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Abstract. Climate change causes global mean sea level tdasis for coastal impact analysis and infrastructure planning

rise due to thermal expansion of seawater and loss of landor adaptation to climate change.

ice from mountain glaciers, ice caps and ice sheets. Locally.

sea level can strongly deviate from the global mean rise due

to changes in wind and ocean currents. In addition, gravita-

tional adjustments redistribute seawater away from shrink-1 Introduction

ing ice masses. However, the land ice contribution to sea

level rise (SLR) remains very challenging to model, and com-Since the IPCC Fourth Assessment Report (ARBih¢off

prehensive regional sea level projections, which include ap€t al, 2007, significant progress has been made toward un-

propriate gravitational adjustments, are still a nascent fieldderstanding current sea level rise (SLR), in particular with

(Katsman et aJ2011; Slangen et a]2011). Here, we present  the closure of the sea level budget over the last four decades

an alternative approach to derive regional sea level changehurch et al. 2011). However, projections of future SLR

for a range of emission and land ice melt scenarios, combinare still very uncertainlfowe and Gregory201Q Rahm-

ing probabilistic forecasts of a simple climate model (MAG- storf, 2010. Current coupled model projections can reason-

ICC6) with the new CMIP5 general circulation models. ably simulate ocean thermal expansion and the retreat of
The contribution from ice sheets varies considerably de-mountain glaciers and ice caps (MGIC). The evolution of the

pending on the assumptions for the ice sheet projections, angreenland and Antarctic ice sheets (GIS and AlS), however,

thus represents sizeable uncertainties for future sea level risés much less understootigwe and Gregory2010, mostly

However, several consistent and robust patterns emerge froiue to an incomplete representation of ice—ocean interactions

our analysis: at low latitudes, especially in the Indian Ocean(Murray et al, 2010 Straneo et a).201Q Pritchard et al.

and Western Pacific, sea level will likely rise more than the 2012 Hellmer et al, 2012 in ice sheet models.

global mean (mostly by 10—20 %). Around the northeastern At the regional level, changes in ocean dynamics and den-

Atlantic and the northeastern Pacific coasts, sea level wilSity structure due to water temperature and salinity changes

rise less than the global average or, in some rare cases, evépo-called steric changes) have sizeable effectsderer

fall. In the northwestern Atlantic, along the American coast, a€t al, 2007 Pardaens et al201Q Yin et al, 2009 2010.

strong dynamic sea level rise is counteracted by gravitational he projected regional distribution of steric SLR is highly

depression due to Greenland ice melt; whether sea level wilnon-uniform, and deviations from the global SLR can be

be above- or below-average will depend on the relative consimilar in magnitude as the global thermal expansiim (

tribution of these two factors. Our regional sea level projec-€t al, 2009. The simulated spatial SLR patterns and ampli-

tions and the diagnosed uncertainties provide an improvedudes vary considerably across the range of general circula-
tion models (GCMs)Rardaens et al2010. In addition to
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ocean dynamic changes, the melting and dynamic discharg2 Methods

of continental ice is accompanied by an instantaneous adjust-

ment of the Earth’s gravity field that causes water to migrateWWe use the reduced complexity carbon cycle—climate model

away from dwindling ice masse§4rrell and Clark197§.  MAGICC6 (Meinshausen et al201]) to constrain projec-

The Earth’s shape and rotation vector are also affected antions of hemispheric land and ocean temperatures and ocean

further modulate the pattern of sea level changes. The reheat uptake by their historical observatiodghan et al.

gional SLR from ice melt hence depends on the spatial dis2006 Domingues 2008, taking into account the range of

tribution of anticipated ice mass lossdzafrell and Clark ~ uncertainties in natural and anthropogenic radiative forcing

1976 Mitrovica et al, 2001 Bamber and Riva2010). of the climate system as described Meinshausen et al.
The number and complexity of the processes that influencé2009. The projections are based on the new RCP sce-

regional SLR make it challenging to approach the problem innarios as used in the fifth IPCC report to cover a broad

a comprehensive and consistent manner. In particular, graw@nge of future emissions. RCP 8.5 is comparable with A1FI

itational patterns were long absent from syntheses such af§om IPCC AR4, while RCP 4.5 and RCP 6.0 resemble B1

the IPCC reports, and have received more attention only reand A1B, respectivelyoss et al. 2010.

cently for projections Katsman et a).2008 2011 Slangen Our general approach is to use probabilistic projections

etal, 2017). of the global mean contribution of each SLR component
Here, we present global estimates of regional SLR toward40 scale the associated spatial patterns (the so-called “fin-

the end of the 21st century, using the new Representativ@erprints”). More specifically, we operate in a Monte Carlo

Concentration Pathways (chs) as climate scenaMosi framework to combine all uncertainties as described below.

et al, 2010. We have designed our method to be flexible The interpretation of our uncertainty estimates is discussed

with respect to the emission scenarios, and to propagate urid details in Sect2.4

certainties from emissions to regional sea level projections. )

Traditional analyses of model ensembles for the Special Re2-1  Steric sea level

port on Emissions Scenarios (SRES) climate scendgias{

gen et al, 2017 rely on a rather small “ensemble of op- In our projections, we distinguish between global mean ther-

ortunities” orovided by GCMs. In contrast. our regional mal expansion and the dynamic redistribution of sea level
P P y ' ' 9 faround the mean, as they can have different driving mech-

sea level projections are driven by Bayesian projections O nisms. While global mean thermal expansion is the direct
global mean temperature and ocean heat uptake from a sim-

ple climate model, followed by scaling these with regional result of net ocean heat uptake, dynamic sea level is a dy-

“fingerprints” that are derived from the GCMs (see Methods namic ba}lance between winds, currents aqd internal den-
section). sity gradients. We therefore separately project both quan-

The motivation is two-fold. First, we want to be able to tities, but our regional steric-dynamic sea level projections

. . . are the sum of global mean thermal expansion and dynamic
answer policy-relevant questions such as how regional sea . . . .

. . - Sea level changes. As explained in the following sections, we
level rise may vary between different emission or tempera-

. i . . . analysed data of the Coupled Model Intercomparison Project
ture scenarios, even for intermediate scenarios which hav?’hase 5 (CMIP5; based on data availability at the time of

not been simulated by GCMs. Second, we aim at Improvmgwriting) archive {Taylor et al, 2012 to derive scaling rela-

o o mest syt ooy JoNSpS SUbsequenty used wih MAGICCS's outpu. We
b P Y Cleat all GCMs as equally likely (see Table S1 in the Sup-

mate sensitivity, ocean mixing _and radiative fgrcmg) are bet_glement for a summary of the 22 GCMs used).
ter represented with observationally constrained ensemble o X : . .
In addition to purely physical air-sea forcing (e.g. wind

of a simple climate model than with only a handful of GCMs, stress, heat and freshwater fluxeBo(ttes et al. 2012,

and are also much faster to rualien et al, 2003 Mein- many technical choices influence the evolution of sea level

shausen et aIZOQE). On Fhe other hand, GCMs_are the only in ocean modelgGriffies and Greatbat¢l2012. CMIP3 and
tools to explore interactions between many climate compo- . . . ;

) CMIP5 GCMs use a variety of different configurations and
nents at regional or even local scales. Therefore, we effec-

X TR : . “parameterizations for their ocean model components, such
tively decouple uncertainties in the magnitude of warming

o S as Boussinesq or non-Boussinesq formulations, real surface
and in internal physics, in order to better span the overall

uncertainty ranae. Such an aporoach has been Successfulﬁreshwaterorvirtual salt fluxes, or different mixing schemes,
y range. P Vertical coordinates and resolutioM¥iinsch et al.2007 Yin

applied to project regional air temperature and prempltatlonet al, 2010. The resulting uncertainties are difficult to quan-

pased on global mean temperatuFeigler et al, 2013.’ or tify in detail due to the computational cost of integrating the
ice sheet surface mass balance from global mean air temper- : . :
models, but they certainly contribute to the spread in the pro-

ature (Gregory and Huybrecht@00§ Meeh et al, 20073, jections. Our ensemble approach aims at synthesizing both

Th'.s paper mtends_ to extend the concept to projections O{(inds of uncertainties: in the forcing and in these different
regional sea level rise. . .
implementations.
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Fig. 1. Left panel: global mean thermal expansion vs. ocean heat content anomaly with CMIP5 GCMs (reference period: 1980-1999) for
the 2000—-2100 period under the RCP 4.5 scenario (except for MIROC-ESM whose RCP 6.0 scenario is shown); right panel: corresponding
regression coefficients (vertical bars) with their empirical frequency distribution and the fitted Gaussian distribution (28 .Sect.

For each emission scenario, we evaluate the relationship The scaling coefficients vary slightly among models,
between ocean heat content changes and global mean thernrabst likely because of different depths of heat penetra-
expansion, or between temperature changes and dynamic séan into the ocean and differences in the background cli-
level by linear regression. In this way, we effectively normal- matological temperature and salinity. We then fit a Gaus-
ize the sea level change by the associated forcing or physicalian distribution to the derived sample of scaling coef-
process, thus enabling scenario-independent sea level chanfieients (Fig. 1, right panel), thereby assuming that the
projections (provided, of course, that the relationships are tspread in the sample is random (a Lilliefors normal-

first order linear — see discussion below). ity test with the 18 GCM scaling coefficients confirms
_ that the sample could derive from a normal distribution).
2.1.1 Global mean thermal expansion The distribution has a mean of 1.¥21002°mJ! and a

, _ _standard deviation of 0.1010°2°mJ1. As a verifica-
The global mean ocean heat uptake is well simulated with;on, \ve performed the same analysis with CMIP3 mod-
the MAGICC6 model Meinshausen et 312011 2009. In g5 (not shown) and obtained a very similar distribution of
order to project global mean thermal expansion, we make; 109y 10-25m JF1+0.12x 10-25m J-1 (we excluded one
use of the quasi-linear relationship between global means;cpm cccMA CGCM 3.1 T47. which had an unrealisti-
ocean heat content anomaly and thermal expansion as di%‘ally Fligh scaling coefficient of 1’.81 1075 mJ ).

played in GCMs (Fig1, left p_anel). Wg analysed data fro_m Observation-based estimates of the scaling typically range
18 GCMs of the CMIP5 archive for which thermal expansion 1 3_1 6. 10-25m J1. which is larger than the GCM-based

data was available (Table S1 in the Supplement; out of a total. , o fficient Domingues 2008. The difference can most

of 22 GCMs) to derive the linear scaling coefficients, basedjjyq|y pe reconciled considering the fact that the observa-
on linear regressions over the 2000-2100 period under thg,na| estimates are based on the 0 to 700m layer only.
RCP 4.5 scenario, considering anomalies with respect to thgareas our study takes into account the entire depth range
1980-1999 average. . . . (the seawater expansivity is pressure dependent, decreasing
_We Chec"?d that the scaling coefficients are scenarioyith gepth). The Gaussian distribution for the scaling param-
independent: in all RCP scenarios, thermal expansion CaRyer s then used in combination with probabilistic MAG-
be computed from ocean heat content anomalies using scalccg results for ocean heat uptake, a quantity which MAG-
ing coefficients derived from the RCP 4.5 scenario (Table 1;ccg can closely emulatéleinshausen et al2011, 2009).

and Fig. S1 in the Supplement). Only for the MIROC-ESM  \5t6 that in our analysis, top of atmosphere radiative im-
model, the RCP 6.0 scenario was used instead of RCP 4.3,513nc6 was used as a proxy for ocean heat uptake (after re-
because the latter scenario leads to an anomalously high scglsgy 4 of a residual imbalance using the pre-industrial con-
ing coefficient (this choice has negligible impacts on the re-| ryn). Although in the real world a fraction of the heat
sults). The corresponding prediction errors averaged aCros§ained by Earth as a whole goes into land and ice, land and
all models are 4, 0, 0 ane-3% for the RCPs 3PD, 4.5, jce heat uptake components are either non-existent or min-

6.0 and 8.5, respectively (Taklg(calculated for each model ;.41 in GCMs. In MAGICCS, only the ocean has thermal
and scenario as scaled projection minus direct projection, and

normalized by the direct projection).
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Table 1. Global statistics for the steric-dynamic contribution. The table indicates for each model, and for each RCP scenario, the global mean temperature change Aoo_cm: name:
“GMT") and global mean thermal expansion (“TSL") as projected by CMIP5 models, as well as the prediction errors (in %) of scaling-based global mean thermal expansion (&'SLe”)
and dynamic sea level changes (“DYNe”) (see Methods). The projections are calculated between the 1980-1999 and 2090-2999 periods. The prediction errors indicate thedifference
between scaled projection and direct model projection, and are then normalized by direct model projection. In order to aggregate local statistics for dynamic sea level osma@mm into a
global number, we average the absolute values of the percentage errors, using appropriate area-weighting. Moreover, we only use the grid cells where local dynamic sea _9@. change is
greater than 5 cm, which are of greater interest, and which avoids division by zero. The mean of each column is also shown, as well as diagnostics for the multi-model mean §o_moﬁ_o:m

and for the multi-model standard deviation, to indicate the skills of ensemble projections. Missing values correspond to missing simulations in CMIP5. s
e
Scenarios RCP 3PD RCP 4.5 RCP 6.0 RCP 8.5 %
Model code GMT TSL TSLe DYNe GMT TSL TSLe DYNe GMT TSL TSLe DYNe GMT TSL TSLe DYNe M
(°C) (m (%) (%) (C) (m) (%) (%) (C) (m) (%) (%) (C) (m) (%)
BCC-CSM1.1 1.1 12 1 36 1.7 17 -1 32 2.3 19 -1 14 3.8 27 —4 21
BCC-CSM1.1 (m) 1.0 57 1.7 17 -1 34 2.2 22 3.7 22
CanESM2 1.7 16 3 35 2.5 21 2 26 4.9 32 -1 21
CNRM-CM5 1.2 11 3 39 2.1 14 2 16 3.9 22 =2 22
CSIRO-Mk3.6.0 1.6 17 3 36 24 21 1 25 2.7 21 1 18 4.4 30 -1 20
FGOALS-s2 0.9 67 1.7 49 3.2 29 5.3 34
GFDL-ESM2G 0.5 74 1.2 36 1.8 22 3.2 31
GFDL-ESM2M 0.8 51 1.3 33 1.9 19 3.0 24
GISS-E2-R 0.6 56 1.4 26 1.8 15 2.8 24
HadGEM2-CC 2.5 18 1 51 27 -1
HadGEM2-ES 1.6 14 2 55 2.7 18 1 27 3.3 20 -1 24 5.0 27 -3 28
INM-CM4 1.3 17 1 2.9 26 -8
IPSL-CM5A-LR 1.4 12 13 55 2.4 18 3 26 29 19 1 21 5.0 29 —6 24
IPSL-CM5A-MR 1.2 13 9 41 2.4 19 3 21 4.8 31 -5 22
MIROC5 1.2 18 3 47 1.9 21 1 24 2.2 22 1 13 3.7 30 1 25
MIROC-ESM 1.7 19 0 39 25 25 -13 29 3.1 25 0 11 4.9 36 -1 23
MIROC-ESM-CHEM 1.7 19 2 51 2.6 24 -1 30 3.2 26 -1 18 53 37 -3 21 ™
MPI-ESM-LR 0.9 14 8 47 1.7 21 1 26 3.9 31 -5 25 m
MPI-ESM-MR 0.9 14 6 52 1.9 19 1 27 3.9 30 -4 26 N
MRI-CGCM3 1.0 10 3 47 1.7 14 -1 25 2.0 15 0 25 3.5 23 -3 28 m_u,
NorESM1-M 0.9 16 2 51 1.8 20 2 25 2.1 21 2 15 35 31 2 22 H__
NorESM1-ME 1.1 15 2 49 1.8 20 2 31 2.2 21 2 25 3.7 30 1 24 <
Column-wise mean 1.2 15 4 49 2.0 19 0 28 25 21 0 19 4.1 29-3 24 m.,
Multi-model mean 1.2 15 4 32 2.0 19 -1 19 2.5 21 1 11 4.1 30 -3 11 W
Multi-model s.d. 0.4 3 —7 47 0.4 3 -2 27 0.6 3 8 13 0.8 4 1 15 w
2
9]
=
@
w
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inertia, making ocean heat uptake and top of atmosphere imef the multi-model mean between temperature-based scaling

balance de facto equal. and direct projections, over a temperature range which varies
by a factor of 4, and despite the above-mentioned shortcom-
2.1.2 Dynamic sea level changes ings, supports the use of the regression technique to project

century scale, regional dynamic sea level changes in an en-
Regional variations of sea level due to ocean density and cirsemble context, as a first-order approximation.
culation changes are derived from 20 GCMs from the CMIP5 In the rest of the manuscript, all 20 “dynamic finger-
archive, for which all of the RCP 3PD, RCP 4.5 and RCP 8.5prints” are used in combination with MAGICC6 temperature
simulations were available (Table S1 in the Supplement). Foprojections.
each GCM, a spatial pattern of SLR is derived by linear re-
gression of dynamic sea level changes against global mea2 Mountain glaciers and ice caps
temperature (GMT). The regression is performed for each
model with all available RCP scenarios as one single data se?,‘z'1 Global mean melt
over'the 2000-2100 per|.od, using yearly temperature and dy"I'he mountain glaciers and ice caps (MGIC) contribution (ex-
namic sea level anomalies relative to 1980-1999 as the reféluding those near the ice sheets) is computed M@ehl
erence period. The patterns of sc_aling coefficients are the%t al. (20073, itself based oWigley and Rape(2005. It
zimﬁ:gde;iﬂdggll\)/l/ S;Sasrsn Z](;uz\l@':ﬁg; )G§nl\g r?quljslt(iagrizldeb(sséssumes a global surface mass balance sensitivity, such that
MAGICC6's GMT projections under the RCP scenarios. Thethe rate of glacier’s ice loss is proportional to a change in

d q . it indicated in the S GMT, T as compared to pre-industrial equilibriufy. It also
regressed ocean dynamic palterns are indicated in theé SUR ., nts for a decrease in global surface mass balance sen-
plement in Fig. S2 in the Supplement.

. ) ) sitivity as the global glacier area decreases, assuming global
The relationship between temperature and dynamic se y g g 99

- L . olume vs. area scalind\(igley and Raper2005:
level changes is illustrated in Fig.in the New York City ume v Ing\igley pe &
region. In that region, decadal changes of temperature an@Vg V)"

. t =0, (T =Tp) |1-— ), (1)
dynamic sea level are correlated with an average coeffi- dr

. 2 — . . .
cient7“=0.56 (i.e., more than half of the variance is ex- \ pare), s the present (1961-2004 average) global surface

plained by a linear regression). Both the magnitude of themass balance sensitivity and V, are the projected and

prOjec':ed s%a :ea/el chgnge Zn? the ?k'” of the r.e%r_essmnharEresent global glacier volumes (in sea level equivalent) re-
strongly model-dependent. A closer inspection indicates tha pectively, and: is the scaling coefficient between global

at this location, most models with a strong dynamic S'gnalglacier area and volume, equal to 1.648igley and Raper

(e.9. GFDL models, MPI models and CSIRO-Mk3.6.0) SUp- 5005 other parameter values and their uncertainty ranges
porta linear relationship between dynamic sea level changeg,o jngicated in Table. These are systematically sampled

and global mean tedmpe(;ature, evendthough othgr GCMS&S part of our Monte Carlo approach, and randomly com-
(e.g. FGQALS'SZ an !—la _GEMZ'ES) 0 not. In Ha GE_MZ' bined with MAGICC6 projections of global mean tempera-
ES, multi-decadal oscillations seem to dominate the S|gnalture change

likely related to an instability of the subpolar gyre in that The global surface mass balance sensitivjtand the ex-

model. - . . . ponentn are the same as in the IPCC ARKIdehl et al,
The pr(_ad|ct|on Sk.'" of_the_ scalmg_ approa_c_h is shown 20073, while the total glacier volumé/, is taken from a
along various coastlines in Fi@, and is quantified on the more recent estimat&@dic and Hock2013). 7, is chosen

global domain in Tablc_éL Corresponding maps are shown consistently with Eq.2) (see Sect2.3.2 and yields a 1961—
in the Supplement (Figs. S3 and S4 in the Supplement),ga yrangof 0.43-0.12 mmyr, close to IPCC AR4's es-

The scaling-based dyngmic sea level rise projections (i.e. reg . (Lemke et al, 2007 (0.43+0.15 mmyr?). We did
gressed pattern multiplied by global mean temperature prog, attempt to tund, with more up-to-date observational

lleCt'(;m from e?ch Rrré%jzl)oare dCIIR?(SZIi té)sthe dlre_ctly i'g]u aata, since sensitivity tests showed that projections by 2100
ated patterns for Lan -5 scenarios (19 an re relatively insensitive to the precise specification.

0, i I . ) A
24% error in average, respectively; Tati)e However, the In order to account for mountain glaciers present at the
error is larger for mitigation scenarios such as RCP 3PD

4 RCP 45. wh h q . d by 49 rg%argin of the two main ice sheets, we add, on top of MGIC
an -, where changes are underestimated by 49 angy iy tion calculated from Eql), another +21 % to the

28%, respectively, in average. This indicates that dynamica s ctic peninsula and +4 % to Greenland, based on a recent
sea levels continue to adjust to climate change even Whanodel projectionRadic and Hock2011)

global temperatures have stabilized. When the multi-mode

mean is considered, the error against direct model projec2.2.2 Spatial distribution of MGIC melt

tions is reduced by 8-17% in all scenarios, but the inter-

model spread is still slightly underestimated in RCP 3PD The spatial pattern of sea level rise induced by MGIC melt
and RCP 4.5 (Tablg; Fig. 3). The generally good agreement depends on the spatial distribution of the melt sources, and

o
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Fig. 2. Scatter plot of dynamic sea level change for New York City against the global mean surface air temperature anomaly (with respect
to a 1980-1999 reference period; marker are 10-yr averages). The data represent the historical period (light blue crosses) and the fou
RCP scenarios (see legend). Stabilization periods (after 2100) are indicated with green crosses. During the stabilization period, the linear
relationship between dynamic sea level change and global mean temperature is less robust, but this does not affect our projections towards th
end of the 21st century. The dotted line is the linear regression over 2000—2100 based on all combined RCP scenarios, using yearly values
Ther? score is also indicated on each panel, calculated from decadal averages between 2000 and 2100 (about 40 data points if all RCPs ar
available). The data are retrieved as the closest model grid cell from the geographical coordinatés, [48.5 W].

on the corresponding gravitational self-attraction and load-differentiated 21st century model projectioRadic and
ing effects Gordeev et a.1977. We account for gravita- Hock, 2011, thereafter RH11). We therefore created a MGIC
tional effects by solving the sea level equation with the samegravitational “fingerprint”, which describes the regional sea
model asBamber and Rivg2010. This approach includes level deviations in percent from the global mean MGIC con-
self-gravitation, changes in Earth rotation, shoreline migra-tribution. The fingerprint is then scaled by the global MGIC
tion and elastic crustal uplift. contribution as calculated from EdL)(

Our MGIC model (Eqg.l) only describes a global MGIC Our fingerprint aggregates the effect of glacier melt in
melt volume. To solve the sea level equation, we assume 42 world regions, including the Antarctic Peninsula. The lat-
fixed spatial melt distribution based on a recent regionallyter accounts for the entire Antarctic MGIC projections from

Earth Syst. Dynam., 4, 1129, 2013 www.earth-syst-dynam.net/4/11/2013/
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Table 2. Summary of uncertainty components accounted for in the Monte Carlo scheme. All uncertainties are combined using Monte Carlo
sampling of the parameter distributions and model ensembles (10 000 samples). When not indicated otherwise, the ranged mdicate
SMB stands for surface mass balance.

Component Description Range

Temperature and ocean heat uptake  MAGICC ensemble (Bayesian approach) 600 model versions (K and J, respectively)

Global mean thermal expansion Scaling vs. ocean heat uptake +112 1023 mm J-1

Dynamic sea level GCM spatial “fingerprints” 20 fingerprints (mm]K

Global mean MGIC (Eql) Global SMB sensitivitybg 0.8£0.2mmyrik-1

- Total volumeVj 410+ 30mm

- Pre-industrial temperatufg) (ref. 1951-1980) —0.43+£0.05K

Ice sheets: semi-empirical (E2)  Sea level sensitivity a 560.4mmyrik—1

- Fast response terin —66+16 mmK1

- Pre-industrial temperatufg) (ref. 1951-1980) —0.43+£0.05K

- AIS/GIS partition 1/3-2/3 (uniform)

Ice sheets: IPCC AR4+ Polynomial fit between temperature and GIS SMB 72 polynomial fits (rhiay+)
RCP 3PD RCP 4.5 RCP 6.0 RCP 85

Direct:Proje:ction— :

--MEAN

Sea-level rise (m)

60 -30 0 30 60 -60 -30 0O 30 60 -60 -30 O 30 60 -60 -30 O 30 60
Latitude (°N) Latitude (°N) Latitude (°N) atitude (°N)

-

Fig. 3. Comparison between direct (black lines with grey shading) and scaled (green, solid lines with dashed envelope) dynamic sea level
projections along coastlines (see explanations for the coastlines in the legend ®f Figthe RCP scenarios 3PD, 4.5, 6.0 and 8.5 (from

left to right panels). Solid lines indicate multi-model mean of the projections and the envelopes represent one standard deviation. The circles
represent locations first introduced in F8).Note that the scaled projections are always based on the same regression pattern derived from
all combined RCP scenarios. The projections are between 1980-1999 and 2090-2099 averages.

RH11, ignoring potential contributions from around the mar-  We then test the sensitivity of our MGIC fingerprint to the
gins of the East Antarctic, where temperatures are expectedistribution of MGIC mass loss. For that purpose, we com-
to remain cold during the projection period. Note that we dopare regional estimates of present-day MGIC melt (based
not model the 7 regions of RH11 that are projected to individ-on a synthesis fronBamber and Rivg2010, except for
ually cause less than 1 mm SLR by 2100, together accountingsian high mountains, which is based dacob et al(2012)

for about 1% of the total MGIC contribution. An overview with simulated MGIC loss from RH11 (Figla), and com-

of the MGIC regions retained to derive the fingerprint can bepute the corresponding gravitational fingerprints (Fb.
found in Fig.4a. and c). In addition to the 21st century projections, from
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T in these regions if the current rate is accurate and sustained
RH11: 1961-2000 (0.52 mm/yr) . . . .
I OBS: 2000-2008 (0.69 mmiyr) | (due to the underestimated gravitational effects, which cause
N RH11: 2000-2100 (1.19 mm/yr) . .. . .
sea level to drop in the proximity of melting ice masses)

(Fig. 4b and c). On the other hand, Arctic glaciers have large
projected contributions to SLR, whereas both current obser-
vations Bamber and Riva201Q and references therein) and
simulations of the past 1960—2000 period (RH11) indicate no
significant contribution to global SLR (Figa). We interpret

0251

0.21

0.15F

mm/yr

0.1

0.051

O Amtarcica  Arclic Canada AsiaHM  losland  Severnaya Zemlya the latter as a robust indication of a likely increasing contri-
Pat: ia Svalbard N Zeml . . . . . .
Wk W oeane Svalbard  Movaya Zemiya bution from MGIC in northe_rn high-latitude regions during
the 21st century, which motivated us to use projected rather
(a) Regional MGIC melt: observed and simulated than present-day mass loss patterns to generate the 21st cen-

tury MGIC fingerprint (Fig.4b).
2.3 Ice sheets

The potentially large, but uncertain.dwe and Gregory
2010 Rahmstorf 2010 contributions by the two big ice
sheets (on Greenland and Antarctica) warrants applying a
range of approaches. Here we intend to reflect two categories
of projections most commonly found in the literature, namely
60 120 180 240 300 “process-based” projections like thpse of Fhe Iast. IPC_:C re-
Longitude port (Meehl et al, 2007H, and semi-empirical projections
(Rahmstorf2007). These two approaches translate into a low
(b) MGIC fingerprint: after RH11 model projections and a h|gh SLR scenario.

Latitude
Sea-level fingerprint

N~ O 0 N A~ O 0

coocoorPrRPPRE

2.3.1 IPCC AR4" (Low)

Our low estimate of ice sheet wastage assumes IPCC AR4-
like SLR contributions (referred to as IPCC AR{where
only Greenland’s surface mass balance contributes to the
global mean SLRNleehl et al, 20073.

We randomly combined our 600 MAGICC6 GMT projec-
tions with 72 polynomial fits of GIS’s surface mass bal-
ance as a function of GMT chang@regory and Huybrechts
2006. The polynomials were derived for the AR4 using var-
ious global and regional GCM simulations with a degree-day
(c) MGIC fingerprint: after present-day observations surface mass balance model.

In the AR4, it was assumed that Antarctica could also gain
mass under global warming conditions, due to an acceler-

Latitude
Sea-level fingerprint

N B~ O 0 N~

coocoorPrRERPE

60 120 180 240 300
Longitude

Fig. 4. (a) MGIC contribution to SLR as simulated for the past
1961-2000 period (RH11) (light blue), observed over the recent

2000-2008 period (see text) (green) and projected over the 2Oooz_atnon of the hydrological cycle and increased precipitation

2100 period (RH11) (dark bluejb, ¢) Corresponding MGIC grav- onto the ice sheet. At that t|me,_proces_s-based models were
itational fingerprints computed aftép) RH11 model projections ~Unable to represent ice—ocean interactions, although ocean-
(the fingerprint used in this study) aid) observations. The thick induced basal melting is thought to be a major driver of
black line indicates the global mean sea level change. Gray areagresent Rritchard et al.2012 and future KHellmer et al,
indicate a sea level fall. 2012 changes. Considering these missing processes, and
given recent observationRignot et al, 2011) and modeling
results Winkelmann et al.2012, we posit that a net mass

hich derived . . | h h gain of the AIS appears unlikely and we thus set the lower
which we derived our MGIC fingerprint, we also show the |, tor the AIS contribution in the 21st century to zero.

results of an hindcast of the 1960-2000 period from the same range of 0.6-4.5cm has recently been proposed for
RH11 model (Figd4a) (RH11 data were obtained from their g dynamic contribution to SLR by 2100, based on a 3-

Table .36)' . . D ice sheet modelRrice et al. 2011). We acknowledge this
Projected losses in RH11 for the Rocky Mountains and

Western Canada are much less than present-day estimates lavailable for download 4tttp://www.met.rdg.ac.ukfjonathan/
(Fig. 4a), meaning possible overestimation of sea level risedata/ardice_sheetsmb.html
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contribution, but the dependency on temperature for the upthe temperature anomaly relative to a pre-industrial equilib-
per part of the range is unclear, and the lower bound 0.6 cm isium T,,. An additional term proportional to the derivative of
not significantly different from zero when put in the context global mean temperaturel'dd: captures the rapid response
of total SLR. Other attempts to model GIS dynamic contri- of sea level to temperature variations, related to mixed-layer
butions Graversen et gl201Q Seddik et al. 2012 make  dynamics. Therefore:
use of artificial sliding enhancement at the base of the ice—

bedrock interface. These can lead to large dynamic ice sheéi_H —a(T —T,) + bd_T
contributions (e.g. 13 cm iBeddik et al.2012 but it is un- dr ? dr’
clear whether such a forcing can be physically justified based

on our current understanding of GIS dynamics. We thereforeWherea andb are regression coefficients (see TaBléor

decided not to include any GIS dynamic contribution in our p_aramet_er values and thg|r uncertainty ranges). Seg_ level
u . time seriesChurch and White2006 are corrected for artifi-
low “process-based” estimate.

cial reservoir impoundment (building of damgHao et al.
2008 and ground-water miningKpnikow, 2011 before
the regression, so that we only account for climate-induced
changes in sea level.

The statistical approach is detailed Rahmstorf et al.
(2011, which accounts for autocorrelation in the residual

T time series and the correlation between model parameters.
variations of observed global mean sea level and GMT. Th . . .
o : ere, we further inflate the projected uncertainty range by
GIS and AIS projections are then taken as the residual from ,
. - o i : a factor of two to account for errors other than formal fit-
the semi-empirical total SLR projections minus the steric and

the MGIC contributions. Given the large uncertainties, we as-tmg of the model, such as data error and model choice. Fur-

T o thermore, we do not extrapolate future groundwater pumping
sume a simplified partitioning between GIS and AIS by vary- _ . . .
ing the GIS/AIS loss ratio uniformly between 1/3 and 2/3 as is done irRahmstorf et al(2011. Note that our projec

(Table2). This is roughly consistent with recentobservationst!Ons up'to 2100 are consistent with semi-empirical projec-
(Bamber and Riva201Q Rignot et al, 2011, and tums out tions calibrated with proxy data from the past 1000Keihp

not to be critical for projected low- to mid-latitude SLR (see etal, 2011, Rahmstorf et a]. 2011 Schaeffer et al2012).

Sect.4.1below). 233
Semi-empirical methods are based on simple physical con-

siderations and exploit a relationship between global meanrne AlS and GIS regional fingerprints (Fifc and d) are
sea level and surface temperature (or radiative forcing) in thg)ptained similarly to the MGIC fingerprint (see Sez2.2,
observational record to project future SLBrinsted etal. byt accounting for the present-day distribution of mass loss
2009 Rahmstorf 2007, Vermeer and Rahmstor2009. A a5 observed from satellite84mber and Riva2010. This
caveat in their application is that the semi-empirical rela- spatial distribution of the mass loss region might change in
tionship between temperature and sea level variations is calithe future, but the influence on sea level patterns is only im-
brated over a relatively narrow range of global mean temperyortant in the very near-field of an ice sheet{000 km), and
ature variation compared to the projected warming by 2100s negligible further away for all practical purposes (Fig. 3 in

(Lowe and Gregory2010. In particular, we note that during  Bamper and Riva201Q Farrell and Clark1976.
the calibration period, the ice sheets’ contribution was small

compared to thermal expansion and MGIC melt. However, in2. 4 Uncertainty characterization
the absence of robust physical models that can reliably and
explicitly simulate ice sheet response to warming based orOur scaling approach is designed to provide an uncertainty
first principles, semi-empirical methods still provide a useful, estimate of future regional sea level changes, combining the
plausible alternative estimatBéhmstorf2010. An illustra- uncertainties attached to each individual component. Table
tion for this is the suggested “most-likely” starting point of summarizes uncertainty ranges which were sampled in our
0.8 m for 21st century SLR frorfeffer et al.(2008, based  Monte Carlo approach. For the global mean SLR projec-
on extrapolation of present trends and glacio-dynamical contions, they include uncertainties in global temperature and
straints. This value is in reasonable agreement with semiocean heat uptake projections (MAGICCSB), in the scaling co-
empirical projections (see Se&.1). More in-depth discus- efficient from ocean heat uptake to global mean thermal ex-
sion and robustness tests can be fountRahmstorf et al.  pansion (CMIP5 GCMs), in MGIC parameters of E#)), (in
(2011. semi-empirical model coefficients (modified after literature)
Global mean sea level projections are computed afterand in polynomial coefficients to derive GIS surface mass
Rahmstorf et al(2011), which is a slightly modified version balance from global mean temperature (IPCC AR4). For the
of the Vermeer and Rahmsto(2009 model, where the rate regional patterns, uncertainties are quantified by the set of
of sea level changeH/d: is assumed to be proportional to 20 “dynamic fingerprints” derived from CMIP5 GCMs — the

@)

2.3.2 Semi-empirical (High)

Our high estimate is a “top-down” approach, where global
SLR projections are computed directly using a semi-
empirical model Rahmstorf et a).2011) calibrated with past

Ice sheet gravitational signature
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Table 3. Global mean projected contributions between 1980-1999 and 2090-2099 periods. Brackets indicate the “likely” range (roughly
the 16th and 84th percentiles). The unit is centimetre or degree Celsius. All numbers are rounded. Note that mountain glaciers and ice caps
(MGIC) include those present at Greenland margins and on the Antarctic Peninsula.

Scenario Ice sheet case Thermal MGIC (cm) GIS (cm) AIS (cm) Total (cm) Global mean
expansion (cm) temperatureQ)

RCP 3-PD IPCC AR% 16 (11, 23) 12(9,16) 2(1,3) 0(0, 0) 30 (24, 39) 1.1(0.8,1.4)
Semi-empirical 22 (14,3%4) 23(14,34F 75(59, 94)

RCP 4.5 IPCC AR# 22 (15, 31) 14 (10,18) 3(2,4) 0 (0, 0) 39 (31, 49) 2.0(1.6,2.5)
Semi-empirical 24 (13,38) 24(14,39F 86 (66,111)

RCP 6.0 IPCC AR# 24 (16, 33) 14(10,19) 3(2,4) 0 (0, 0) 42 (33,52) 2.6 (2.1,3.3)
Semi-empirical 23(12,37) 23(12,37f 86(66,110)

RCP 8.5 IPCC ARZ 33 (22, 45) 17 (13,23) 4(3,8) 0 (0, 0) 56 (44, 70) 4.3 (3.5, 5.5)
Semi-empirical 27 (12,48) 27 (12,48F 106 (78,143)

* indicate that ice sheet contributions are obtained from the semi-empirical approach (see main text)

a. Ocean Dynamics (median) b. Glaciers c. Greenland Ice Sheet d. Antarctic Ice Sheet

Sea-level fingerprint

Ocean dynamics pattern (cm / K)
1
Shobibonvrom

60 120 180 240 300 60 120 180 240 300 60 120 180 240 300 60 120 180 240 300
Longitude Longitude Longitude Longitude

Fig. 5. (a)Sea level fingerprints for ocean dynamics (medidn) mountain glaciers and ice cagfs) GIS and(d) AIS, expressed in unit of

regional sea level rise per unit of global mean temperature ch@yge global mean contribution of the source used for scalrgl). Note

that only the median of the 20 temperature-dependent ocean dynamic anomaly patterns is gagwAlliof the 20 patterns, as derived

from CMIP5 GCMs, are shown in Fig. S2 in the Supplement. The ocean dynamic patfajisiscaled by temperature projections and then

added to the global mean thermal expansion (see main text) while mass additions from land ice are used to scale the gravitational patterns
The thick black line corresponds to the global mean on all maps, and grey shading indicates areas of sea level drop.

scaling from global mean temperature to regional dynamicdue caution in the interpretation of the uncertainties in this
sea level changes — and by combining 3 land ice fingerprintsregard is advised.
MGIC, GIS and AlS.
Next to these formal uncertainties, which provide er-
ror bars on projections under a number of assumptions3 Results
e.g. emission and. ice ;hget scenarios, we .also attempt tgl Global mean contributions
guantify uncertainties arising from any deviation from these

assumptions. This is done by considering a range of SCéi\ 1 jncreases over the 21st century are projected to be
narios (RCP scenarios, low and high ice sheet cases) ango,oyimately four times higher under RCP 8.5, compared
by discussing the impacts of certain assumptions, such the lowest scenario, RCP 3-PD (see TaBJeln con-

the ocean dynamic scaling (Se2t1.2, the distribution of 54t ocean thermal expansion varies only within a factor of

ice mass _Ioss (Sect@.2.2 and 4.2), the GIA (_Sect.4.3) two across the RCPs, from 16 cm (11-23 cm) to 33 cm (23—
or ocean-ice sheet feedbagks (Sekch). In p?‘”'“_"?“ We 45 cm), reflecting the higher thermal inertia of the ocean in

treat both ice sheet scenarios separately since it is not PO, mnarison to the atmosphere (due to the timescale of down-
§|ble to formally assess which outcome — if any — is MOreyvard heat mixing, which is on the order of several hundred

likely. On the other hand, we aggregate CMIPS GCM pro-yqaq) \which effectively delays much of the equilibrium heat

jections as equally likely, and express the resulting range ag sy e into centuries to come. Our global mean MGIC calcu-
percentiles (e.g. the 67 % “likely” range), as was done in the i< vield a somewhat narrower range — partly due to the

IPCC AR4 andFrieler et al.(2012). We note, however, tha_t volume area scaling effect — ranging from 12 cm (9-16 cm)
a sample of GCMs may underestimate the full uncertainty;,. rcp 3.pD to approximately 50% higher projections,
range partly because of tuning to the same observations, thys, 17 cm (13-23cm), for RCP 8.5. The two different sen-

sitivity cases to quantify the contributions from GIS and AIS
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Fig. 6. Projected global mean sea level rise during the 21st century
for the four RCP scenarios, {@) the IPCCAR4 case andb) the
semi-empirical case. The shading indicates the likely range (16th to
84th percentiles).

over the 21st century differ markedly. Our semi-empirical
sensitivity case yields a maximum of 27 cm (12-48 cm) for
each ice sheet under RCP 8.5, whereas in the IPCCTAR4
case, GIS contribution reaches only 4 cm (3-8 cm).

The inter-scenario range is comparable in both ice sheet
approaches despite the large differences in total ice sheet

. . . . . 60 120 180 240 300
contributions: the RCP 8.5 scenario is 26 cm higher than Longitude

the RCP 3PD scenario in the IPCCAR4ase, and 31cm _ _ _ _
higher in the semi-empirical case. However, the apparent roFig. 7. Projected median regional sea level change for all RCP sce-

bustness of this result depends on the underlying assumglarios (from RCP 3PD to RCP 8.5) in the IPCCARdce sheet
tions of the projections and thus caution is required in itgcase. Contour lines are every 5cm. Grey shading indicates areas of

interpretation. In particular, we cannot exclude that the risk5€2 level drop.

of ice sheet destabilization, represented in our approach by

the high semi-empirical scenario, may have a greater de—S

pendency on the actual degree of warming than what is im

plied here. Therefore, while it is useful to consider the risk

of meter-scale SLR, we may still underestimate the benefilz 2  coastal projections

of mitigation on 21st century SLR. Note that a sensitivity

test with the simple model frorRahmstorf(2007) (that is,  In this section we focus on the median projections, and we

b=0) leads to~ 10 cm lower RCP 3PD projection while the address the associated uncertainties in the discussion below.

RCP 8.5 projection remains unchanged (see also Fig. 12 irhe median sea level pattern is very similar for various emis-

Rahmstorf et a).2011). sion scenarios (Figg, 8, and S5 in the Supplement), because
Global mean sea level projections up to 2050 are relativelythe ratios of the various SLR contributions are approximately

independent of the particular RCP scenario, and start to dieonstant across the scenarios (cf. Tabéd Sect3.1).

verge only in the second half of the 21st century (Faa).

LR projections from different ice sheet approaches, how-
‘ever, are already distinctly different by 2025 (Fép).
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Fig. 9. Projected total sea level rise along world coastlines.
Coloured lines show regional sea level projections, averaged over
coastal areas<300km from land), and for various ocean basins
(see inlet for coastlines). Global mean SLR (cm) is indicated by a
horizontal black bar on the left for each scenario, with 50, 67 and
80 % uncertainty ranges. Particular locations are also shown (black
dots on the inlet map, and vertical dashed lines). The uncertainty
ranges for these only describe the relative deviation from the global
mean (%), to highlight uncertainty in regional fingerprints. The to-
tal uncertainty in regional sea level (shown in Fig. S5 in the Supple-
ment for all RCP scenarios) is a combination of local (right y-axis)
and global (left y-axis) sea level uncertainties.

high-latitude South America experiences sea level change up
to 30 % below the global mean.

The projected SLR pattern is the result of the interplay
Fig. 8. Projected median regional sea level change for all RCP scebetween steric and mass contributions, which both have
narios (from RCP 3PD to RCP 8.5) in the semi-empirical ice sheetstrong regional signatures at high latitudes (Ri@). In the
case. Contour lines are every 10cm. Grey shading indicates ared®CC AR4" case, the MGIC near the poles compensates for
of sea level drop. Note the colour scales is different from Fig. the small ice sheet contributions in terms of gravity changes.

However a number of differences in the patterns remain be-
tween the two ice sheet cases. In the Northern Hemisphere,

The main consistent features are above-average rise garticularly in the North Atlantic, mass and steric contribu-
low latitudes, in particular in the Western Pacific and In- tions act in opposite directions: below-average ice contribu-
dian Ocean, and reduced rise at high latitudes (Bigwe tions partly (IPCC AR4#, Fig. 9a) or fully (semi-empirical,
find regional variations up to 20% higher than the meanFig. 9b) offset strong dynamic SLR along the East Coast of
along the east Asian coast and in the Indian Ocean, anthe USA (Yin et al, 2009 Kopp et al, 2010. This contrasted
up to 30% lower than the mean in mid-latitude Northern pattern is mostly due to Greenland contribution and to the as-
America and Europe (30-30!). Close to the main ice melt sociated gravitational depression in the North Atlantic, which
sources (Greenland, Arctic Canada, Alaska, Patagonia anid less significant in the IPCC AR4case. In the North Pa-
Antarctica), crustal uplift and reduced self-attraction causecific, relative sea level in the IPCC AR4ase is lower due to
below-average rise, and even a sea level fall in the very nearthe lack of Antarctica contribution and of its above-average
field of a mass source. Through this mechanism, and due toegional, gravitational signature. Moreover, Alaskan glacier
the proximity of the Patagonian and West Antarctic glaciers,retreat and its effects along the northwestern American coast

60 120 180 240 300
Longitude
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Fig. 11.Projected median contributions to sea level rise during the
21st century, around four coastal locations for the semi-empirical
case, under the RCP 4.5 scenario. Each colour represents a contribu-

gional sea level change due to steric expansion and dashed IInetlson to sea levelrise. In this example, the glacial isostatic adjustment

the MGK.: me_lt; andb) ce sh(_egts wastage (GIS: solid line, AIS: FGIA) contribution (based on ICE-5G, VM2) has been included for
dashed line) in the semi-empirical case, averaged over coastal ar- - . o
comparison with the other contributions.

eas, and for various oceans. Global mean contributions (cm) are
indicated by a thick horizontal black line (see also caption of &ig.
for more details).

Fig. 10.Projected contributions to sea level rise along world coast-
lines for the RCP 4.5 scenari(a) Solid coloured lines show re-

contributions. In New York, which is close to the former Lau-
rentide ice sheet (during the last ice age), it is of the same
order of magnitude as other contributions, whereas it is neg-
near Vancouver contribute to the lower relative SLR in theligible further away (Tokyo and Bay of Bengal). The GIA
IPCC AR4" case. signal is also negligible along the Dutch coast in our calcu-
North of 55 N, the sum of mass and steric contributions lations, even though the region is not very distant from the
is below average along all coastlines. At lower latitudes, theformer Fennoscandian ice sheet; however, this value is rather
deviations from the global mean are smaller but tend to be ofuncertain due to its sensitivity to the adopted ice history and
the same sign, with an overall above-average SLR (Fy. Earth model $chotman and Vermeers&®05. Incidentally,
A selection of four world’s locations (Fid.1) shows how  GlA-induced SLR is positive in the chosen locations, but can
the contributions to SLR may vary over space and time in thegenerally be of both signs (Fig. S6 in the Supplement).
high ice sheet scenario. It is noteworthy that land ice is pro-
jected to represent about two thirds of future SLR in the Bay
of Bengal, while its contribution is only about half along the 4 Discussion
Dutch Coast, mostly due to gravitational effects which ef-
fectively suppress the GIS contribution there. Ocean steri&d.1 Formal uncertainties
expansion (as the sum of global mean thermal expansion and
local dynamic effects) also varies significantly, with 33 cm In this section, we discuss the formal uncertainties associated
rise in the New York City region and 23 cm rise in the Bay with the regional sea level change projections, as described
of Bengal. In this example, the contribution of Glacial Iso- in the Methods (Sec®.4) and summarized in Tabl2
static Adjustment (GIA) was included (based on ICE-5G, In the semi-empirical approach, where the ice sheets con-
VM2, Peltier, 2004 to enable comparison with the other tribute a large fraction to the total SLR, the uncertainty in
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the ratio between local and global mean SLR is relatively Uncertainty in Regional Sea Level Change
small, except in the near-field of the ice sheets (Big). - -

These results contrast sharply with the low IPCC AR/4se

(Fig. 9a), where ocean dynamics are the main source of
spread in projected regional SLR; the uncertainty in the SLR
pattern itself may be as large as the uncertainty in the global
mean SLR.

The uncertainty of regional SLR projections in the semi-
empirical case, excluding the immediate ice sheet surround-
ings, can be up to 35% greater than the global mean SLR
uncertainty (Fig.12a). The partitioning uncertainty, arising
from the prescribed range of 1/3 to 2/3 in the GIS/AIS con-
tributions’ ratio, is very large near the ice sheets, whereas for
regions further away (e.g. in the Pacific and Indian Ocean),
this uncertainty is only a few centimeters (Figc) because
the GIS and AIS fingerprints have similar magnitudes in
these regions (Fighc and d). In other words, the relative
contribution of the AIS and GIS will affect local SLR only in
the North Atlantic and Southern Ocean. Above-average un-
certainty is also found near the Gulf Stream, the Kuroshio
Current and in the Southern Ocean (Figb). These regions
feature strong sea level gradients governed by ocean dynam-
ics, and while individual GCMs tend to consistently show
large changes under climate forcing for these current sys-
tems, they often disagree on the exact location of the changes
as the mean pattern may already present location biases un-
der present-day conditions.

Latitude

Latitude

Uncertainty - likely range (cm)

c. Ice—sheet partition

4.2 Sensitivity to distribution of ice mass loss
Fig. 12. (a)—(c)Uncertainty in regional sea level change, indicated
Densely populated coasts along the Bay of Bengal are proas “likely” range (roughly 16th to 84th percentiles). Uncertainty in
jected to experience higher-than-average rise (+10 to +20 %3ea level changé) and its steric componeib), for the RCP 4.5
due to the combined effect of ocean dynamics and gravityscenario in the semi-empirical case. The uncertainty resulting from
changes. This result is sensitive to glacier melt in the Hi-GIS/AIS partition in the semi-empirical approach is illustrated in
malayas and other high Asian mountains: if losses of glaciaPanel(c), for a total ice sheet contribution equal to the ensemble
mass are greater than projected, gravitational effects W0u|a1e_ci|_an. Conto_urs Ilngs |_nd|cate_ Sc_m intervals. Black dots indicate
lower sea level and compensate for the dynamic rise. Thiénd'vIdual locations highlighted in Fig.
rationale is applicable only if the glacier meltwater actually
drains into the ocean, rather than remaining on the land near
its source (e.g. by filling aquifers). On decadal and longer
timescales, we anticipate that glacial meltwater dischargds independent from current and projected climatic change.
into the oceans will be the dominant process. Similarly to The rate of this process is nearly constant on the timescales
the Bay of Bengal, sea level around Cape Town rises moreonsidered herdeltier and Andrews 976, albeit with con-
than the global mean due to the assumed distribution of icesiderable uncertainties. The GIA contribution to global mean
loss around West Antarctica. A more uniform ice loss overSLR is very small Tamisiea 2011), however, present-day
the Antarctic continent would lead to local SLR closer to the GIA is causing significant sea level changes in many coastal
global mean (Fig. 3 iBBamber and Riva2010. The details  areas. In particular, close to the former ice sheets, GIA ef-
of the mass loss distribution over Greenland have less of afiects are of the same order of magnitude as the signature of
impact except very close to the ice sheet (Fig. Bamber  present-day ice los8amber and Riva201Q Slangen et a/.

and Riva 2010. 201]) (Figs.11, S6 and S7 in the Supplement). Considering
the current limits in models of the Earth’s glacial history and
4.3 Glacial Isostatic Adjustment of the GIA process itself, it remains difficult to accurately

quantify the uncertainties associated with the available GIA
In most projections discussed here, sea level changes associodels. We stress that the GIA is different from the elastic
ated to the current GIA rates were not included because GlAcrustal uplift occurring in response to melting. The former
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occurs over several millennia, while the latter is the instanta-suggest that this region might continue to experience large

neous elastic response of the solid Earth. dynamic sea level rise in relation to Gulf Stream and At-
o lantic Meridional Overturning Circulation (AMOC) slow-
4.4 Natural variability down, largely due to the projected increase in precipitation

- . over the North Atlantic Yin et al, 2009 Schleussner et al.
In addition to the long-term changes modeled here, interany(1 ) pyt also because of freshwater discharge from Green-

nual to multi-decadal natural variability can significantly in- |5 melting Levermann et al.2005 Kopp et al, 201Q
fluence local sea level changes. In the Western Pacific, fo&i5mmer et al2011). '

example, rates of rise between 1993 and 2008 observed by Consistently with this body of research, our projected dy-

satellite altimetry were twice as large as global mean SLRy5mic changes for the US northeast coast around New York
during the same peno;C@zenave and LIove?010. are above the global mean (0cm, Figs.3 and 10a), but
_Past records from tide gauges suggest that such large dgrey are also weaker than in a previous assessment using a
viations from the global mean rise are related to climate in-g,,nset of CMIP3 GCMs~ 20 cm) (¥in et al, 2009. The
dices such as El Kb and the Pacific Decadal Oscillation projected SLR amplitude strongly depends on the choice of

(Bromirski et al, 2011), and they likely do not reflect 8 {he membpers included in the GCM ensemble, whose spatial
long-term trend during the 20th century. GCMs simulate ma-regoytion and skills at reproducing local conditions can vary

jor modes of natural, interannual variability, but the phaseg;qnificantly. Moreover, large, small-scale differences in dy-
and amplitude generally differ from actual observations, and,amic SLR are projected across the continental shelf at this
the response of these modes to climate forcing during thycation, which could lead to a different interpretation of lo-
21st century is even more uncerta@oflins etal, 2010. As ¢4 5| R (e.g. single grid cells vs. regional average). Another
a consequence, GCM simulations cannot presently be usecent study$chleussner et a017) projected sea level rise

to reliably pro!gct the future phase of a parthular 'mode of around New York City based on expected AMOC slowdown
natural variability, or any long-term changes in this mode. ,hqer future climate forcing, and a transfer function between
Natural-mode variability should, however, become relatively Ap10c and SLR obtained frofiin et al.(2009. They obtain
Ies; significant as global sea level rises to the higher rateg dynamic rise of similar magnitude than the present paper
projected here. for the RCP 4.5 scenario. Slangen and colleagR@s1j es-
timated future SLR in the SRES A1B scenario to be globally
largest in the New York City region (about 19 cm above the

There are only a few studies, to our knowledge, which pro_global mean). In their study, however, the main contribution

vide a regional assessment of sea level rise including botfft this location comes from GIA, which we do not include
steric-dynamic and land ice contributionSlangen et al. Nere (see Sect.3and Figs11, S6 and S7).

(2011) extend to the global domain sea level scenarios first 1he regional sea level projections described so far do not
investigated for the Netherland&dtsman et al.2013). A mclude.the ocean’s dynamic response frqm the addltlonal
detailed comparison of our IPCC AR4ase with Slangen et freshening due to Greenland and Antarctic meltwater dis-
al’s (2011 work (Fig. S7 in the Supplement), also including charge (e.gLevermann et al2005 Kopp et al, 201Q Stam-
GIA, shows a consistent picture across the two approaches iffe" €t al, 2011 Lorbacher et a).2012), because oceans and
most locations (qualitatively consistent regarding the sign ofiC® Sheets were not interactively coupled in the CMIPS sim-
the regional sea level departure from the global mean SLRU/ations. A slowdown of the AMOC in response to Green-
and quantitatively consistent within the “likely” range), with land's freshwater forcing may result in enhanced (up to
largest discrepancies occurring in the near field of the larget9 €M) SLR along the northeastern North American coast

MGIC (e.g. Vancouver). The uncertainty estimates tend to beStammer et al2011). Schleussner et g2013), in a simpli-
fied setting, calculated that a Greenland SLR contribution of

larger in our study due to the different treatment of the uncer- o
tainty, the different GCMs used and in particular the broader20 M could reduce the AMOC by 10 %, and lead to roughly

range of expected 21st century warming in MAGICCG than 4 ¢M additional dynamic SLR around New York City, some-

4.5 Comparison to earlier studies

in the GCMs selected iBlangen et al(2011). what less thaistammer et a201]). .
In that area, reduced gravitational pull from melting
4.6 Ice sheet discharge, ocean freshening and the Greenland offsets about 60% of its contribution to SLR
northeastern North American coast (Fig. 10b), leading to a rise of about 2 to 15cm less than

the global average from this source in the low and high
The northeastern North American coast deserves particulaice sheet scenarios, respectively. In comparison, MGIC melt
attention, as the nearby Gulf Stream causes sharp sea levehuses sea level to rise 3cm less than the global average,
height gradients in the present climatén( et al, 2009, and Antarctica up to 5cm more than the global average.
and tide gauges indicate that SLR rate has accelerated 3therefore, if Greenland’s contribution is large, gravity ef-
4 times faster than the global mean SLR rate between 1950fects may offset the dynamic rise and yield near-global av-
1979 and 1980-200%&llenger et al.2019. Model studies  erage SLR in that area, as already noticedKmpp et al.

www.earth-syst-dynam.net/4/11/2013/ Earth Syst. Dynam., 4, 128, 2013



26 M. Perrette et al.: A scaling approach to regional sea level projections

(2010. However, uncertainties remain in the dynamic re- Gregory 2010. Regarding regional patterns, further separa-
sponse of the ocean to climate forcing and in the relativetion of the dynamic sea level fingerprints into their under-
SLR rate from GIA (Sect4.3). Our scaling approach can be lying forcings (e.g. wind changes, freshwater fluxes) and a
updated to account for Greenland melting-induced AMOCmore elaborate functional relationship (e.g. accounting for
changes, but requires a set of ensemble simulations that irtime lags between forcing and ocean response) may lead
teractively couple the ice sheets to the GCM. Alternatively, to improved scaling relationships of this regional sea level
a workaround solution could consist of additional, AMOC- change component.

specific calculation of local SLRY{n et al,, 2009 Schleuss- Our projections are readily applicable to impact analysis
ner et al, 2011), or AMOC-related “fingerprints” Kienert ~ and adaptation planning under arbitrary emission scenarios,
and Rahmstorf2012. and can be augmented by non-climatic processes such as

human-induced modification of land hydrologkohikow,
20117), local subsidence (e.g. from sediments deposition and
5 Conclusions groundwater pumpingPoland and Davis1969 and long-
term glacial isostatic adjustment. For mitigation scenarios
We have derived regional sea level projections that resul{e.g. RCP 3PD, RCP 4.5) however, it is preferable to use
from a broad range of ocean warming, circulation changesocean dynamic fingerprints, which have been derived from
and land ice melting during the 21st century. Our method isGCM simulations based on comparable emission scenar-
designed to explore the various uncertainties of each processs, to tackle the small scenario-dependency of the scaling
contributing to SLR, and to be flexible with respect to emis- coefficients.
sion scenarios based on a combination of global mean contri-
butions to sea level change and their regional “fingerprints”.
While these fingerprints have previously been described foSupplementary material related to this article is
the non-steric sea level contributions, we have estimated &vailable online at: http://www.earth-syst-dynam.net/4/
novel dynamic ocean fingerprint from an ensemble of GCM11/2013/esd-4-11-2013-supplement.pdf
simulations, where dynamic sea level changes are scaled by
global mean temperature. We showed that temperature scal-
ing of dynamic sea level is a good first-order approximation
in.an ens.em.b_le Cont(.a).(t, ir_] particular folr emission ScenariosAcknowledgementsWe thank B. Hare, S. Raper, A. Lever-
without S|gn|flce}nt mlltlgatlon. The scaling of global me_an mann and S. Rahmstorf for discussion and comments on earlier
thermal expansion with ocean heat content anomaly yieldgersjons of this manuscript, and M. Mengel and J. Gregory
excellent results for all emission scenarios. for AOGCM diagnostics. We acknowledge the World Climate
The use of fingerprints for steric and non-steric spatial searesearch Programme’s Working Group on Coupled Modelling,
level variations allows us, in combination with MAGICC6 which is responsible for CMIP, and we thank the climate modeling
probabilistic projections, to estimate the amplitudes as wellgroups (listed in Table S1 in the Supplement of this paper) for
as the uncertainties of sea level changes along the world’groducing and making available their model output. For CMIP,
coastlines. One of the main features of these projections i§'€ US Department of Energy's Program for Climate Model

the robust, above-average rise at low latitudes, especially i,piagnosis and Intercomparison provided coordinating support and

the Indian Ocean and Western Pacific. The pattern is Shapel d developmgnt _of software |nfrastructur§ in partnership with the
lobal Organization for Earth System Science Portals. M. P. was

by mass loss of high-latitude mountain glaciers and ice Cap%upported by the Federal Ministry for the Environment, Nature

and low steric expansion of cold Southern Ocean sea Watezgnservation and Nuclear Safety (Germany) under the project

and in the high ice sheet scenario by the mass loss of Antarcs ryvivE 1111 093 GlobalA_SIDS.andLDC. E. W. L’s work

tica’s and Greenland’s ice sheets. was carried out at the Jet Propulsion Laboratory, California Institute
As new component-specific SLR projections becomeof Technology, under a contract with the National Aeronautics

available, our regional sea level projections can be updatednd Space Administration. K. F. and M. M. were supported by the

within the presented framework. Estimating the GreenlandFederal Environment Agency for Germany (UBA) under project

and Antarctic ice sheet evolution over the coming centuryUFOPLAN FKZ 370841103.

will be central to obtaining reliable sea level rise projec-

tions, and process-based estimates of land ice melt could Edited by: M. Huber

and should — eventually replace the estimates of the ice sheet

contributions that are currently available. The indirect semi-

empirical, top-down approach yields significantly higher sea

level projections than previously reported (e.g. IPCC-ARA4,

Meehl et al, 20073, but we note that estimates of future

ice sheet contributions to SLR from semi-empirical meth-

ods remain an object of debat@ghmstorf201Q Lowe and
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