 1980 to 2010 is calculated to be —1.7 &= 0.7 mm/
year (1-sigma). We correct the tide gauge observations for
vertical land motion using the GNSS data and the modeled
gravitational effects associated with GIA (Sect. 2).
Expressed as contributions to RSL change, these are —
5.1 &+ 0.6 mm/year and 0.5 £ 0.1 mm/year respectively.
Ocean surface changes are thus calculated to be
2.9 + 0.9 mm/year (1-sigma) over 1980 to 2010. Table 7
summarizes present-day observed RSL changes and esti-
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Fig. 9 The median values of our high-end twenty-first century
(approximately 2090-2099 relative to 1980-1999) projected relative
sea-level changes (units are in meters). Our regional estimates take
account of (1) ocean density and circulation changes, (2) ice and
ocean mass changes and associated gravitational effects on sea-level,
and (3) vertical land motion and associated gravitational effects
arising from past surface loading change. The uncertainty on our
projections is = 0.45 m (min/max). Note that the uncertainties on the
contributions to RSL change are summed quadratically

mated rates of ocean surface rise for key locations in
Norway. We note that, generally speaking, rates of ocean
surface rise along the Norwegian coast are not dissimilar
from the global rate from satellite altimetry (Cazenave and
Llovel 2010). Also included in Table 7 are estimates of
twenty-first century RSL change assuming that the
observed present-day rates continue unchanged. This is
rather speculative but provides a yardstick to which our
projections can be compared.

4.2 Reducing the uncertainty of sea-level projections
and missing contributions

The largest uncertainty in future estimates of global sea-
level change is the potential contributions from the large
ice sheets (e.g. Alley et al. 2005). It is well recognized that
there are limitations with the ice models applied in IPCC
AR4 (Meehl et al. 2007). For example, processes such as
ice stream dynamics, basal sliding and ice-ocean interac-
tions are either poorly represented or absent from the
model setup. This gives us reason to believe that these
model projections might be biased low. In an attempt to

account for this problem, the IPCC AR4 includes an esti-
mate of the present-day ice sheet imbalance due to recent
ice flow acceleration, the so called scaled-up contribution,
which we also include in our sea-level projections in Sect.
3.2. This is a relatively conservative estimate of how pro-
cesses affecting ice flow may contribute to sea-level
change over the twenty-first century. As mentioned, one
reason we opt to also include a high-end projection is
because of these issues reported in [PCC AR4. The reader
should also keep in mind, however, that the high-end ice
loss numbers we adopt from Katsman et al. (2011) are
based on expert judgment and the extrapolation of recent
geodetic observations (rather than being based on an
understanding of how the ice sheets would react in a
changing climate).

As well as uncertainties concerning the potential ice
sheet contributions, recent works have shown how regional
sea-level projections are also sensitive to the pattern of ice
mass change (e.g. Gomez et al. 2010; Mitrovica et al. 2011;
Tamisiea and Mitrovica 2011). The results of these studies
suggest that, as Norway sits in the near field of Greenland,
sea-level changes along the Norwegian coast will be highly
sensitive to the pattern of ice sheet change. In a simple
sensitivity test we generate sea-level projections where the
melt is geographically confined to different quadrants on
Greenland (in our original analysis we consider only uni-
form changes in the southwest). Maximum differences
between the normalized fingerprints from these 4 scenarios
of ice melt are up to 100 % (Fig. 11). This is because ice
mass losses on the east of Greenland result in a more
negative sea-level change than those in the west. For the
case of Antarctica, here Norway sits in the far field, one
might expect that sea-level changes will be relatively
insensitive to the pattern of ice melt. Recent work, how-
ever, shows how projections are sensitive due to the rota-
tional feedback signal (Mitrovica et al. 2011). Future work
should focus on including more realistic geometries of ice
mass change for both of the large ice sheets.

So far we have considered the uncertainty associated
with future ocean mass (land ice) changes. Here we briefly
address the uncertainties with projected patterns of ocean
density and circulation changes which, generally speaking,
show poor agreement (e.g. Gregory et al. 2001; Meehl et al.
2007). Results from AOGCMs indicate an above average
sea-level rise for Norway over the twenty-first century but
with relatively large uncertainties attached to the projec-
tions (Sect. 3.2.2). As mentioned, past modeling studies
have focused on identifying the contributing factors to
regional differences in projected ocean density and circu-
lation changes (e.g. Landerer et al. 2007; Meehl et al. 2007,
Katsman et al. 2008; Yin et al. 2010; Pardaens et al. 2011).
These generally show that in the nearby North Atlantic
positive thermosteric changes are partially compensated by

@ Springer



1420 M. J. R. Simpson et al.

- - 0.8

Tide gauge 1980-2010: -1.7 mm/yr | -

(S

7] GIA contribution: -4.7 mm/yr - 0.6 <

i Climate related sea-surface change 1980-2010: ~3 mm/yr L 04 %

- S

- 02 &5

- o

1 W
| WM&'\MW&

I I I I

1900 1925 1950 1975 2000

Year

Fig. 10 Projected twenty-first century RSL changes for Oslo shown
alongside the Oslo tide gauge record for the period 1914 to 2010.
(Note that the tide gauge data are plotted relative to the average of the
observations from 1980 to 1999). Dark blue marks our projections
largely based on results from IPCC AR4 and using the emission
scenarios A2, A1B and B1 (see Sect. 3.2 and Table 4). Here the solid
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line is the multi-model average and dashed lines the 1-sigma
uncertainty. Light blue marks our high-end projection based on the
work of Katsman et al. (2011) (see Sect. 3.3 and Table 6). Here the
solid line is the central estimate and dashed line the maximum on the
range. We fit a 2nd order polynomial to our high-end projections as a
visual guide

Table 7 Analysis of tide gauge observations covering the period 1980 to 2010

Location RSL rate 1980 to  Estimated rate of Total RSL change assuming observed Projected twenty- Projected twenty-first
2010 from tide ocean surface rise  present-day rates remain unchanged  first century RSL century RSL changes
gauge data (mm/ 1980 to 2010 (mm/ for 2090-2099 relative to 1980-1999 changes based on for a high-end
year) year) (m) IPCC AR4 scenario

Oslo —-1.7+£0.7 29£09 —0.18 £ 0.09 —0.05 £ 0.12 0.44 (—0.01 to 0.88)

Kristiansand 0.2 £ 0.5 1.6 £0.8 0.02 £ 0.08 0.3 £0.12 0.83 (0.37 to 1.29)

Stavanger 1.8 £ 04 3+£07 0.19 £ 0.07 0.32 £ 0.12 0.85 (0.39 to 1.31)

Bergen 1.1 £04 33+0.8 0.12 £ 0.08 0.2 £0.13 0.73 (0.27 to 1.19)

Trondheim  Omitted 0.02 £ 0.13 0.54 (0.08 to 0.99)

Tromsg 0.8 £0.5 33+0.8 0.08 £ 0.08 0.13 £ 0.12 0.62 (0.17 to 1.06)

In column 3 we give estimated rates of ocean surface rise which have been corrected for (1) vertical land motion using the GNSS data and (2)
gravitational effects on sea level using our best-fit GIA model. Total RSL changes for the period 2090-2099 relative to 1980—-1999 changes are
found by multiplying the observed present-day rates in column 2 by 105 years. Column 5 is taken from Table 4. Column 6 is from Table 6. We

omit the tide gauge from Trondheim because it was moved in 1991

a negative halosteric signal. Whereas, in the Arctic Ocean,
the halosteric term is positive and dominates due to ocean
freshening. Related to these steric changes is a mass
redistribution term which could be important for the shal-
low shelf seas around Norway (see Landerer et al. (2007)
for details). We also note that other ocean dynamic signals
have been linked to regional ocean surface changes. For
example, in their study of the Dutch coast, Katsman et al.
(2008) suggest a strong link between ocean surface rise and
a weakening of the Atlantic meridional overturning circu-
lation. This may explain why our high-end estimate of sea-
level changes associated with ocean density and circulation
changes has such a large uncertainty term (Sect. 3.3.2).
Finally, we list some of the processes that could affect
future sea-level changes for Norway but are not taken

@ Springer

account of in this study. We first consider the land motion
signal. As in previous works, the GNSS observations (Kie-
rulf et al. 2013) and modeling work performed here suggest
that GIA dominates the regional pattern of Earth response in
Norway. Other effects such as tectonics and subsidence are
not examined and could be important for determining local
RSL changes. We also note that the influence of GIA on
ocean basin volume changes is not included here, but this
effect is relatively small (Tamisiea 2011). For ocean mass
changes, we only consider changes associated with glaciers
and the large ice sheets. Other sources such as changes in
dam impoundment (Chao et al. 2008) and groundwater
pumping (Wada et al. 2010) are not taken into account.
Recent work suggests that their cumulative contributions to
twenty-first century global sea-level change will not be
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Fig. 11 The sensitivity of sea-level changes in Norway to the pattern
of ice mass change on Greenland. We generate sea-level projections
where ice mass changes are geographically confined to different
quadrants on Greenland (left). Note that the overall pattern of melt is
adapted from passive microwave observations (Abdalati 2007).
Maximum differences between the normalized fingerprints from
these 4 scenarios of ice melt are presented as percentages (right)

larger than 0.1 m (Wada et al. 2012). Such mass changes
could also be important for determining local RSL changes.
Concerning ocean density and circulation changes, we note
that the AOGCMs included in our study do not include the
effect of ocean freshening and associated ocean surface
changes arising from land ice melt. This effect could
potentially be important along the Norwegian coast but
modeling work is still in its infancy (Stammer 2008; Stam-
mer et al. 2011; Brunnabend et al. 2012).

5 Conclusions

We have conducted the first detailed analysis of twenty-
first century regional sea-level changes for Norway by
accounting for spatial variations in (1) ocean density and
circulation (2) ice and ocean mass changes and associated
gravitational effects on sea level and (3) vertical land
motion arising from past surface loading change and
associated gravitational effects on sea level. Central to our
study is an assessment of vertical land motion using new
observations from a permanent GNSS network (Kierulf
et al. 2013). As show in previous studies, the observed
pattern of Earth response in Norway is dominated by the
process of GIA. We use the new GNSS data to constrain a
model of GIA. Predictions generated from our best-fit GIA
model indicate that uplift rates along the Norwegian coast

are between 1 and 5 mm/year (or between —0.1 and —
0.5m as a contribution to twenty-first century RSL
change). For areas where we currently lack reliable GNSS
data, for example in the middle of Norway, the GIA model
provides a useful tool for estimating vertical land motion.

Our projections of twenty-first century sea-level change
for Norway show a pattern of complex interplay between
vertical land motion and non-uniform ocean surface
changes. We present two sets of projections. Firstly, we
first calculate future sea-level changes based on findings
largely from the IPCC AR4 and using the emission sce-
narios A2, A1B and B1. These indicate that for the period
2090-2099 relative to 1980-1999 RSL changes in Norway
will vary between —0.2 to 0.3 m (l-sigma &+ 0.13 m).
Projected regional RSL changes are between —40 and
60 % of the projected global mean (0.47 m). Owing to a
lack of understanding of the processes that drive sea-level
changes and model limitations, we have reason to believe
that these projections might be biased low (Meehl et al.
2007). Secondly, we explore a high-end scenario in which
(1) a global atmospheric temperature rise of up to 6 °C and
(2) an emerging collapse for some areas of the Antarctic ice
sheets are assumed (Katsman et al. 2011). Using this
approach, we find twenty-first century RSL changes in
Norway will vary between 0.25 and 0.85 m (min/
max + 0.45 m). Projected regional RSL changes are
between 25 and 95 % of the projected central estimate of
the global mean (0.91 m). Thus, both sets of projections
suggest that twenty-first century sea-level changes in
Norway will be below the global mean.

Our work here underlines the importance of working
towards regional projections of sea-level change. By isolating
the individual processes that drive sea-level changes, we are
able to better understand their relative contributions. This will
help guide future research as we seek to better constrain our
projections. The analysis performed here should be updated
as new methods and results become available. For example,
by using new model results from the CMIP5 database.
Finally, we note that while this study has focused on twenty-
first century sea-level changes, global sea level will continue
to rise well beyond 2100 (e.g. Goelzer et al. 2012).
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