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Abstract We present regional sea-level projections and associated uncertainty8

estimates for the end of the 21st century. We show regional projections of sea-level9

change resulting from changing ocean circulation, increased heat uptake and at-10

mospheric pressure in CMIP5 climate models. These are combined with model-11

and observation-based regional contributions of land ice, groundwater depletion12

and glacial isostatic adjustment, including gravitational effects due to mass re-13

distribution. A moderate and a warmer climate change scenario are considered,14

yielding a global mean sea-level rise of 0.54±0.19 m and 0.71±0.28 m respectively15

(mean±1σ). Regionally however, changes reach up to 30% higher in coastal regions16

along the North Atlantic Ocean and along the Antarctic Circumpolar Current, and17

up to 20% higher in the subtropical and equatorial regions, confirming patterns18

found in previous studies. Only 50% of the global mean value is projected for the19

subpolar North Atlantic Ocean, the Arctic Ocean and off the western Antarctic20

coast. Uncertainty estimates for each component demonstrate that the land ice21

contribution dominates the total uncertainty.22
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1 Introduction25

Estimating future sea-level change [SLC] is a pressing topic in climate research,26

with direct socio-economic consequences (Nicholls and Cazenave, 2010). Since27

there are many processes that contribute to SLC with spatially varying patterns28

(Milne et al, 2009; Willis and Church, 2012), the main challenge is to develop29

regional estimates, as local governments and industries have a vested interest in30

anticipating the degree of SLC in their vicinity.31

Traditionally, sea-level research focused on global mean changes, both in re-32

constructing the past (e.g., Holgate and Woodworth, 2004; Church and White,33

2006) and in projecting the future; either with process-based models that account34

for physical processes (e.g., Meehl et al, 2007b, and references therein) or with35

semi-empirical models (e.g., Rahmstorf, 2007). Recently however, the attention36

has been shifting towards understanding and projecting regional changes in sea37

level.38

Recent publications have combined steric and dynamic sea surface height [SSH]39

contributions from climate models with offline calculations of the gravitational40

effects from land ice melt (Mitrovica et al, 2001) to project regional changes (e.g.,41

Kopp et al, 2010; Slangen et al, 2012; Spada et al, 2013; Perrette et al, 2013). The42

first three studies include model data from phase 3 of the WRCP Coupled Model43

Intercomparison Project [CMIP3] (Meehl et al, 2007a), while the latter study44

also includes data from phase 5 [CMIP5] (Taylor et al, 2012), which contains45

the latest suite of coupled climate model results to date. Yin (2012) compares46

CMIP3 and CMIP5 models, and finds that the model-to-model spread in global47

thermosteric SSH is diminished in the newer CMIP5 ensemble, but that the spread48

in the pattern of dynamic SSH is not overall better in CMIP5. Other differences49

between the aforementioned projection studies are in the treatment of the land ice50

contributions or the use of a probabilistic approach (Perrette et al, 2013), which51

will be further discussed in Section 4.52

In addition to dynamic SSH and gravitational effects resulting from land ice53

mass changes, other processes can influence regional sea-level changes, such as54

long term Glacial Isostatic Adjustment [GIA] (Peltier, 2004), terrestrial storage55

changes resulting from groundwater extraction (Wada et al, 2012) or reservoir56

building (Chao et al, 2008), and atmospheric pressure loading [AL] (Wunsch and57

Stammer, 1997). While these all have a relatively small global effect compared to58

the steric and land ice contributions, they can be of significant magnitude locally,59

and therefore need to be included when focusing on regional changes.60

In this study, the set of sea-level contributions is expanded with respect to61

other studies by adding regional projections of groundwater depletion and AL.62

GIA is also included, as was already done in Slangen et al (2012). In contrast to63

other studies, we explicitly separate the contributions of the ice sheet surface mass64

balance [SMB] and the dynamical processes on the ice sheets, because they respond65

differently to climate change. While previous work (Slangen et al, 2012) showed66

a first estimate of the regional patterns in SLC based on global mean estimates67

from the Intergovernmental Panel on Climate Change Fourth Assessment Report68
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(IPCC AR4; Meehl et al, 2007b), here the estimates are primarily based on the69

newer CMIP5 climate models.70

We present regional SLC projections for the end of the 21st century based on71

an ensemble of 21 CMIP5 climate model projections. For the analysis we use the72

Representative Concentration Pathways [RCP] 4.5 and 8.5 scenarios (Moss et al,73

2010), to assess the impacts of a moderate and a warmer climate change scenario.74

We combine regional projections of SLC resulting from changing ocean circulation,75

increased heat uptake and atmospheric pressure in the CMIP5 models with model-76

and observation-based contributions of land ice, groundwater depletion and GIA.77

The changes in glaciers and ice caps and ice sheet SMB are modelled using CMIP578

model output, while the groundwater contribution is based on CMIP3. Because79

the link between climate change and ice sheet dynamical processes is still an area80

of active research (e.g., Pritchard et al, 2012; Nick et al, 2013), there are no81

complete models of future changes in ice sheet dynamics available yet. We therefore82

construct an RCP-independent scenario for the ice dynamical contribution, which83

is based on two different estimates that exist in literature, using Meehl et al (2007b)84

as a lower bound and Katsman et al (2011) as an upper bound. This scenario does85

not include a possible collapse of the West-Antarctic Ice Sheet (Bamber et al,86

2009; Joughin and Alley, 2011). The regional patterns for all mass redistribution87

components are computed while accounting for gravitational, rotational and visco-88

elastic deformation effects.89

Combining the regional patterns of all these contributions yields a more com-90

plete estimate of regional SLC than was available before. Equally important, this91

study provides uncertainty measures for each contribution. Finally, we show the92

regional deviation from the global mean change, and identify regions that will93

likely experience a SLC substantially different from the global mean. All patterns94

shown here are relative changes, which is the change in sea level relative to the95

Earth’s surface.96

The data and models used to project the regional changes of the various contri-97

butions are described in Section 2. In Section 3, we show the global mean values,98

associated regional patterns and their uncertainties. This section also shows net99

projections of regional SLC, and describes the local deviations from the total global100

mean change. Section 4 provides a comparison between previous studies project-101

ing regional SLC and the current study. Section 5 presents conclusions and open102

issues.103

2 Data and Methods104

2.1 CMIP5 Climate Models105

Our analysis is based on an ensemble of 21 Atmosphere-Ocean coupled General106

Circulation Models [AOGCM’s] from the CMIP5 archive, listed in Online Resource107

Table 1. The skill of these climate models in simulating the present-day sea-level108

pattern is shown in Online Resource Fig.1. The data used comprises 2m air temper-109

ature, precipitation, global mean thermosteric SLC, regional SSH above geoid, and110

sea-level pressure. All variables are interpolated onto a common 1◦×1◦ grid, using111

bilinear interpolation with nearest-neighbor interpolation near coasts. The ocean112

area covered by the ensemble land-sea mask is 90% of the actual area, which is an113
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increase of 10% with respect to the CMIP3 ensemble. Two RCP climate change114

scenarios are studied: RCP4.5 with a global mean surface temperature increase115

of 1.2–2.7◦C between 1986–2005 and 2081–2100, and RCP8.5 with an increase of116

2.7–5.4◦C.117

2.2 Combined ocean circulation and heat uptake contribution118

The combined ocean circulation and heat uptake contribution, hereafter referred119

to as steric+dynamic, is constructed from the CMIP5 data by adding the (time120

varying) global mean thermosteric SLC to the (spatially varying) SSH above the121

geoid. The projected fields are computed using one member of each individual122

model for the period 2081–2100 minus 1986–2005 by (i) removing a quadratic-fit123

regional control drift in each x,y grid box, (ii) subtracting the global mean at124

each time step so it is zero, (iii) adding the global mean thermosteric SSH time125

series to each grid point. These computations are made on the original model126

grids, with the conversion to a common 1-degree grid only done directly prior to127

computing a mean regional SLC field over the model ensemble. All global data are128

corrected for model drift by subtracting the quadratic trend in the time series of129

the accompanying pre-industrial control run (Gregory et al, 2001; Katsman et al,130

2008). We note that due to the lack of volcanic forcing in pre-industrial control131

runs, this way of correcting the drift is likely to impose a bias to smaller SLC in132

historical runs as well as in RCP climate change scenarios (Gregory, 2010).133

2.3 Atmospheric Loading [AL]134

Local SLC is influenced by changes in AL (Wunsch and Stammer, 1997; Stammer135

and Huttemann, 2008), which result from changes in the atmospheric circulation136

and changes in the column-integrated atmospheric moisture content. A surface137

pressure decrease (increase) of 1 millibar yields a sea-level rise (drop) of approxi-138

mately 0.01 m. As coupled climate models do not account for AL effects explicitly139

(i.e., changes in the atmospheric mass over each grid point are ignored when cal-140

culating the local SLC), AL is computed here following Stammer and Huttemann141

(2008).142

The CMIP5 models project an increase of the globally averaged atmospheric143

moisture content over the 21st century, which, if it originates from the ocean, will144

yield a net decrease in sea level. If we assume all moisture change is due to ocean145

evaporation, the ensemble mean moisture change corresponds to a maximum SLC146

of -0.004 m (RCP4.5) and -0.009 m (RCP8.5). Compared to the other contributions147

this is negligible and hence omitted from our projections.148

2.4 Land Ice Contribution149

The land ice contribution comprises all glaciers and ice caps (henceforth “glaciers”),150

and the ice sheets on Greenland and Antarctica. In addition, GIA as a result of151

ice sheet melt after the Last Glacial Maximum [LGM] is included.152
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The glacier estimate is computed using CMIP5-based projections of temper-153

ature and precipitation changes over glacierized regions in combination with a154

glacier area inventory (Radić and Hock, 2010) in a model for glacier mass loss155

that is based on volume-area considerations (Bahr et al, 1997; Van de Wal and156

Wild, 2001). The volume-area approach is described in more detail in Slangen and157

van de Wal (2011).158

The ice sheet contribution is split into a scenario-based SMB contribution and159

a scenario-independent dynamical contribution.160

Presently, no studies are available which project SMB changes using the full161

CMIP5 model ensemble. We therefore use the SMB contributions and the global162

surface temperature change of the CMIP3 model ensemble in IPCC AR4 (Meehl163

et al, 2007b) to derive two total least squares fits (Online Resource Fig.2) for the164

ice sheet SMB contributions (ηSMB , m):165

ηSMB−Greenland = 0.0153 ± 0.01493 × δTatm − 0.00094 (1)
166

ηSMB−Antarctica = −0.0105 ± 0.01759 × δTatm − 0.0412. (2)

These fits are combined with the projected CMIP5 global mean surface temper-167

ature change (δTatm, ◦C) to calculate the CMIP5-SMB contribution of the ice168

sheets. The uncertainty estimates for the SMB contributions include the resid-169

ual of the linear fit of each equation, which is very small (0.003 m for Eq.1 and170

0.001 m for Eq.2), and the propagation of the much larger uncertainties in the171

ηSMB-δTatm relations presented in Meehl et al (2007b) (see Online Resource for172

uncertainty estimation). For Greenland, the resulting SMB change (Table 1) is173

in range, albeit at the lower end, with results presented recently in Van Angelen174

et al (2013) and Fettweis et al (2013), who used output of respectively 1 and 3175

CMIP5 models to drive a regional climate model [RCM]. There are no CMIP5-176

based results for Antarctica, but CMIP3-based SMB estimates (e.g., Krinner et al,177

2007; Ligtenberg et al, 2013) fall within our range, with a tendency for a smaller178

sea-level fall.179

Dynamical changes on the ice sheets comprise a large range of processes. Main180

mechanisms on Greenland are calving and melt of marine-terminating glaciers181

(e.g., Nick et al, 2013), meltwater percolation to the bedrock (e.g., Phillips et al,182

2010), and ice flow-SMB feedback (e.g., Goelzer et al, 2013). On Antarctica, melt-183

water pond formation can lead to thinning and breaking up of ice shelves (e.g.,184

Cook and Vaughan, 2010). Ice shelves may also melt from below when changes in185

circulation cause warmer water to enter onto the continental shelf (e.g., Pritchard186

et al, 2012), resulting in grounding line retreat.187

Although the understanding of ice dynamical processes has improved in recent188

years, modelling is still in its early stages and comprehensive process-based future189

projections cannot be provided yet. For this contribution we therefore construct190

an RCP-independent scenario that is bound by two different estimates that exist191

in the literature, such that it reflects a relatively wide range of possibilities. As the192

lower bound for the scenario we take the scaled-up estimate of IPCC AR4 (Meehl193

et al, 2007b), which assumes that observed changes in the period 1993-2003 will194

continue but not accelerate. As the upper bound of our scenario we use the esti-195

mates presented in Katsman et al (2011), assuming a continued observed discharge196

in the Amundsen Sea Embayment and East Antarctica, and retreating ice shelves197

near tidewater glaciers in Greenland. These values are in line with estimates of198
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Pfeffer et al (2008), which are based on changes in discharge in potentially vulner-199

able areas. Recent studies in Greenland Nick et al (2013) project a contribution of200

0.040–0.085 m from calving glaciers only, which is well within our range (0.01–0.11201

m) and leaves room for other dynamical contributions. For Antarctica, the upper202

bound of our dynamical scenario (0.15 m) is in line with a recently published up-203

per bound of 0.13 m (Little et al, 2013), who used a probabilistic framework to204

combine expert opinions with observational and model-based constraints.205

The dynamical estimate used (Table 1) is the average of the lower and upper206

bounds, and we take the unbiased standard deviation as the uncertainty. The207

bounds are chosen to represent the most plausible range of changes, and therefore208

do not include high-end values associated with a West-Antarctic ice sheet collapse,209

since timing, speed and magnitude of this event are still highly uncertain (Bamber210

et al, 2009; Joughin and Alley, 2011).211

In addition to the present-day land ice contributions, we include the relative212

SLC from the ICE5G model (Peltier, 2004) to account for deformation of the solid213

Earth as a result of ice melt since the LGM. GIA is a viscous effect, acting on long214

timescales, and is assumed to be constant over the short period considered here215

and thus independent from climate scenarios or models.216

2.5 Groundwater Depletion217

Recent studies suggest that groundwater depletion [GD] will increase in the 21st
218

century (Konikow, 2011; Wada et al, 2012), while dam building is levelling off219

(Chao et al, 2008). We will therefore, for the first time, include projections of GD220

as a regional sea-level contribution. The projections are based on data from Wada221

et al (2012), who provide a flux-based estimate of the difference between ground-222

water extraction and recharge for two CMIP3 climate models, using two different223

socio-economic projections in combination with population change. The projected224

future increase in GD is due to a decrease in the availability of surface water and225

a decrease in groundwater recharge, but increasing water demand for irrigation.226

Changes in both population and climate are important factors, which cannot be227

unraveled and we therefore assume that all four provided model outcomes have a228

similar probability of occurrence in each of the RCP scenarios. The four contri-229

butions project 0.07–0.09 m SLC, which results in a climate-scenario independent230

contribution of 0.08 m.231

2.6 Modelling Mass Redistribution232

The contributions from land ice and groundwater will not cause a uniform sea-233

level rise. Instead, gravitational, rotational and viscoelastic deformation effects234

(e.g., Mitrovica et al, 2001) need to be taken into account. The SLC patterns235

are computed using a model which solves the sea-level equation with a pseudo-236

spectral approach (Farrell and Clark, 1976; Mitrovica and Peltier, 1991; Schotman237

and Vermeersen, 2005), by considering changes in the Earth’s gravitational field,238

resulting solid-earth deformation and changes in the Earth’s rotation vector. The239

Earth model used is based on PREM (Dziewonski and Anderson, 1981), and is240

elastic, compressible and radially stratified. The sea-level model uses an iterative241
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process to compute the new state of the ocean surface after a mass change, by242

computing the depression of the Earth’s crust, the resulting changes in the gravity243

field and rotation properties of the Earth, and again a redistribution of ocean244

mass. As a result, the model yields distinct regional patterns of SLC with a fall245

close to areas of mass loss, and rise for regions further away.246

3 Results247

3.1 Two Scenarios248

We present two scenarios, which are based on RCP climate change scenarios.249

Scenario A combines CMIP5-RCP4.5 based estimates of the steric+dynamic250

contribution, AL, glacier and ice sheet SMB contributions with the three scenario-251

independent terms: the dynamical ice sheet contribution, groundwater depletion252

and GIA. Scenario B adds CMIP5-RCP8.5 based estimates of the steric+dynamic253

contribution, AL, glacier and ice sheet SMB contributions to the three scenario-254

independent terms. Scenario A yields a net global mean SLC of 0.54±0.19 m255

between 1986–2005 and 2081–2100, while scenario B yields 0.71±0.28 m for the256

same period (Table 1, mean±1σ).257

3.2 Regional Contributions and Uncertainties258

The ensemble mean regional patterns of the CMIP5-based land ice contributions259

from glaciers and ice sheet SMB (Figs.1a (RCP4.5) and 1b (RCP8.5)) have a260

pronounced gravitational signature (Mitrovica et al, 2001), resulting in sea-level261

fall near ice loss regions, sea-level rise near mass gain regions and an above-average262

SLC at low latitudes. Both patterns show melt on Greenland and on glaciers at263

high northern latitudes. Antarctica also contributes to the SLC pattern, with mass264

loss on the Antarctic Peninsula and mass gain in other areas of the ice sheet. The265

land ice contribution for RCP8.5 is larger in amplitude, resulting in SLC up to266

0.24±0.18 m in equatorial regions, compared to 0.14±0.10 m for RCP4.5. The267

uncertainties in these climate-model dependent ice components (Figs.2a,b) are268

based on the spread in the CMIP5 ensemble, plus, for the SMB component, the269

uncertainties in the fitted slopes in Eqs.1 and 2. The uncertainties are largest270

near the melt sources, and therefore most prominent in regions around the Arctic271

Ocean and around Antarctica. Another local maximum can be seen in the far-field272

regions around the equator.273

Figures 1c and 1d show the ensemble mean dynamic SLC patterns plus the274

global mean steric change for the two scenarios, including AL. The figures show275

substantial small-scale variability resulting from ocean dynamics, due to chang-276

ing wind forcing and changes in the ocean heat and freshwater content. Region-277

ally, steric+dynamic SLC ranges from 0.02 to 0.41 m for RCP4.5 (global mean278

0.19±0.06 m), and from -0.03 to 0.59 m for RCP8.5 (global mean 0.28±0.08 m).279

The AL effect is much smaller: for RCP4.5 the contribution ranges from -0.01 m280

at low latitudes to 0.02 m at high latitudes, while for RCP8.5 the values vary be-281

tween -0.03 cm and 0.05 cm. Both figures show fairly similar patterns, with higher282

values for RCP8.5 than for RCP4.5. In the Arctic, an above-average sea-level rise283
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is projected, which was also described by Landerer et al (2007), and attributed284

to freshening of the ocean water due to increased precipitation and river runoff.285

The North Atlantic displays a tripolar pattern, which Landerer et al (2007) asso-286

ciated with a northward shift of the North Atlantic Current after having examined287

changes in near-surface horizontal velocities. Yin et al (2009) attributed the pat-288

tern of the dynamic adjustment of SSH in the North Atlantic, and particularly the289

rise on the northeast coast of the United States, to a weakening meridional over-290

turning circulation in the Atlantic Ocean. The Southern Ocean shows a dipolar291

pattern with below average increase in the south and above average increase to the292

north. Although low thermal expansion coefficients for colder temperatures seem293

to motivate the meridional gradient across the Antarctic Circumpolar Current294

[ACC], these changes also require a dynamical balance. In response to doubling295

CO2, climate models show that wind stress intensifies and the position of zero296

wind stress curl in the mid-latitudes of the Southern Hemisphere shifts poleward297

(Fyfe and Saenko, 2006), leading to a strengthening and southward shift of the298

ACC (Bi et al, 2002). The Southern Ocean dipole is found in most of the indi-299

vidual members of the model ensemble, as shown in Online Resource Fig.3. The300

figure also reveals large differences between the models, both in amplitude and in301

regional pattern. Online Resource Fig.4 shows that for the majority of the ocean302

surface the ratio of the two scenarios is close to 1.5, which scales with the ratio of303

the global mean values. However, some locations show deviating values, such as304

in the South Pacific Ocean, a region associated with the ACC. If the SLC would305

respond linearly to warming, those differences would not appear; this highlights306

the importance of the adjusted ocean circulation in modifying the regional heat307

and freshwater content of the ocean, and thereby the regional sea level.308

The uncertainty in the steric+dynamic patterns including AL (Figs.2c,d) is309

calculated from the 21-member CMIP5 model ensemble RMS spread. Both show a310

high spatial variability, similar to the ensemble mean values. The figures show that311

the uncertainties are largest where the ensemble mean pattern shows the largest312

deviations from the global mean. The largest uncertainties are found in the Arctic313

region, which is associated with differences in the timing of the reduction of the sea314

ice. The AL uncertainties are small compared to the steric+dynamic contribution,315

with maximum values of 0.016 m for RCP4.5 and 0.022 m for RCP8.5. This is316

large relative to the values of the ensemble mean AL pattern, but small compared317

to other uncertainties.318

The scenario-independent dynamical ice sheet contribution (Fig.1e) yields a319

regional pattern showing sea-level fall in the vicinity of both ice sheets, and sea-320

level rise in the midlatitude and tropical regions, amplifying the pattern caused321

by the climate-dependent land ice contributions. The uncertainty estimate of the322

ice-dynamical scenario (see Section 2.4) is largest near the two ice sheets (Fig.2e),323

but also displays a considerable value in the low latitudes. Since the regions of324

mass loss are similar to those for the climate-dependent land ice contribution, the325

ice dynamics amplify the uncertainty that results from these contributions.326

Similar to land ice, the groundwater contribution also yields a gravitational327

pattern (Fig.1f), because water mass is redistributed from land to ocean. Most328

of the depletion occurs in (semi)arid regions, which is expected to increase in the329

future due to increasing irrigation demand. This is reflected by the regional pat-330

tern, showing a sea-level fall close to areas with large depletion, e.g. near the USA,331

India, the middle East and also in Europe. The uncertainty in this contribution332
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is calculated from the 4-member ensemble RMS spread. Similar to the land ice333

uncertainties, Fig.2f shows that the uncertainties are largest near the sources of334

groundwater extraction.335

The scenario-independent GIA contribution is shown in Fig.1g. Although GIA336

is mostly small, it plays an important role near regions where large ice sheets337

used to be during the LGM, such as for instance near Scandinavia or around the338

North American continent. Estimating the uncertainty in the GIA contribution339

is challenging (Hanna et al, 2013, Box 1), because there are no statistical errors340

available for this type of models. We therefore estimate a systematical error, which341

we treat as a standard error for the purpose of combining it with the other uncer-342

tainties, by taking the absolute difference between two GIA-models, using results343

from ICE5G (Peltier, 2004) and ANU (Nakada and Lambeck, 1988, updated in344

2004-2005). The uncertainties (Fig.2g) are largest near the main GIA regions, and345

reflect the differences in LGM ice sheet extent and viscosity profiles between the346

two estimates.347

3.3 Net Projections and Uncertainties348

The net projected SLC pattern is considerably larger for scenario B (Fig.3b) than349

for scenario A (Fig.3a). In both scenarios, we observe high spatial variability due350

to the steric+dynamic contribution, but also sea-level fall resulting from land351

ice melt around Greenland and Western Antarctica, as well as GIA effects in352

the Barents Sea. For the computation of the net uncertainty, in Figs.3c and 3d,353

the uncertainties for CMIP5-contributions are assumed to be dependent, while354

uncertainties from all other contributions are assumed independent. Although the355

90% confidence level uncertainties are of considerable magnitude, the signal is356

larger than the uncertainty in nearly all regions for both scenarios, particularly at357

middle to low latitudes where human habitation is highest. The dynamic ice sheet358

contribution dominates the local uncertainty, followed by steric+dynamic and ice359

sheet SMB uncertainties, which both are of the same order of magnitude. Smaller360

uncertainty contributions result from glaciers, groundwater depletion, GIA and361

AL. For all components, the absolute values for the scenario B uncertainties are362

larger than for scenario A, although this is not the case for the signal-to-noise363

ratios.364

The distribution function of the total local SLC (Fig.4a) is slightly skewed. For365

both scenarios, it reveals significant regional deviations from the global mean with366

a longer tail towards lower values, and an upper limit that is set by the gravitational367

effect on the land ice and groundwater contributions. In both cases, the mode of368

the distribution function is above the global average. This is a consequence of369

the gravitational pattern associated with the land ice contribution, which yields370

a relatively small ocean area with low SLC values near ice loss regions, and a371

relatively large ocean area in the equatorial region with SLC values slightly above372

average.373

The relative deviation of the local SLC with respect to the global mean is374

shown in Fig.4b. Locally, SLC deviates more than 10% and 25% from the global375

mean projection for up to 30% and 9% of the ocean area, respectively. Regionally,376

values of up to 30% above the global mean are reached, for instance in the equa-377

torial regions, around Australia, at the southern African coast, and around North378
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America. We find relatively low values down to only 50% of the global mean in the379

Arctic region and near the coasts of South America. Although the combined values380

are larger for Scenario B, the relative deviation from the global mean is mostly381

similar for both scenarios, and many regions are likely to experience a regional382

SLC that differs substantially from the global mean. All contributions may cause383

these deviations, as shown in Online Resource Fig.5.384

4 Discussion385

In all recent studies on regional sea-level projections (Slangen et al (2012)[SL12],386

Spada et al (2013)[SP13], Perrette et al (2013)[P13]), the land ice contributions are387

treated differently. SP13 used RCM output for the ice sheet contributions, and a388

regional mass balance model for the glaciers. This was done for one climate model389

and one scenario only, because ice sheet RCMs are too computationally expensive390

to be used for a large ensemble. P13 used two scenarios for ice sheet melt: one391

AR4 based and the other a semi-empirical estimate. For the glacier contribution,392

they assumed a global mean SMB sensitivity, which cannot account for glaciers393

diminishing completely. The global mean ice contributions were translated into a394

SLC pattern with a fixed spatial melt distribution, which does not consider spatial395

and temporal variations that may occur due to temperature and precipitation396

differences. SL12 and the present study use the volume-area approach for glaciers,397

with CMIP3 and CMIP5 data, respectively. The ice sheet SMB contribution in398

SL12 was based on Gregory and Huybrechts (2006), who combined annual CMIP3399

temperature and precipitation time series with spatial data from 4 high-resolution400

models to derive empirical equations for each climate model. Because there are401

no such relations available for CMIP5, we derived a relation between SMB and402

temperature from IPCC AR4, and applied this to CMIP5 temperature data to403

obtain SMB estimates. In both studies, the ice sheet dynamical contribution is404

treated separately. SL12 followed IPCC AR4, while here we have constructed a405

scenario bound by two independent estimates.406

While SP13, SL12 and this study model the regional patterns for each contri-407

bution, climate model and scenario separately, P13 used probabilistic projections408

of global mean change, and scaled these for each contribution using contribution-409

specific fingerprints. By doing this, P13 assume that fingerprints will not change in410

time or for varying temperature change. For the steric+dynamic contribution we411

show in Online Resource Fig.4 that temperature scaling does not work everywhere,412

thereby stressing the need of regional projections for each climate scenario.413

Despite the differences identified above, there are also some similarities. All414

studies highlight the fact that it is critical to include gravitational effects, since415

these will largely determine future SLC patterns. Another common feature is an416

above-average SLC in the equatorial oceans due to the combination of above-417

average steric+dynamic sea-level rise and a far-field effect as a result of melting418

ice in the polar regions. This general pattern is robust across all studies, although419

the exact magnitude is not agreed upon and heavily depends on the magnitude of420

the ice sheet contributions.421
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5 Conclusions422

In this study we have shown the most complete sea-level projections to date, high-423

lighting the fact that it is important to consider regional changes in sea level for424

planning purposes. The projections shown here are based on the state-of-the-art425

climate model database (CMIP5), and, relative to earlier CMIP3-based estimates426

(Slangen et al, 2012), on a larger model ensemble. An important addition with427

respect to previous studies is the groundwater contribution (Wada et al, 2012),428

which could not be added before, because no projections were available. In ad-429

dition, an AL correction is included (Stammer and Huttemann, 2008), which is430

not included in the ocean component of coupled climate models in the CMIP5431

database (S. Griffies, pers.comm.). Using the new climate model data, combined432

with regional estimates for contributions from land ice, groundwater depletion433

and GIA, we project new regional sea-level patterns. We find regional variations434

in sea-level up to 30% above and 50% below the global mean. SLC well above the435

global mean is projected for the equatorial oceans, because these are the far-field436

regions of the land ice melt contribution, in combination with an average to above-437

average steric+dynamic change. SLC below the global mean is projected for the438

Arctic Ocean, the regions around both ice sheets and main sources of land ice melt.439

Because all the individual contributions to SLC can dominate locally, continued440

research is needed on the regional patterns of all the separate components, and to441

determine the causes of these local variations.442

Future improvements to regional SLC projections are anticipated by incor-443

porating the effects of fresh water release from land ice melt and groundwater444

depletion on ocean dynamics. 50-year model simulations carried out for a steady445

Greenland melting of about 2 mm/year (Stammer et al, 2011) are a first step in446

that direction. They suggest that this effect is important for regional sea level, as447

regional steric changes are found to raise sea level by as much as 0.15 m in the448

subpolar North Atlantic Ocean. However, to be able to quantify the impact on re-449

gional SLC in a consistent way, coupled climate model simulations are required in450

which a freshwater contribution is applied that matches the pattern and amplitude451

of the combined (range of) projected rates of total land ice melt and groundwater452

depletion for the 21st century. Such simulations are not yet available, but highly453

desirable.454
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Table 1 Projected global mean±1σ SLC (m) per contribution for scenarios A and B over
the period 1986–2005 to 2081–2100. Global mean contributions of GIA and AL are zero by
definition and therefore excluded from this Table. aCMIP5-based. bIndependent of climate
scenario. cCMIP3-based.

Scenario A Scenario B
Steric+Dynamica 0.19 ± 0.06 0.28 ± 0.08
Glaciersa 0.15 ± 0.03 0.22 ± 0.04
Ice Sheets - SMBa −0.03 ± 0.06 −0.02 ± 0.12

- AIS −0.06 ± 0.03 −0.08 ± 0.07
- GIS 0.03 ± 0.03 0.06 ± 0.06

Ice Sheets - Dynamicsb 0.15 ± 0.11 0.15 ± 0.11
- AIS 0.09 ± 0.06 0.09 ± 0.06
- GIS 0.06 ± 0.05 0.06 ± 0.05

Groundwaterb,c 0.08±0.01 0.08 ± 0.01
Total 0.54 ± 0.19 0.71 ± 0.28
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Fig. 1 Projected relative SLC patterns (m) of individual contributions over the period
1986–2005 to 2081–2100; (a.) RCP4.5 glaciers + ice sheet SMB, (b.) RCP8.5 glaciers
+ ice sheet SMB, (c.) RCP4.5 global steric+dynamic topography + AL, (d.) RCP8.5
global steric+dynamic topography + AL, (e.) Ice sheet dynamics (scenario-independent),
(f.) Groundwater depletion (scenario-independent), (g.) GIA (scenario-independent). Global
mean values in Table 1.
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Land ice (RCP4.5), std erra.) Land ice (RCP8.5), std errb.)
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Fig. 2 Uncertainties (1σ) of projected relative SLC patterns (m) of individual contributions
over the period 1986–2005 to 2081–2100; (a.) RCP4.5 glaciers + ice sheet SMB, (b.) RCP8.5
glaciers + ice sheet SMB, (c.) RCP4.5 global steric+dynamic topography + AL, (d.) RCP8.5
global steric+dynamic topography + AL, (e.) Ice sheet dynamics, (f.) Groundwater depletion,
(g.) GIA. Global mean uncertainties in Table 1.
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Scenario A suma.) Scenario B sumb.)

Scenario A uncertainty (90% CL)c.) Scenario B uncertainty (90% CL)d.)
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Fig. 3 Combined regional SLC patterns and uncertainties over the period from 1986–2005 to
2081–2100 for (a.) Scenario A sum (=Fig.1a+c+e+f+g, global mean is 0.54 m), (b.) Scenario
B sum (=Fig.1b+d+e+f+g, global mean is 0.71 m), (c.) Scenario A uncertainties at the 90%
confidence level (global mean is 0.32 m), (d.) Scenario B uncertainties at the 90% confidence
level (global mean is 0.48 m).
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Fig. 4 (a.) Histogram of the binned local SLC (% of the total ocean surface, left axis); scenario
A (blue), scenario B (red). Dashed lines indicate the global mean (0.54 and 0.71, respectively),
solid lines the cumulative percentage (right axis). Bin width is 0.02 m. Percentage of ocean
surface with less than 0 m SLC is 0.49% (A) and 0.37% (B), there are no values over 1.1
m. (b.) Scenario A relative SLC anomaly w.r.t. the global mean (%) between 1986–2005 and
2081–2100
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