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ABSTRACT: Sea level rise poses a significant threat to coastal communities, infrastructure, and
ecosystems. Sea level rise is not uniform globally but is affected by a range of regional factors. In
this study, we calculate regional projections of 21st century sea level rise in northern Europe,
focusing on the British Isles, the Baltic Sea, and the North Sea. The input to the regional sea level
projection is a probabilistic projection of the major components of the global sea level budget.
Local sea level rise is partly compensated by vertical land movement from glacial isostatic adjust-
ment. We explore the uncertainties beyond the likely range provided by the IPCC, including the
risk and potential rate of marine ice sheet collapse. Our median 21st century relative sea level rise
projection is 0.8 m near London and Hamburg, with a relative sea level drop of 0.1 m in the Bay of
Bothnia (near Oulu, Finland). Considerable uncertainties remain in both the sea level budget and
in the regional expression of sea level rise. The greatest uncertainties are associated with Antarc-
tic ice loss, and uncertainties are skewed towards higher values, with the 95th percentile being
characterized by an additional 0.9 m sea level rise above median projections.
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1. INTRODUCTION

Global warming leads to loss of land-based ice
masses and thermal (steric) expansion of the world
oceans (Church et al. 2013a), and is thus causing sea
levels to rise. The rise in global mean sea level
(GMSL) is projected to accelerate over the 21st cen-
tury (Grinsted et al. 2010, Jevrejeva et al. 2010, 2012,
Church et al. 2013a). However, sea level does not rise
in a globally uniform manner, but has been observed
to vary in complex spatial patterns (Church et al.
2013a). The projected changes in regional sea level
will deviate markedly from the global mean for a
variety of reasons. For example, in the Baltic region,
land uplift caused by glacial isostatic adjustment
(GIA) is still ongoing. This is predominantly a result
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of the viscoelastic response of the solid Earth to the
disappearance of the Fennoscandian ice sheet at the
end of the last glacial period. GIA is currently
responsible for lowering sea level in the Bay of Both-
nia at a rate of 1 m per century (Hill et al. 2010). The
dynamic topographic sea surface response to climate
change will be far from uniform. Furthermore, the
wastage of land-based ice masses worldwide will
cause an uneven mass redistribution across the world
oceans (Mitrovica et al. 2001). A practical approach
to projecting regional sea level rise is to project the
individual major contributions to GMSL rise, and to
weigh each contribution with its corresponding spa-
tial fingerprint (e.g. Slangen et al. 2011).

Rising sea levels pose an increasing threat to
coastal infrastructure (Brown et al. 2011), and as a
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result, future projection scenarios are needed to aid
local adaptation planning. There have been several
national projections of regional sea level for the
Netherlands (Katsman et al. 2008, 2011), Norway
(Simpson et al. 2012), Finland (Johansson et al.
2014), and the British Isles (Lowe et al. 2009,
Howard et al. 2014). Most of these studies focus on
providing a best-guess or a high-end estimate of
future relative sea level rise, which does not have
any probability attached (with exception of Johans-
son et al. 2014). However, probabilistic projections
enable adaptation planning with different levels of
risk tolerance, but current models do not allow a
quantification of the magnitude and risk associated
with the marine ice sheet instability (Church et al.
2013a). Here, we make probabilistic projections of
northern European sea level rise, including the risk
and potential contribution from an Antarctic marine
ice sheet collapse. Perrette et al. (2013) and Johans-
son et al. (2014) have also constructed probabilistic
projections of regional sea level rise by combining
semi-empirical and process based projections. There
is, however, no consensus on the reliability of semi-
empirical projections (Church et al. 2013a). Kopp et
al. (2014) combined the ARS projections (Church et
al. 2013a) with the results from an ice sheet expert
elicitation (Bamber & Aspinall 2013) adjusted to
match the ARS ice sheet projections. The expert eli-
citation has the benefit that experts can account for
known structural uncertainties such as the marine
ice sheet response. In this study, we also rely on this
expert elicitation to capture the uncertainty in the
future ice sheet response, but unlike Kopp et al.
(2014), we do not adjust the elicitation results which
we take to be representative of the full uncertainty
within the ice sheet expert community. What is
unique about our study is: (1) we include land water
and shelf mass loading fingerprints; (2) the way we
sample uncertainties; and (3) the special attention
we give to regionally important effects.

This study is part of a special issue on the effects of
extreme global warming in northern Europe, and
hence, we focus on the most intense Representative
Concentration Pathway (RCP8.5) considered by the
Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC AR5; Church et al.
2013a). This scenario is consistent with a business-
as-usual scenario (Riahi et al. 2011) and is thus rele-
vant for regional adaptation planning. The central
estimate for the projected global mean warming by
2100 under RCP8.5 is roughly +5°C above the pre-
industrial period, and +6°C is reached by the mid
22nd century (Rogelj et al. 2012).

2. MATERIALS AND METHODS

The conventional approach to project sea level rise
is to simulate the individual major sea level compo-
nents of the global sea level budget: ocean steric
expansion (T), melting/dynamics of glaciers (GIC),
ice loss from the Greenland and Antarctic ice sheets
(GrIS and AIS), and changes in land water storage
(LW) and then sum them up (Church et al. 2013a). We
write this as:

GMSL =GIC +GrIS+AIS+T+LW (1

For regional sea level, each contributor to GMSL
rise will have a distinct spatial ‘fingerprint’ (i.e. char-
acteristic pattern). It is therefore necessary to esti-
mate how the sea level budget evolves into the future
when we aim to project regional sea level rise.

All masses, such as the ice contained in the Green-
land ice sheet, gravitationally attract the oceans
around them. Projected mass loss of the glaciers and
ice sheets will reduce this gravitational pull, as well
as cause an immediate elastic rebound of the solid
Earth (Church et al. 2013a). Additionally, the mass
redistribution will perturb the Earth's rotation (Milne
& Mitrovica 1998a). These effects combine and pro-
duce a new so-called static equilibrium (SE) in the
sea level configuration. This equilibrium is only quasi-
static as it will vary over time as mass is added or
removed from the ocean. The net SE response from
melting ice is that the sea level contribution will
not be distributed evenly on Earth but will rather be
characterised by a specific spatial fingerprint. E.g. ice
loss from Greenland may result in a lowering of sea
level until Ireland and Norway, primarily due to the
reduced gravitational pull (Mitrovica et al. 2001; see
Fig. S3 in the Supplement at www.int-res.com/articles/
suppl/c064p015_supp.pdf). The sea level fingerprints
of mass redistribution applied in the present study
have all been calculated by solving the sea-level
equation (Farrell & Clark 1976), following a pseudo-
spectral approach (Mitrovica & Peltier 1991), includ-
ing the effects of migrating coastlines (Milne &
Mitrovica 1998b) and of changes in the Earth's rota-
tion (Milne & Mitrovica 1998a). The elastic response
of the solid Earth has been computed for a radially
stratified and compressible Earth based on the Pre-
liminary Reference Earth Model (PREM) (Dziewon-
sky & Anderson 1981).

Steric expansion of the oceans will be largest in the
open ocean where the water column is deepest (Yin
et al. 2010). This non-uniform expansion leads to a
differential increase in the steric sea surface heights
(SSH), which will drive a redistribution of ocean mass
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from the deep ocean interior to shallower regions
(Landerer et al. 2007). Changes in ocean circulation
and in the hydrological cycle induce additional
changes. We combine the global average steric
response (T) with the dynamic sea level (DSL)
response (Landerer et al. 2007, Yin et al. 2010). The
mass redistribution towards shelf areas induce in-
creased gravitational attraction as well as increased
loading on the sea floor, and is thus associated with
a shelf mass loading (SML) sea level fingerprint
(Richter et al. 2013).

We express the relative sea level (RSL) at every
location (x) from the 5 major contributions to GMSL
(T, GIC, AIS, GrIS, and LW), the dynamic ocean re-
sponse (DSL), their corresponding spatial fingerprints
(Fsmrr Faier Fuw, Fans, and Fars), and the glacial iso-
static adjustment (GIA) as follows:

FGIC (X) GIC+ FGIIS (X)GIIS + FAIS (X)AIS +
RSL(x) =

Fsyw (%) (T +DSL (x))+ FLy (x)LW + GIA (x)
(2)

We express the fingerprints from terrestrial ice melt
and land water as spatial multipliers to their global
average contribution to sea level rise. The SML fin-
gerprint was calculated from projected ocean bottom
pressure change from NorESM1-M, but expressed as
a multiplier to the local change in the ocean response
following Richter et al. (2013). This is an approxima-
tion that only holds if the mass redistribution used to
calculate Fg\ is consistent with T+ DSL.

We use a Monte Carlo procedure to draw samples
from the uncertainty distributions of all terms in
Eq. (2) simultaneously to obtain an uncertainty dis-
tribution for RSL. We emulate the AR5 projection un-
certainties using a multivariate normal distribution
with a covariance structure designed to be consistent
with the ARS likely range, combined with independ-
ent uniform distributions for LW and rapid ice sheet
dynamics (see the Supplement and Jevrejeva et al.
2014a).

2.1. Data

As input to our sea level projection, we primarily
rely on the IPCC AR5 process-based projections of
the sea level budget (Church et al. 2013a). The ARS
did not provide estimates beyond the likely range
(i.e. the 66 % uncertainty interval), primarily because
of limitations in ice sheet modelling (Church et
al. 2013a,b). It was concluded that an instability of
marine-based sectors of the ice sheets could lead to
sea level rise beyond the projected likely range, but

that this scenario was unlikely (Church et al. 2013a).
To capture the uncertainty distribution beyond the
likely range, we use the Bamber & Aspinall (2013)
expert elicitation for the ice sheet contribution (see
the Supplement and Jevrejeva et al. 2014a). This
elicitation captures the current degree of uncertainty
within the community of ice-sheet experts and in-
cludes the perceived risk and potential rate from
marine ice sheet instabilities. Post-ARS studies indi-
cate that Pine Island Glacier in Antarctica is already
engaged in an unstable retreat (Favier et al. 2014,
Mouginot et al. 2014, Rignot et al. 2014), a situa-
tion that is projected to extend to the neighbouring
Thwaites glacier (Favier et al. 2014, Joughin et al.
2014), and even to East Antarctica (Sun et al. 2014).
These new studies highlight the importance of in-
cluding the risk of a collapse in the sea level projec-
tion uncertainties, and arguably, this is increasingly
important for high-end scenarios.

We use the AR5 emulator to draw samples of T,
GIC, and LW in the Monte Carlo sampling of uncer-
tainties. Bamber & Aspinall (2013) provide us with
the joint distribution of the rate of mass loss in 2100
for Greenland and East/West Antarctica. We assume
a constant acceleration to these rates from the pres-
ent day rates (Shepherd et al. 2012) to calculate the
cumulated mass loss over the 21st century. We model
the uncertainties in GrIS and AIS by sampling the
uncertainties in these 2 studies. This framework—
where the projections of T, GIC, LW are based on
AR5 and projections of AIS and GrIS are based on
Bamber & Aspinall (2013)—is identical to the GMSL
projection in Jevrejeva et al. (2014a), where the prob-
ability distributions for each contributor are shown.

The dynamic sea level has been modelled by the
ensemble of models in the CMIP5 archive (Taylor
et al. 2012), but unfortunately, the Baltic region is
still poorly resolved in many models. We therefore
restrict the DSL to 12 CMIP5 models that resolve
the Baltic and the English Channel (ACCESS1-0,
ACCESS1-3, CNRM-CM5, GFDL-ESM2G, GISS-E2-R,
IPSL-CM5A-LR, MPI-ESM-LR, MPI-ESM-MR, MRI-
CGCM3, NorESM1-ME, NorESM1-M, and inmcm4).
The uncertainty implied by the ensemble spread
cannot be captured by a normal distribution because
there are signs of bi-modality (Fig. S1 in the Supple-
ment). Hence, we sample among these 12 DSL fields
in the Monte Carlo, rather than using the ensemble
mean and standard deviation.

Here, we use previously published fingerprints
computed from present day spatial patterns of terres-
trial ice loss (Bamber & Riva 2010, Radi & Hock 2011)
and projected changes from ocean dynamics (Richter
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et al. 2013). We calculate a new land water finger-
print using projected changes in land water storage
(Wada et al. 2012). Fingerprint uncertainties arise
primarily from uncertainties in future loading pat-
terns, and we allow for standard uncertainties of ~15,
2,15, 5, and 5% in the Greenland, Antarctic, Glacier,
Land Water, and SML fingerprints respectively. These
uncertainties were gauged through comparison to
alternative loading patterns (see the Supplement).

We use outputs of 2 separate regional models for
the present-day GIA contribution to RSL, calibrated
to Fennoscandia and the British Isles. For Fennoscan-
dia, we use GIA contributions to RSL from the Hill et
al. (2010) model, which is calibrated against observa-
tions from GPS, tide-gauges, and GRACE gravity
observations while allowing for GPS reference frame
uncertainties. For the British Isles, we use the GIA
contribution to RSL from Bradley et al. (2011), which
is primarily calibrated against paleo data of relative
sea level and further constrained by GPS observa-
tions. The GPS data was a constraint on the possible
range of Earth model parameters, and the Bradley et
al. (2011) regional sea level results are insensitive to
changes in GPS reference frame. GIA model uncer-
tainties are hard to quantify, and arise mostly from
unknown systematic errors, and there is a particu-
larly large spread between different GIA models in
northern Europe (Jevrejeva et al. 2014b). Hill et
al. (2010) report standard uncertainties of generally
<4 cm per century. However, we observe a decimeter
per century disagreement in the region where the 2
GIA models overlap (Fig. S2 in the Supplement). We
therefore adopt a more conservative standard uncer-
tainty of 10 cm per century for the GIA.

3. RESULTS

We calculate the GMSL rise as the sum of the pro-
jected contributions from glaciers, steric, ice-sheets,
and land-water (Eq. 1). Fig. 1 shows the global sea
level rise uncertainty distribution (Table 1, Table S2
in the Supplement at www.int-res.com/articles/
suppl/c064p015_supp.pdf; Jevrejeva et al. 2014a),
which is highly skewed with a long high-end tail
(skewness = 1.8), stemming from the ice-sheet expert
uncertainties (Bamber & Aspinall 2013). A conse-
quence is that the mode of the GMSL uncertainty dis-
tribution (0.70 m) is smaller than the median (0.80 m),
which again is smaller than the expected value
(0.91 m). Similarly, we obtain uncertainty distribu-
tions of RSL rise at every location from the Monte
Carlo sampling of the uncertainties of all terms in

Probability density

0 0.5 1 15 2
Sea level rise (M)

Fig. 1. Uncertainty in projected 21st century global mean sea

level rise for RCP8.5. The vertical black line and darker

shaded range show the median and likely range as projected

in IPCC ARS (Church et al. 2013a). The 5, 17, 50, 83, and 95th

percentiles in the uncertainty distribution are listed in Table 1

Table 1. Global mean sea level rise (cm century™!) over the
period 2000 to 2100 for RCP8.5 compared to other recent
projections. The median projection is the best guess; the
17-83 % is the likely range; 5 to 95 % is the very likely range

Percentile
5% 17% 50% 83% 95%

AR5 52 73 97

SEM? 83 113 130
Horton et al. (2014) 50 70 120 150
Kopp et al. (2014) 52 62 79 100 121
Johansson et al. (2014)® 26 41 72 118 155
This study 45 58 80 120 183

“The SEM estimate for a given percentile is the median
of the 8 semi-empirical projections considered in AR5
adjusted for baseline intervals

PNot RCP8.5 but based on a combination of scenarios

Eq. (2). Fig. 2 shows the regional sea level projection
for 6 different uncertainty percentiles, and these
projections are shown in detail for select cities in
Table 2, Fig. 3, and Fig. S4. The RSL rise uncertain-
ties are also characterized by a skewed and long
tailed distribution, with the 95th percentile being
0.9 m higher than the median sea level (Table 2). The
London RSL budget is examined in detail in Table S2.

4. DISCUSSION

We compare the GMSL projection and uncertain-
ties with AR5 projections, semi-empirical models,
Kopp et al. (2014), and a sea level expert survey (Hor-
ton et al. 2014) in Table 1. There is a reasonable
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Projected relative sea level rise (m century-)

Fig. 2. Regional sea level projection for northern Europe for 6 different uncertainty percentiles (5, 17, 50, 83, 95, and 99 %).
The 50 % median projection can be considered the best guess. Dots show cities listed in Table 2

degree of overlap between the likely ranges, but note
that the uncertainty distribution in this study is wider
than the median semi-empirical ranges and median
sea level expert range. However, median ranges will
tend to be too narrow, even if the spread among esti-
mates are representative of the full uncertainty,
because individual estimates typically have too nar-
row uncertainty bars (Capen 1976). The AR5 has the
tightest uncertainties and the lowest projections.
This is expected as it is concluded in the AR5 that a

T T T — T T
y London
s +
1 1 + L
: : — - - :
iy Copenhagen
#+ +
: ; ; ; — ;
b Oulu
+
+ +
\ \ . . — . .
-0.5 0 0.5 1 1.5 2

Relative sea level rise (m)

Fig. 3. Projected regional sea level rise over the 21st century

and uncertainty distributions for 3 cities in northern Europe

under RCP8.5. The 5, 17, 50, 83, and 95th percentiles are

marked with crosses and listed in Table 2 along with results
for additional cities

collapse of marine-based sectors of the Antarctic ice
sheet could cause GMSL to rise substantially above
the projected range (Church et al. 2013a). In this
sense, the AR5 projected range is conditional on no
collapse. Kopp et al. (2014) provides the most direct
comparison as they use a similar framework where
they draw on Bamber & Aspinall (2013) for the ice
sheet contribution. They estimate a substantially
smaller high-end sea level rise (1.2 vs. 1.8 m; Table 1).
The discrepancy is primarily due to how Kopp et al.
(2014) reduce the ice sheet contribution from Bamber
& Aspinall (2013) to match the AR5 median projec-
tion, whereas we use the expert elicitation as it is. We
interpret the ARS projections to be conditional on no
marine ice-sheet collapse, and because of this condi-
tionality, the AR5 median is not equal to the median
of the full uncertainty distribution. The agreement
between the mode and the central AR5 projection
(Fig. 1) suggests that there is no need to reconcile the
ice sheet elicitation with AR5. Another source of tail
discrepancy is that we allow for uncertainty covari-
ance, which we estimate can explain a difference in
the 95th percentile of ~15 cm through sensitivity tests
where we impose zero covariance between terms.
The median RSL projection in Fig. 2 is comparable
to high-end projections from Spada et al. (2013) and
Simpson et al. (2012), the 'semi-empirical’ regional
projection of Perrette et al. (2013), and the central
projections from Kopp et al. (2014) and Johansson
et al. (2014). The RSL projection uncertainties are
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Table 2. Regional sea level rise projection over the 21st cen-

tury for cities in northern Europe (RCP8.5) for 6 uncertainty

percentiles. The median projection (50 %) is the best guess.
See also Fig. 3 and Fig. S3

5% 17% 50% 83% 95% 99%

Dublin 0.32 046 069 1.05 163 2.29
Belfast 0.27 041 064 099 157 2.22
Newlyn 045 0.59 0.82 1.2 1.81 249
Douglas 029 043 0.66 1.02 160 2.25
Cardiff 040 0.54 0.77 1.13 173 2.40
Edinburgh 0.26 0.41 064 099 156 2.20
Liverpool 0.35 0.49 0.71 1.07 166 231
Aberdeen 0.27 042 066 1.01 158 2.21
London 043 058 0.81 1.17 176 2.43
Le Havre 041 055 0.78 1.15 1.75 242
Oostende 044 059 0.83 1.20 1.79 2.47
The Hague 044 059 0.83 1.20 1.79 2.46
Den Helder 045 0.60 0.84 1.21 180 2.47
Bergen 0.13 0.29 0.52 0.87 142 204
Kristiansand 0.15 031 0.54 090 146 2.10
Esbjerg 038 053 077 114 171 237
Hamburg 041 056 0.80 1.16 1.74 2.39
Aarhus 0.30 0.45 0.69 1.05 162 2.27
Trondheim -0.12 0.04 0.27 0.61 115 1.76
Oslo -0.16 -0.01 0.22 0.57 112 1.75
Copenhagen 0.29 044 068 1.05 162 2.27
Karlskrona 024 039 063 099 157 221
Sundsvall -0.47 -0.32 -0.09 0.25 0.81 1.43
Stockholm -0.13 0.02 0.25 0.60 1.17 1.80
Gdansk 034 049 073 1.10 1.67 2.32
Tromse 0.04 0.19 043 075 130 1.91
Mariehamn -0.19 -0.04 0.19 054 111 1.75

Kaliningrad 033 049 073 109 167 231

Vaasa -0.52 -0.37 -0.14 0.21 0.77 1.39
Lulea -0.52 -0.37 -0.14 0.21 0.75 1.37
Riga 026 041 065 1.01 158 2.22
Tallinn 0.10 0.25 048 0.84 140 2.04
Helsinki 001 0.16 039 075 131 1.95
Oulu -0.49 -0.34 -0.11 024 0.79 141
St. Petersburg 0.21 0.36 0.59 0.95 1.51 2.13
Murmansk 0.04 020 043 077 133 1.95

shown in detail for individual cities in Fig. 3 and
Table 2. We estimate a longer high-end tail than
Kopp et al. (2014), with a 95th percentile of 1.6 m vs.
1.2 m at Copenhagen. This RSL discrepancy in the
high-end tail is smaller than that for GMSL because
uncertainty covariance between the AIS and GrIS
contributions becomes unimportant locally as the fin-
gerprint for GrlS is near zero. The median projection
is considerably higher than the mid-range/central
projections offered in the UKCP 2009 report (Lowe et
al. 2009), in Katsman et al. (2008). The ‘High++' sce-
nario (0.9 to 1.9 m) in UKCPO09 was regarded as very
unlikely (Lowe et al. 2009), but here, we estimate a
27 % chance of local sea level in London exceeding

93 cm under RCP8.5 (and a 3 % chance of exceeding
1.9 m). Similarly, we find that there is a 26 % chance
of exceeding the high-end local sea level rise sce-
nario constructed for the Netherlands by Katsman et
al. (2011) under RCP8.5.

To investigate the RSL budget in detail, we focus
on a single location (London), but the conclusions
hold for the entire region. We find that the dominant
uncertainty is the fate of Antarctica (see Table S2
in the Supplement, www.int-res.com/articles/suppl/
c064p015_supp.pdf), which explains 81 % of the vari-
ance in RSL. The steric and dynamic ocean response,
Fsui. (T + DSL), accounts for 7% of the variance in
RSL, and the GIA uncertainty accounts for 6 %. We
find that uncertainty covariance between terms
accounts for 3% of the variance in RSL, and thus is
much less important than for GMSL, where it
accounts for 29 %. This is primarily because finger-
printing reduces the importance of GrIS covariance.

Our framework for projecting RSL (Eq. 2) includes
the most important terms, but some processes that
are expected to have a minor impact have been
excluded in this formulation. We exclude the inverse
barometer effect (Church et al. 2013a), GIA accelera-
tion (Spada et al. 2014), the ocean response to fresh-
water hosing (Hu et al. 2011, Stammer et al. 2011,
Church et al. 2013a), and additional local sources of
vertical land movement (e.g. Jessen 1970, Kiden et
al. 2002, Hoogland et al. 2012), and we only partially
allow for uncertainty covariance. The projected con-
tribution from the inverse barometer effect is esti-
mated to be -1 to +2 cm in northern Europe (Church
et al. 2013a). GIA-induced sea level acceleration will
have a similarly small impact in the region. Spada et
al. (2014) model a GIA-induced sea level acceleration
in the Bay of Bothnia of up to 0.2 mm yr~! per century,
which integrated over a century amounts to 1 cm of
sea level rise above the constant trend. The magni-
tude of the dynamic ocean response to a freshwater
forcing is more uncertain. Freshwater fluxes arising
from a negative Greenland mass balance have been
shown to perturb the North Atlantic circulation and
thus induce changes in SSH (Hu et al. 2011, Stammer
etal. 2011, Church et al. 2013a), but this effect is gen-
erally not included in the CMIP5 DSL fields used in
this study. There are several potential sources of local
vertical land movement in addition to GIA that can
be significant. E.g. Hoogland et al. (2012) model sub-
sidence rates in the Netherlands of up to 8 mm yr!
resulting from peat soil compaction and oxidation.
Kiden et al. (2002) estimate tectonic subsidence in
the order of 0.1 mm yr! at the Belgian-Dutch North
Sea coast. Jessen (1970) suggests escape of under-
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ground gas during prospecting as the cause of 5 cm
subsidence around 1942 in Frederikshavn, Denmark.
Hu et al. (2011) found that a very large hosing flux
equivalent to 60 cm of global sea level rise resulted in
an additional global average steric contribution of
about 2 cm by the end of the 21st century, and had
little detectable influence on DSL in the North East
Atlantic shelf area. Stammer et al. (2011), however,
found that atmospheric feedbacks increase the hos-
ing response significantly in the North Atlantic, and
could amount to decimetres per century for realistic
melt water fluxes. We consider the potential for a
large fresh water response to be our largest unac-
counted for uncertainty, and suggest that it is investi-
gated in future model intercomparison projects.

Uncertainty covariance between terms broadens
the distribution and increases high-end sea level
projections. In this study, we allow for covariance
between GIC and T and between AIS and GrIS and
assume that uncertainties in DSL, GIA, LW, and the
fingerprints are independent. In other words, we do
not allow for uncertainty covariance between T and
AIS, as would be expected if ocean warming were a
key driver of marine ice sheet response. As a sensi-
tivity test, we impose maximum covariance between
all 5 terms in the GMSL budget (by sorting the Monte
Carlo sample) and find that this increases the 95th
percentile for both GMSL and London RSL by 0.3 m.

The expert elicitation of ice loss from Bamber &
Aspinall (2013) is independent of specific RCP sce-
narios, but rather is based on the individual experts
assessment of future climate change. The central esti-
mate of expected warming corresponded to a 6.4°C
warming at the North Pole and a 3.8°C warming at
the South Pole above pre-industrial values (with very
likely ranges of 1.2° to 13.1°C and 0.6° to 7.2°C
respectively). This is substantially less than the North
Polar warming of 14°C for RCP8.5 projected in the
CMIPS5 ensemble (and 6°C for the South Polar warm-
ing). Thus, the expert assessment corresponds to a
less intense scenario than RCP8.5, and yet allows for
a substantially faster ice loss than considered in ARS.

Our probabilistic RSL projections highlight how
mid-range or best-guess sea level scenarios are ill-
defined, and thus problematic to use in adaptation
planning. Mid-range scenarios could be taken to rep-
resent the mode in the uncertainty distribution, but it
could also correspond to the median or mean of the
distribution. However, the mode, the median, and the
mean all differ because of the asymmetric uncertain-
ties. For example, for London, we find that the
expected value of sea level rise is 18 cm greater than
the mode.

5. CONCLUSION

We present a framework for projecting 21st cen-
tury RSL rise including its uncertainty and apply it to
northern Europe under RCP8.5. To capture the risk
and potential rate of a collapse of marine-based sec-
tors of Antarctica, we combine AR5 projections with
the results from an ice-sheet expert elicitation. The
probabilistic RSL projections presented here are an
important step forward over mid-range and high-end
sea level scenarios because they enable users to
select protection levels in accordance with their risk
tolerance in local adaptation planning. Our median
21st century RSL rise projection is 80 cm near London
and Hamburg, and a RSL drop of 10 cm is projected
for the Bay of Bothnia (near Oulu, Finland). The
uncertainties are skewed toward higher values, with
the 95th percentile being characterized by 0.9 m
additional local sea level rise over the median esti-
mates. Consequently, the expected value of RSL is
0.1 m greater than the median estimate.

The dominant uncertainty in North European sea
level rise is associated with the fate of Antarctica, fol-
lowed by steric and GIA uncertainties. We show that
it is important to consider uncertainty covariance, as
it can increase the tail-risk of extreme sea level rise.
The long-tailed uncertainty implies that there is a
considerable risk that relative sea level rise will
exceed recent high-end scenarios (Katsman et al.
2011, Simpson et al. 2012, Spada et al. 2013).

Finally, sea level rise will continue for centuries
beyond 2100, and sea level rise over the 22nd cen-
tury is projected to exceed that of the 21st century
(Jevrejeva et al. 2012). This long-term aspect should
be considered in adaptation plans.
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