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Abstract Sea level rise, especially combined with possible changes in storm surges13

and increased river discharge resulting from climate change, poses a major threat in14

low-lying river deltas. In this study we focus on a specific example of such a delta: the15

Netherlands. We develop a plausible high-end scenario of 0.55 to 1.15 meters global16

mean sea level rise, and 0.40 to 1.05 meters rise on the coast of the Netherlands by17

2100 (excluding land subsidence), and more than three times these local values by18

2200. Together with projected changes in storm surge height and peak river discharge,19

these scenarios depict a complex, enhanced flood risk for the Dutch delta.20

Keywords sea level rise · climate scenario · flood risk21

@@@@ still need to UPDATE figure 1 + figure 5 with new22

GIC estimates @@@@23

1 Introduction24

For a low-lying delta like the Netherlands, the possible impacts of sea level rise induced25

by climate change are a major concern. Global mean sea level rise is caused by steric26

changes (changes in in ocean density, predominantly due to thermal expansion), and27

eustatic changes (changes in ocean mass, due to mass changes in small continental28

glaciers and ice sheets, and in the Antarctic Ice Sheet and Greenland Ice Sheet.29

In the Fourth Assesment Report of the Intergovernmental Panel on Climate Change30

(IPCC 4AR, Meehl et al, 2007a), a global mean sea level rise of 0.17-0.59 m in 210031

with respect to 1990 was projected in response to various scenarios for greenhouse gas32

emissions. These results are based on detailed assessment of thermal expansion of the33

oceans from climate models, melting of mountain glaciers from scaling of observations34

to atmospheric temperature rise, and ice sheet mass balance changes and dynamic35

response from ice sheet models and the extrapolation of recent observations (Meehl36

et al, 2007b). In IPCC 4AR, it is further stated that an additional, temperature-37

dependent contribution of up to 0.1-0.2 m (referred to as the ”scaled-up ice sheet38

discharge”) could arise from the ice sheets if the recently observed acceleration in39

discharge continues (IPCC 4AR, Ch. 10.6.5). When this contribution is added, the40

projected range in global mean sea level rise becomes 0.17-0.76 m.41

After publication of IPCC 4AR (Meehl et al, 2007a), larger estimates for the future42

contributions from the Greenland and Antarctic ice sheets (Pfeffer et al, 2008) and43

glaciers and ice caps (Meier et al, 2007; Pfeffer et al, 2008) have been published, which44

do attempt to capture the fast ice dynamics. Based on kinematic constraints on ice45

flow velocities, Pfeffer et al (2008) presented a low and a high estimate for global mean46

sea level rise in 2100 of 0.8 m and 2.0 m, respectively. Severe scenarios for global mean47

sea level rise have also been proposed based on simple models tuned to observed sea-48

level trends (e.g., Rahmstorf, 2007; Grinsted et al, 2009; Vermeer and Rahmstorf, 2009;49

Jevrejeva et al, 2010). The so-called semi-empirical models on which these scenarios are50

based assume a simple relationship that connects global sea level rise to global mean51

surface temperature, which is then used to predict future sea level rise based on future52
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global temperature scenarios from IPCC 4AR. The resulting projections for 2100 also53

range up to about 2 meters.54

A scenario for global mean sea level rise does not suffice when one wants to evaluate55

a country’s flood protection strategy, since local sea level changes can deviate substan-56

tially from the global mean. This is illustrated by the fact that over the past 15 years,57

satellites have measured a global mean sea level rise at a rate of about 3 mm/yr, while58

over that period, local changes varied from roughly -10 to + 10 mm/yr (e.g., Milne59

et al, 2009; Cazenave and Nerem, 2004). Although this recently observed pattern is60

certainly affected by decadal variability on the relatively short altimeter time series,61

we cannot expect future sea level change to be spatially uniform either (Milne et al,62

2009).63

Two local effects are important to take into account when developing a scenario for64

local sea level rise. First, steric sea level changes due to variations in ocean temperature65

and salinity display large spatial variations. Although in many places local thermosteric66

changes are the most important (see for example Bindoff et al, 2007, Fig. 5.15b),67

changes in ocean salinity can give rise to substantial local sea level variations as well68

(Antonov et al, 2002). These local steric changes are closely linked to ocean circulation69

changes, as the latter are driven by local density gradients (Levermann et al, 2004;70

Landerer et al, 2007; Yin et al, 2009). Second, melt water released from land-ice masses71

will not be distributed evenly over the oceans, due to the elastic deformation of the72

solid Earth and gravitational changes induced by the change in mass distribution (e.g.,73

Milne et al, 2009).74

Most scenarios for sea level rise present a range for the likely changes In order to de-75

velop adequate flood protection strategies, knowledge of high-impact / low-probability76

sea level change scenarioa is required, for the specific region of interest and a range of77

(long) time horizons. In this study, we develop a such a high-end scenario for local sea78

level rise along the Dutch coast for the years 2100 and 2200, by estimating high-end79

contributions for each of the components contributing to local sea level change men-80

tioned above, based on the outcomes of climate models and simple models, and on81

expert judgement. The applied methodology follows the approach taken by Katsman82

et al (2008b) while developing a scenario for the likely range of local sea level rise along83

the coast of the Netherlands. This scenario is part of an assessment exploring the high-84

end climate change scenarios for flood protection of the Netherlands (Vellinga et al,85

2008) carried out at the request of a Dutch state commission (Kabat et al, 2009). The86

accompanying assessment of future storm surge conditions (Sterl et al, 2008a, 2009)87

and peak discharge of river Rhine (Beersma et al, 2008) are discussed briefly at the88

end of the paper.89

The paper is structured as follows. The methodology is described shortly in Section90

2. In Section 3, our high-end scenarion for global mean sea level rise for 2100 is pre-91

sented. Next, the accompanying high-end projection for local sea level rise along the92

Dutch coast is discussed (Section 4). Section 5 focuses on the rough long-term scenarios93

for global mean sea level rise and local sea level rise for the year 2200. Paleoclimatic94

evidence of (rates of) global mean sea level rise during the Last Interglacial stage (Sec-95

tion 6) are used to put the high-end scenarios into perspective. The discussion (Section96

7) focuses mainly on the combined effects of local sea level rise, possible changes in97

storm surge height, and increased river discharge due to with climate change that the98

Netherlands is facing.99
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2 Methodology100

To arrive at a high-end scenario for local sea level rise for the Netherlands, we first101

estimate separate high-end contributions for the processes that dominate the global102

mean changes:103

– global mean thermal expansion of the ocean (Section 3.1);104

– mass changes of small continental glaciers and ice caps (GIC, Section 3.2);105

– mass changes of the Antarctic Ice Sheet (AIS, Section 3.3.1) and106

– mass changes of the Greenland Ice Sheet (GIS, Section 3.3.2).107

For this, we use the outcomes of a suite of coupled climate models (Meehl et al, 2007b),108

simple scaling models (e.g., van de Wal and Wild, 2001; Rahmstorf, 2007; Katsman109

et al, 2008b), and expert judgement where appropriate models are lacking. The re-110

sulting high-end scenario for global mean sea level rise is compared to other recent111

high-end estimates (Section 3.4).112

Subsequently, local effects are considered (Section 4). The local steric contribution113

is also obtained from an analysis of the suite of climate model results (Meehl et al,114

2007b). In addition, the global mean contributions resulting from land-based ice mass115

changes are translated to local contributions taking into account the gravity-elastic116

effects (Milne et al, 2009; Mitrovica et al, 2001; Plag and Juettner, 2001).117

In IPCC 4AR, scenarios for sea level rise are presented categorized by emission sce-118

nario. However, for sea level rise, the spread in the projections due to different emission119

scenarios is smaller than the spread displayed by individual climate models driven by120

the same emission scenario (e.g., Fig. 10.33 in IPCC 4AR). To tie the different scenar-121

ios to elementary underlying assumptions, previously published climate scenarios for122

the Netherlands (van den Hurk et al, 2006, 2007) are not linked to specific emission123

scenarios, but to the projected increase in global mean atmospheric temperature. In124

this study, we adopt the same strategy, also to facilitate communication of the results125

to the Dutch public. For most contributions, we deduce a simple dependence on the126

global mean atmospheric temperature rise ∆Tatm from model simulations and / or127

observations. Exceptions are the high-end contributions of AIS and GIS due to fast128

ice dynamics (Sections 3.3.1 and 3.3.2). It is not yet properly understood what physi-129

cal processes are responsible for the recently observed contributions, but observations130

point to internal ice dynamics and (changes in) local ocean temperatures as primary131

controllers rather than global mean temperature changes (e.g., Holland et al, 2008;132

Jenkins et al, 2010; Straneo et al, 2010). For all other components we consider a range133

in global mean temperature rise of ∆Tatm = 2−6◦ in 2100, similar to the ’likely range’134

for the A1FI projections in IPCC 4AR. For the temperature evolution we use scaled135

versions of the SRES B1 and A2 scenarios that are non-linear in time. For the low136

end of the range, it is assumed that the temperature curve flattens in the second half137

of the twenty-first century (similar to the curve for the B1 scenario in Fig. SPM-5 of138

IPCC 4AR) by defining that two-thirds of the temperature rise is already achieved in139

2050. In contrast, for the high end of the range, it is assumed that the rate of tem-140

perature rise increases over the course of the twenty-first century (similar to the A2141

scenario) by defining that only one-third of the rise is achieved in 2050. A range of142

∆Tatm = 2.5 − 8◦C (Lenton, 2006) is used for the scenario for 2200.143

All high-end estimates for the components contributing to sea level rise presented144

in this paper contain uncertainties, as a result of the applied range in ∆Tatm and due145

to model uncertainties and our incomplete understanding of the underlying process146
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itself (Katsman et al, 2008a, p.16-17). Therefore, for all components a range is given.147

To arrive at a projection for the total local sea level rise, we sum the median values148

of the individual contributions and sum their uncertainties quadratically rather than149

adding the extremes of all ranges. This approach assumes that the uncertainties are150

independent, which is appropriate when the contributions are distinguished based on151

the physical processes causing it (i.e., ocean warming, dynamical ice sheet changes) as152

is done here. In contrast, contributions that can be attributed to the same process need153

to be added by summing the extremes of all ranges, assuming that they are dependent.154

This is how the dynamical ice sheet contributions from the Amundsen Sea Embayment155

on Antarctica and from and marine-based glaciers in East Antarctica (Section 3.3.1,156

Table 2) are treated, for example. When the contribution of the first is underestimated157

because of inaccurate prescriptions of certain processes involved, chances are that this158

holds for the latter contribution as well.159

Our lack of knowledge of some of the relevant responses of components of the160

climate system affecting sea level change to greenhouse gas emissions leads to a wide161

range of sea level projections. We cannot assign a likelihood to this high-end scenario162

because of this limited knowledge either. The outcome should therefore be taken as163

indicative of what is - according to our expert judgment and based on the current level164

of scientific understanding - a plausible high end and longer time frame range of future165

sea level change scenarios rather than what is most likely. It is by no means guaranteed166

that these high-end scenarios will remain valid as science progresses, that we bound the167

possibilities, or that the scenarios are agreed upon by the entire scientific community.168

3 Global mean sea level rise in 2100169

To explore the high end of possible the sea level rise scenarios, we first compute the170

separate contributions to global mean sea level rise in 2100, with respect to 1990.171

3.1 Global mean thermal expansion172

Most sea level projections available (Meehl et al, 2007b) do not cover the high end of173

the above-mentioned temperature range for the A1FI scenario (∆Tatm = 2−6◦C). We174

therefore estimate global mean thermal expansion by applying two alternative idealized175

scaling relations for the expansion and the rise in global mean atmospheric temperature176

to the ensemble of available climate model simulations for the twenty-first century (see177

Section 5.3 in Katsman et al, 2008a, for details). The first scaling method uses a linear178

relation between thermal expansion and atmospheric temperature rise for a certain year179

of interest (Katsman et al, 2008b); the second applies a linear relation between the rate180

of global mean thermal expansion and atmospheric temperature rise as the starting-181

point (Rahmstorf, 2007). Both methods assume ongoing upward trends in atmospheric182

temperature. They have their limitations in particular when applied to the high end of183

the scenario range (large atmospheric temperature rise) and hence the results need to184

be treated with caution. Because of the uncertainties involved, the final estimate for185

the contribution of global mean thermal expansion is taken as the average of the ranges186

obtained with the two methods. The approach yields a contribution to global mean sea187

level rise of 0.12 to 0.49 m in 2100 (Figure 1). This is slightly wider than the range of188

0.17 to 0.41 m reported in IPCC 4AR for the A1FI emission scenario (Table 10.7). The189
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latter is obtained by scaling climate model results for the A1B scenario with a factor190

deduced from intermediate complexity models (IPCC 4AR, App. 10.A, p. 844).191

3.2 Glaciers and ice caps (GIC)192

The contribution from glaciers and ice caps (GIC) to global mean sea level rise is calcu-193

lated using the same scaling approach applied in IPCC 4AR (their Section 10.6.3.3. and194

Appendix 10.A, p.844). The approach builds on the approximate linear relationship be-195

tween the rate of sea level rise from the world’s glaciers and ice caps (excluding those196

in Antarctica and Greenland) and global mean atmospheric temperature estimated197

from observations (van de Wal and Wild, 2001). It takes into account the decline of198

the temperature sensitivity of the mass balance during glacier retreat, as the most199

sensitive areas are ablated most rapidly. It also accounts for the decline in glacier area200

as volume is lost. To include contributions from small glaciers surrounding GIS and201

AIS, the results are increased by 20%. Note that this approach is expected to be less202

accurate further into the future, as greater area and volume is lost. When it is applied203

to a temperature range ∆Tatm = 2 − 6◦C, it yields a range of 0.07 to 0.20 m (Figure204

1).205

To arrive at this estimate, we used a range of 0.15 m to 0.60 m sea level equivalent206

for the present-day global volume of glaciers and ice caps (excluding those on Antarctica207

and Greenland). This encompasses the range of uncertainties spanned by the estimates208

published by Ohmura (2004), Raper and Braithwaite (2005), Dyurgerov and Meier209

(2005) and Radic and Hock (2010). The latter, higher estimate was not available at210

the time IPCC 4AR and Vellinga et al (2008) were published. However, it appears211

that for the year 2100 the outcome of the glacier model is not very sensitive to the212

value of the present-day GIC volume that is assumed. When the Radic and Hock213

(2010) estimate is omitted (and keeping all other parameter ranges fixed) a very similar214

contribution of 0.07 to 0.18 m is obtained (Katsman et al, 2008a, Section 2.2.2 on p.215

19), which is in turn almost the same as the A1FI estimate in IPCC 4AR (0.08-216

0.17 m). According to Dyurgerov and Meier (2005), the glaciers surrounding GIS and217

AIS contribute much more than 20% to the total GIC volume (0.72 ± 0.2 m versus218

0.37 ± 0.06 m sea level equivalent when they are included or excluded, respectively).219

When the inclusive estimate for the total GIC volume is used in the calculations also220

yields a range of 0.07 to 0.20 m (omitting the upscaling of the volume by 20%).221

The GIC contributions resulting from the scaling relation are within a few centime-222

ters of the independent estimate by Meier et al (2007). Taking into account dynamic223

processes, like the thinning and retreat of marine-terminating glaciers, they present an224

estimated contribution of 0.10 to 0.25 m to sea level rise by 2100 due to GIC mass loss.225

The low scenario of Pfeffer et al (2008) is another independent estimate (based on the226

assumption that the observed acceleration of mass loss is maintained at the present227

rate) and reads 0.17-0.24 m, again in line with our estimate.228

Our estimate is considerably smaller than the high scenario of 0.55 m in that same229

paper. In this high scenario, it is assumed that the dynamic discharge of all marine-230

terminating glaciers rapidly accelerates by an order of magnitude over a period of 10231

years, and that this maximum discharge rate is then maintained until 2100 (Pfeffer232

et al, 2008). It can be questioned whether such a scenario can become reality. First,233

as Pfeffer et al (2008) discuss, it requires a dramatic increase in glacier discharge rate234

by an order of magnitude increase. A clear justification for this choice is lacking. Up235
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Fig. 1 Ranges for individual contributions and total high-end scenarios for sea level rise for
2100 from various studies (black: global sea level rise for the A1FI scenario in IPCC 4AR,
including scaled-up ice discharge; red: high-end scenario for global mean sea level rise; blue:
high-end scenario for local sea level rise along the Dutch coast (scaling factors used to translate
the global mean contributions from land ice masses to local variations are (solid bars): AIS =
1.1; GIS = 0.2, based on Mitrovica et al (2001); (open bars): AIS = 2.6; GIS = -2.5, based on
Plag and Juettner (2001); see also Section 4).

till now, such glacier speeds have not been observed, not even for shorter periods. The236

largest observed increases (Joughin et al, 2004; Howat et al, 2007) involve a doubling237

of the speed rather than an order of magnitude increase. Second, if such high discharge238

rates were to occur, it is likely that several tidewater glaciers will retreat above sea239

level over time, which eliminates the ocean-ice interaction that is thought to be at240

least partly responsible for the rapid increases in discharge envisioned (e.g., Nick et al,241

2009). This restreat would result in a consequent reduction in discharge. This negative242

feedback makes it unlikely that these maximum discharge rates assumed by Pfeffer243

et al (2008) can be maintained during the entire twenty-first century.244

3.3 Ice sheet contributions245

The high-end contributions from AIS and GIS are the most uncertain components.246

The mass of ice grounded on land in these ice sheets can change as a result of changes247

in surface mass balance (the mean sum of snow and frost accumulation, runoff and248

evaporation/sublimation) or in the flux of ice leaving the grounded ice sheet and en-249

tering the ocean (either as floating ice, or as melt water). The former is largely a250

response to atmospheric climate change, while the latter will be a complex response251

to atmospheric oceanographic forcings and internal changes in the ice sheet. Our un-252

derstanding of recently observed dynamic ice sheet behaviour (e.g., Alley et al, 2008;253

Joughin et al, 2008a; Pritchard et al, 2009; Velicogna, 2009) is limited. Partly because254

of this complexity and partly due to a lack of long-term observational data, there is255

little confidence that the present generation of ice sheet models correctly simulates the256
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Table 1 Overview of all estimated contributions and the total high-end projections for 2100
assessed here and displayed in Figure 1 (in m). Given are the values for global mean sea level
rise, and the corresponding contributions reported in IPCC 4AR for the A1FI emission scenario
including the scaled-up ice discharge from their Table 10.7, and the values for local sea level
rise along the Dutch coast (two different sets of scaling factors are used to translate the global
mean contributions from land ice masses to local variations; left: numbers based on Mitrovica
et al (2001), right: based on Plag and Juettner (2001); see Section 4 for details). The final
numbers assessed in this study are rounded off to 0.05 m)

global A1FI
+ scaled-up
ice discharge
(IPCC 4AR)

global high-end
(this paper)

along the Dutch coast,
high-end (this paper)

global mean expansion 0.17–0.41 0.12–0.49 0.12–0.49 0.12–0.49
local expansion - - -0.05–0.2 -0.05–0.2
small glaciers 0.08–0.17 0.07–0.20 0.05–0.16 0.05–0.16
Antarctic Ice Sheet -0.14– -0.03 -0.01–0.41 -0.01–0.45 -0.03–1.07
Greenland Ice Sheet 0.02–0.12 0.13–0.22 0.03–0.04 -0.55– -0.33
scaled-up ice discharge -0.01–0.17 - -
terrestrial water storage 0.0–0.04 - -
total 0.25-0.76 0.55-1.15 0.40–1.05 -0.05–1.15

likely changes in ice flux. The key difference between the ice sheet contributions pre-257

sented here and those in IPCC 4AR is a reassessment of this dynamical contribution258

based on recent observations and expert judgment. The estimates of changes to the259

surface mass balance are identical to those of IPCC 4AR.260

The most vulnerable parts of ice sheets are thought to be the so-called marine ice261

sheets: ice sheets that rest on bed rock that is below sea level and slopes downwards262

from the margin to the interior (e.g., Mercer, 1978; Vaughan, 2008). There is a pos-263

sibility that positive feedbacks in a marine ice sheet system could lead to a runaway264

”collapse” of the ice sheet, which would stop only where the retreat encountered a265

rising bed slope. In essence, the theory of marine ice-sheet instability is that a small266

inland migration of the icesheet grounding line would lead to an acceleration of ice-267

flow out of the ice sheet. This would mean that the input to the ice sheet (primarily268

through snowfall) becomes insufficient to match the loss from the ice sheet (by melting269

into the oceans, and iceberg calving), causing a further migration of the grounding line270

inland and further exacerbate the effect until the retreating grounding line encountered271

a rising bed slope. The timescale over which such a collapse might occur is not well272

understood but for large sections of an ice sheet, would probably not run to completion273

on less than century scales (see also Katsman et al, 2008a, Appendix I-b).274

Today, there are a few examples of marine ice sheets on Earth. The largest covers275

the majority of West Antarctica (Bamber et al, 2009), although a few glaciers in East276

Antarctica also have large catchment basins below sea level (Pritchard et al, 2009). In277

Greenland, there is only one glacier basin, that of Jacobshavns Isbrae, that appears to278

contain a similar prominent inland slope, and could potentially display the marine ice279

sheet instability mechanism. For Petermann glacier in the north it is unclear whether280

the same mechanism can occur. A comparison of the subglacial topography from each281

of these basins, as well as recent observations of changes in the ice, suggest that the282

strongest inland bed slope, and probably the strongest tendency to instability, exists283

in that portion of the West Antarctic Ice Sheet which drains into the Amundsen Sea -284

the so-called Amundsen Sea embayment.285
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3.3.1 Antarctic Ice Sheet (AIS)286

Figure 2 shows a compilation of observations of mass change in Antarctica, several287

of which were not available at the time of publication of IPCC 4AR, justifying the288

approach taken at that time. At present, observations support the view that the West289

Antarctic Ice Sheet (WAIS) may lose a significant fraction of its mass (Figure 2a). There290

is little support for accelerated mass change in East Antarctica (Figure 2b), which291

consequently leads to a total change in Antarctic ice volume (Figure 2c) dominated by292

West Antarctica (see also, e.g., Allison et al, 2009).293

Our high-end estimate for the contribution to global mean sea level rise from AIS is294

based on plausible contributions from three areas of Antarctica that are showing signs295

of change and/or are thought to be vulnerable to marine ice sheet instability:296

1. the Amundsen Sea Embayment (ASE) in West-Antarctica, the region with the297

strongest inland bed slope, and hence probably the strongest tendency to marine298

ice sheet instability (Vaughan, 2008),299

2. the three marine-based glacier basins in East Antarctica that are showing recent300

thinning (Pritchard et al, 2009): Totten Glacier, the glacier which feeds Cook Ice301

Shelf around 150 E, and Denman Glacier (EAIS-g) and302

3. the northern Antarctic Peninsula (n-AP), an area that has suffered recent increases303

in atmospheric temperature, increased glacier melt, glacier retreat, and glacier ac-304

celeration (e.g., Cook et al, 2005).305

A modest scenario and a severe scenario are developed, which serve as the lower306

and upper end of the high-end projection for the contribution of AIS to global mean sea307

level rise. The modest scenario is obtained by assuming a continuation of the recently308

observed increase in the glacier velocities in ASE and EAIS-g, and of the observed309

melting and glacier flow in the n-AP. We could characterize this modest scenario as310

not implying any particularly extreme behavior. The severe scenario is based on an311

emerging collapse of the ASE and EAIS-g as a result of marine ice sheet instability312

(see above). In addition, accelerating melting and glacier flow on the n-AP is assumed.313

Modest scenario The modest scenario (Table 2) is based on a continuation of the314

recently observed changes in the three areas considered (see also Katsman et al, 2008a,315

Section 5.4.1). The net imbalance that is observed in Pine Island Glacier (the best-316

measured glacier in the ASE) is around -50% (Thomas et al, 2004), meaning that317

about 50% more ice is now leaving the glacier-basin than is being replaced by snow. Its318

velocity increased by around 50% in 30 years (Rignot and Thomas, 2002; Joughin et al,319

2003). The change in ASE discharge suggests a growing imbalance and an increasing320

contribution to sea level rise. The estimate for the total contribution of ASE to to sea321

level rise for the period 2000-2100 presented in Table 2 assumes either a continuation of322

the recent imbalance to 2100 (low end) or a continued acceleration in discharge for ASE323

at the rate of 1.3% per year observed over the last decade (Rignot et al, 2008). Although324

this is a substantial extrapolation and implies mass loss from the ASE catchment, it325

does not represent a major change in the regime of the ASE ice sheet (Rignot et al,326

2008). Flow velocities achieved by 2100 under this scenario (around three to five times327

the balance velocities) are not unrealistically large. They are comparable to those seen328

on Jakobshavn Isbrae on GIS prior to its recent acceleration (e.g., Joughin et al, 2004;329

Rignot and Kanagaratnam, 2006).330
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(a) (b)

(c)

Fig. 2 Various estimates of the mass balance of the (a) West Antarctic Ice Sheet (WAIS),
(b) East Antarctic Ice Sheet (EAIS) and (c) Antarctic Ice Sheet (AIS), inferred from green -
Insar measurements of ice velocity; red - gravitational measurements (GRACE); black - radar
altimetry [C06: Chen et al., 2006; CA09: Cazenave et al., 2009; D05: Davis et al., 2005; H08:
Helsen et al., 2008; R08: Rignot et al., 2008; RA06: Ramillien et al., 2006; RT02: Rignot and
Thomas, 2002; V06: Velicogna and Wahr, 2006b; V09: Velicogna, 2009; W98: Wingham et
al., 1998; W06: Wingham et al., 2006; Z05: Zwally et al., 2005] The blue boxes indicate the
estimate presented in IPCC 4AR.

Accelerated ice stream discharge, but with lower rates of thinning, has been ob-331

served across the basins of three East Antarctic glaciers (e.g., Pritchard et al, 2009).332

These glaciers also have a marine character and may exhibit similar vulnerabilities as333

ASE. The total flux of these glaciers is estimated to be 121 Gigaton per year (Gt/yr),334

which is a little less than that of the ASE basins. It seems reasonable to assume that335

these basins could make a similar, but probably slower, contribution up to 2100. In-336

sufficient data exist to allow an extrapolation similar to that done for ASE. A simple337

scaling relationship (Katsman et al, 2008a, Section 5.4.1) has therefore been used to338

arrive at the estimate in Table 2.339

The further loss of ice shelves around the Antarctic Peninsula, related glacier accel-340

eration, and increased runoff from melt, are all likely consequences of continued warm-341

ing on the n-AP. At present the contributions from the latter two processes appear to342

be roughly equal. The only published estimates for the future are for the contribution343

from increasing melt water runoff (Vaughan, 2006) for 2050. If we assume, without344

strong justification, that glacier acceleration (due to both ice-shelf loss, and accelera-345

tion of tidewater glaciers) increases similarly, the total contribution is 0.0 to 0.05 m in346

the period 2000-2100 (Table 2).347

In summary, under this modest scenario we see AIS contributing around 0.07 to348

0.15 m to global sea level rise by 2100, as a consequence of changing ice dynamics.349
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To account for the projected increase in accumulation over Antarctica we reduce this350

estimate by 0.08 m (average for the A1FI scenario, Table 10.7 of IPCC 4AR), and arrive351

at a net total contribution of -0.01 to 0.07 m (Table 2). Note that the contributions are352

added by adding their extremes, assuming the uncertainties are dependent (see Section353

also 2).354

Severe scenario The modest scenario described above does not capture the idea of355

a collapse of the WAIS as imagined in several more severe depictions (Section 3.3,356

Mercer, 1978; Vaughan, 2008). We therefore developed a severe scenario based on357

emerging collapse of ASE and EAIS-g, and accelerating melting and glacier flow on in358

the n-AP as well.359

During a collapse, the retreat of the ice and the contribution to sea level rise is not360

limited by the acceleration of the glaciers taking ice to the oceans, as suggested by the361

investigations of the upper bound of the AIS contribution to sea level rise by Pfeffer362

et al (2008). For a marine ice sheet it is possible for the edge of the ice sheet to migrate363

inland, into increasingly deep ice, and this could cause a collapse of West Antarctic364

Ice Sheet at rates that are higher than could be achieved by glacier acceleration alone.365

It is generally thought that a full-scale collapse would be promoted by the removal of366

ice shelves that fringe the grounded ice sheet and act to buttress it. On the Antarctic367

Peninsula, loss of Larsen B Ice Shelf, resulted in a speed-up of the glaciers that formerly368

fed it, by factors of 2 - 8 times (Scambos et al, 2004). If we imagine glacier acceleration369

at the upper end of this range we can come close to the rates of loss that could be370

described as a collapse. If the loss of ice from the glaciers across ASE increases to 8371

times the balance value, akin to what was observed after the loss of Laren B ice shelf,372

it would result in an additional contribution of 3 mm/yr to sea level rise. If this type of373

behavior followed an ice-shelf loss, it could, in theory dominate for much of the latter374

part of the century, giving a total contribution to SLR by 2100, on the order of 0.25 m375

(Table 2).376

If the marine glacier basins in EAIS-g were to follow the progress of the ASE377

glaciers, effectively producing a 50% excess in discharge over 30 years (from 2000), and378

then following exponential growth to 2100, this would imply around 0.19 m global mean379

sea level contribution in the period 2000-2100. In this severe scenario, the contribution380

from the n-AP glaciers is unlikely to be a significant fraction of the total. We note that381

the ice thickness on the n-AP (Pritchard and Vaughan, 2007) is poorly surveyed, but382

is unlikely to contain more than 0.10 m global mean sea level equivalent. The potential383

contribution from this area is therefore unlikely to be substantially greater than 0.05384

m. For the purposes of this scenario, we assume that this 0.05 m is lost by 2100. The385

total sea level contribution for the severe scenario due to changing ice dynamics is then386

0.49 m. To this estimate, we add again the global mean sea level change of -0.08 m387

projected in response to an increase in accumulation (IPCC 4AR), and arrive at an388

upper estimate of 0.41 m.389

The modest and severe scenarios discussed above serve as the lower and higher end390

of the high-end projection for the contribution of the AIS to global mean sea level rise.391

It amounts to -0.01 m to 0.41 m (Table 2, Figure 1).392

Pfeffer et al (2008) estimated the AIS contribution at 0.13-0.15 m (low estimate)393

and 0.62 m (high estimate). The latter is considerably higher than ours, mainly due394

to the entirely different starting-point that is chosen in the two studies. While Pfeffer395

et al (2008) focus on kinematic contraints on the contribution by estimating an upper396

limit to the discharge of the glaciers, our approach focuses on the possible impacts of397
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Table 2 Summarized rationale for the estimated high-end contribution from AIS to global
mean sea level rise for 2100 (in m) in summary. The final high-end contribution of -0.01 to
0.41 m spans the modest and severe scenarios

area modest scenario sea level
rise (m)

severe scenario sea level
rise (m)

ASE continued observed
(acceleration of)
discharge

0.06 to 0.09 ice loss increases to
eight times the
balance value

0.25

EAIS-g ratio current / future
discharge as for ASE

0.01 ice loss increases
analogous to ASE

0.19

n-AP increased glacier
acceleration and
run-off

0.0 to 0.05 50% of available ice
lost by 2100

0.05

accumulation change -0.08 accumulation change -0.08

total -0.01 to 0.07 0.41

marine ice sheet instabilities. Based on their kinematic approach, Pfeffer et al (2008)398

obtained their estimate for ASE (which is 0.05 to 0.15 m larger than ours) by setting an399

upper limit on the speed at which glaciers can transport ice to the sea. They assume a400

(not well-justified) increase in velocity to the highest value ever observed for an outlet401

glacier (Howat et al, 2007, an observation from Greenland), and maintain this for the402

remainder of the century. In contrast, we consider the consequences of a collapse of403

the ice sheet in response to the loss of the adjacent ice shelf by analogy with recent404

events at Larsen B ice shelf (Scambos et al, 2004). In our opinion, the latter scenario405

is more likely based on established vulnerability of the ASE Embayment to marine ice406

sheet instability (Vaughan, 2008). Also as a consequence of the different approaches407

chosen, the two papers consider different regions in East Antarctica in their estimates.408

While Pfeffer et al (2008) estimate a contribution for the largest outlet glacier (the409

Amery/Lambert drainage basin, Rignot et al, 2008), we estimate the contributions410

from the marine-based glaciers prone to marine ice sheet instability (Pritchard et al,411

2009). Finally, part of the difference between the two estimates can be explained by the412

fact that Pfeffer et al (2008) only consider SMB changes on the Antarctic Peninsula413

(assessed at +0.01 m) while we take into account the projected accumulation changes414

over the entire continent (assessed at -0.08 m). The two estimates for the dynamic415

contribution from the Antarctic Peninsula hardly differ.416

3.3.2 Greenland Ice Sheet (GIS)417

For Greenland (Figure 3, see also Allison et al, 2009) recent studies indicate a larger418

ice mass loss than at the time that IPCC 4AR was published. Also for the high-end419

scenario for GIS, we accept the IPCC 4AR assessment of mass loss due to surface420

mass balance changes and associated sea level rise, and reassess only the additional421

contribution from fast dynamical processes.422

The first process that may be important for enhanced dynamical discharge from423

GIS is related to percolation of the melt water to the bedrock, either directly from424

surface melt or lake drainage. At the bedrock the additional water might lubricate the425

ice and increase the flow of ice to lower lying areas. This process, known to be important426

for Alpine glaciers, was first noticed to be significant at GIS by Zwally et al (2002).427

More recently satellite interferometery data (Joughin et al, 2008a) confirmed that the428
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velocity accelerations in summer are widespread along the western margin. Based on429

GPS measurements along the K-transect (67 N) it was shown (van de Wal et al, 2008)430

that acceleration might be up to 300-400% during short intervals, but no long-term431

increase in the velocity could be observed whereas the ablation increased slightly over432

the last 17 years (see also Katsman et al, 2008a, Section 5.4.2). Quantification of the433

feedback mechanisms related to lubrication of the bed is part of ongoing research.434

As in West Antarctica, there are regions of GIS where a retreating shelf can lead435

to a retreat of the ice at a rapid rate that depends on basal melt rates (e.g., Pfeffer,436

2007). This process depends on ocean water temperatures. A complicating factor in437

quantifying this process for Greenland lies in the fact that the inlets which are at438

present below sea level are typically narrower than comparable areas in Antarctica.439

This is particularly true for the Jakobshavn basin. This basin captures an amount of440

ice that, if mobilized rapidly, would lead to a sea level rise of approximately 0.35 m.441

At present there is insufficient knowledge to quantify the effect of the narrow inlets442

and their consequences for the drainage to the ocean. Some data are available on the443

acceleration of tidewater glaciers, which can be used to estimate the fast dynamical444

discharge (Joughin et al, 2004; Howat et al, 2007; Joughin et al, 2008b). For the tide445

water glaciers in the east and south we assume a doubling of the discharge by 2050446

compared to its 1996 value (21% of 386 km3/yr, Rignot and Kanagaratnam, 2006),447

followed by rapid slow down to 1996 discharge rates when their termini no longer reach448

the ocean. Jakobshavn and the northern tidewater glaciers are assumed to be at four449

times their 1996 discharge rates (18% of 386 km3/yr, Rignot and Kanagaratnam, 2006)450

by 2100, which is an acceleration comparable to observations in West-Antarctica. (All451

changes in the rates are assumed linear.) The resulting analysis yields an additional sea452

level rise by 2100 due to fast ice dynamics of about 0.10 m on top of the estimate from453

the surface mass balance of 0.03 to 0.12 m, which is adopted from the A1FI scenario454

in IPCC 4AR. The total high-end contribution of GIS to global mean sea level rise is455

assessed at 0.13 to 0.22 m.456

Our estimate of the dynamical contribution of 0.1 m is roughly consistent with the457

upper end of the IPCC 4AR suggestion of scaled-up ice discharge due to fast dynamics458

of 0.17 m for the A1FI scenario from both ice sheets, if the IPCC contribution can459

be distributed equally over GIS and AIS. A linear extrapolation of the observations in460

Figure 3 also leads to a contribution from GIS of about 0.2 m in 2100. The low scenario461

of Pfeffer et al (2008) is an independent estimate based on similar kinematic consid-462

erations and reads 0.17 m as well. Our estimate is considerably smaller than the high463

scenario in that same paper (0.54 m), which assumes a rapidly accelerating dynamic464

discharge from the outlet glaciers until a maximum rate, which is then maintained465

until 2100. However, as argued in Section 3.2, it is likely that several tidewater glaciers466

will retreat above sea level over time, which eliminates the ocean-ice interaction that467

is thought to be at least partly responsible for the recent rapid changes, yielding a468

consequent reduction in discharge. The maximum rate is assumed to be an order of469

magnitude larger than the current discharge rate of the outlet glaciers. Such an increase470

has never been observed, nor is the reason for choosing this ten-fold increase motivated471

in the paper.472
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Fig. 3 Various estimates of the mass balance of the Greenland Ice Sheet (GIS), inferred from
green - Insar measurements of ice velocity; red - gravitational measurements (GRACE); black
- radar altimetry [C06: Chen et al., 2006; CA09: Cazenave et al., 2009; K00: Krabill et al, 2000;
K04: Krabill et al, 2004; L06: Luthcke et al., 2006; R06: Rignot and Kanagaratnam, 2006; R08:
Rignot et al., 2008; T06: Thomas et al., 2006; RA06: Ramillien et al., 2006; V05: Velicogna
and Wahr, 2005; V06: Velicogna and Wahr, 2006a; V09: Velicogna, 2009; W08: Wouters et al.,
2008; Z05: Zwally et al., 2005] The IPCC estimate for GIS (blue box) is based on Z05, K00,
V05, R06 and C06.

3.4 Total473

To arrive at a projection for total mean sea level rise, we sum the median values of474

the individual components and sum their uncertainties quadratically (see Section 1).475

The final range is rounded off to the nearest 0.05 m. For 2100, we arrive at a plausible476

high-end scenario for global mean sea level rise of 0.55 to 1.15 meters.477

Not surprisingly, this high-end estimate lies above the IPCC projections, which478

represent a likely range and incorporate only a limited range of possible ice sheet479

responses, as they do not include potential contributions resulting from rapid dynamical480

processes in the Greenland and Antarctic Ice Sheets that are not adequately represented481

in the current generation of ice-sheet models. For the A1FI emission scenario, a global482

mean sea level rise of 0.26-0.59 m in 2100 with respect to 1990 was projected. When the483

contribution referred to as the scaled-up ice discharge (Section 10.6.5 in IPCC 4AR)484

is included, the projected range becomes 0.25-0.76 m.485

The high-end estimate presented here is lower than the outcomes of several semi-486

empirical model studies (e.g., Rahmstorf, 2007; Grinsted et al, 2009; Vermeer and487

Rahmstorf, 2009; Jevrejeva et al, 2010). However, it should be noted that the semi-488

empirical approach has been contested on statistical grounds (Schmith et al, 2007)489

and on physical grounds (Holgate et al, 2007; von Storch et al, 2009). The linear490

approximation is a simple first-order approximation to a number of complex processes491

influencing sea level change. The argument given by Rahmstorf (2007) to justify its use492

is that our capability for calculating future sea-level changes with present physics-based493

models is very limited, and that these semi-empirical models can provide a pragmatic494
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alternative to estimate the sea-level response. However, when applied to the results of495

climate model simulations, the semi-empirical formula appears to overpredict sea level496

rise due to thermal expansion in 2100 by 20-30% in comparison to the actual modeled497

expansion (see Rahmstorf (2007) and Katsman et al (2008a), p.40-44). Clearly, more498

research is needed to determine the skill of the methodology and to value the resulting499

projections. As a final remark, we note that the method cannot give reasonable results500

for sea level rise caused by processes for which atmospheric temperature rise is not the501

main driver. As such, it may not be suited to project the contribution from dynamic502

ice sheet changes.503

4 Local sea level rise in 2100504

To develop a locval high-end scenario for the Netherlands, we accountr for two local505

effects (see Section 2): local steric changes with respect to the the global mean change,506

and elasto-gravity effects. Regionally, changes in steric sea level (caused by changes in507

temperature and salinity) can deviate substantially from the global mean value. Kats-508

man et al (2008b) analyzed modeled steric changes in the northeast Atlantic Ocean509

for the twenty-first century as a function of atmospheric temperature rise. From the510

analysis, two types of model behavior emerge. Either the local changes are the same as511

the global mean changes, or an additional local rise is seen which increases with rising512

atmospheric temperatures. The latter behavior reflects a dynamical sea level change513

associated with a reduction of the strength of the meridional overturning circulation514

that occurs in those model simulations (Levermann et al, 2004). The high-end contri-515

bution of additional sea level rise due to ocean circulation changes in the North East516

Atlantic Ocean is defined using the relation found in Katsman et al (2008b) applied517

to the rise in global mean temperature considered here. Its (skewed) contribution is518

assessed at -0.05 to 0.20 m (Katsman et al, 2008a, p.27).519

Besides local sea level variations due to ocean circulation changes, we take into520

account that when ice masses on land melt, the resulting melt water is not distributed521

evenly over the oceans. Large land-based ice masses exert a gravitational pull on the522

surrounding ocean, yielding higher relative sea levels in the vicinity of the ice mass.523

When the ice mass shrinks, this pull decreases, and sea level will actually drop in524

the vicinity of the ice sheet (the ”near field”) as water is redistributed away from it525

(Woodward, 1888; Farrell and Clark, 1976). Farther away from the land ice mass, in526

the ”intermediate field”, sea level does rise, but this rise is smaller than the global527

mean rise that would result from equal distribution of the melt water. At even greater528

distances, in the ”far field”, local sea level rise becomes larger than the global mean rise.529

Moreover, the solid Earth deforms under the shifting loads. This deformation affects530

the gravity field, the distribution of the ocean water, and the vertical position of land.531

As a result of these local gravitational and elastic changes, along with accompanying532

changes in the orientation of Earth’s rotation axis and the rate of rotation, a shrinking533

land ice mass yields a distinct pattern of local sea level rise sometimes referred to as its534

”fingerprint” (e.g., Mitrovica et al, 2001; Plag and Juettner, 2001). The gravitational,535

elastic and rotational effects can be incorporated in the scenario for sea level rise by536

multiplying each of the global mean contributions from ice melt from glaciers and ice537

sheets by their respective relative fingerprint ratios.538

Two approaches can be used to quantify the gravitational and elastic effects for539

small glaciers, which are distributed unevenly over the world. The first one is to use540
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the data set on increase in sea level due to glacier melt by Dyurgerov and Meier541

(2005) covering the period from 1961-2003. From this data set, we can reconstruct sea542

level due to glacier melt for different regions over the last four decades. Taking the543

geographical location of the areas relative to the Netherlands, as a first approximation544

we can simply calculate the local sea level rise due to gravitational effects caused by545

the different small glacier areas (for a rigid Earth). This exercise results in a ratio546

of local to global mean sea level for the Netherlands that varies over time depending547

on which areas are important, but ranges from 0.75 to 0.90. It is smaller than unity548

due to the contribution of a few glaciers close to the Netherlands, such as those on549

Iceland and Svalbard. This analysis applies to the past sea level contribution by small550

glaciers, but the local effect for future sea level rise may be different. In order to assess551

this point, we can use the estimated regional distribution of glacier melt under 2xCO2552

conditions presented by van de Wal and Wild (2001). This results in a ratio of 0.8 for553

the local/global mean ratio. This number coincidently agrees with the one presented554

by Mitrovica et al (2001), which is based on a model of gravitational and elastic effects555

resulting from historical glacial melting between 1900 and 1961. In all, based on the556

above analysis, we used a scaling factor of 0.8 for the glacier contribution along the557

Dutch coast.558

Simple calculations for a rigid Earth yield a fingerprint ratio of 0.45 and 1.2 for559

for GIS and AIS, respectively (Woodward, 1888). However, there appear to be large560

differences in the fingerprints published by various authors who have addressed the561

impacts of the deformation of the Earth’s crust in response to mass load changes for562

these ice sheets. In particular, Plag and Juettner (2001) predict fingerprints with much563

larger spatial variability than, e.g., Mitrovica et al (2001); Farrell and Clark (1976) and564

Clark and Primus (1988). The reasons for these discrepancies are not fully understood.565

In order to assess the impact of the current uncertainty in the fingerprints of AIS and566

GIS on the local sea level projections, we have considered the two widely varying cases567

published by Mitrovica et al (2001) and Plag and Juettner (2001) (solid and open bars568

in Figure 1, Table 1). We arrive at a high-end scenario for sea level rise along the coast569

of the Netherlands of 0.40 to 1.05 meters using the fingerprints published by Mitrovica570

et al (2001). In contrast, using the results by Plag and Juettner (2001) yields a high-end571

scenario of -0.05 to 1.15 m.572

5 High-end scenario for 2200573

A long-term, high-end scenario for local sea level rise for the year 2200 can be very574

useful for those involved in coastal management, but developing it is a challenging task.575

Robust sea level rise projections are not yet possible since scientific understanding of576

some processes is incomplete, and hence not well-captured by models. Moreover, for577

the period 2000-2100, at least the initial condition is reasonably constrained, and the578

same is not true for the period 2100-2200. As a consequence, the high-end scenario579

presented here is a rather crude estimate.580

However, it is likely that the amount of sea level rise that occurs in the twenty-581

second century is at least as large as during the twenty-first century. Both the ther-582

mosteric and ice sheets components have very long response time scales. Since we583

expect the temperature forcing to be large throughout the twenty-second century, it584

is unlikely that the response attained by 2200 will be less than twice the lower limit585

projected for 2100 (1.1 m).586
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Fig. 4 Individual contributions and total high-end projections for 2200 (red: global mean sea
level rise; blue: local sea level rise along the Dutch coast using the fingerprint ratios presented
by (solid bars) Mitrovica et al (2001) and (open bars) Plag and Juettner (2001) respectively).

Table 3 Overview of all estimated contributions and the total high-end projections for 2200
assessed here and displayed in Figure 5 (in m), for global mean sea level rise and for local sea
level rise along the Dutch coast using two different scaling factors used to translate the global
mean contributions from land ice masses to local variations (left: Mitrovica et al (2001), right:
Plag and Juettner (2001); see Section 4 for details). Final numbers are rounded off to 0.5 m.

global high-end along the Dutch coast, high-end
global mean expansion 0.3–1.8 0.3–1.8 0.3–1.8
local expansion - 0.0–0.6 0.0–0.6
small glaciers 0.12–0.44 0.10–0.26 0.10–0.26
Antarctic Ice Sheet 0.22–1.4 0.24–1.5 0.57–3.6
Greenland Ice Sheet 0.5–0.8 0.10–0.16 -1.25– -2.0
total 1.5–3.5 1.5–3.5 0.0–3.5

5.1 Global mean scenario587

For 2200, estimates of the global mean thermal expansion can be obtained by ei-588

ther considering the limited set of climate model simulations that cover (part of) the589

twenty-second century, or by applying the semi-empirical approach (Rahmstorf, 2007)590

based on twenty-first century model results (Meehl et al, 2007b). The long-term cli-591

mate model simulations that are available for the twenty-second century are those that592

assume either a stabilization of the CO2 concentration in 2000 (so-called commitment593

simulations, Wigley, 2005) or in 2100 (SRES A1B, Fig. 10.37 in IPCC 4AR), or as-594

sume a 1% per year increase in CO2 until a quadrupling of pre-industrial values is595

obtained (simulations end in the year 2140, see Fig 11.15 in IPCC 4AR and Houghton596

et al, 2001). On average, these model simulations yield a contribution of 0.4-1.0 m from597

global mean thermal expansion in 2200 with respect to 1990. However, the rise in global598

mean atmospheric temperature simulated is only about 3− 4◦C, which is considerably599

smaller than the range of ∆Tatm = 2.5 − 8◦C assumed here (Section 2). As a conse-600

quence, the estimate for global mean thermal expansion in 2200 obtained from these601

long-term climate model simulations is probably too low as well. Therefore, we use602
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the second approach and estimate the global mean thermal expansion by applying the603

semi-empirical approach (Rahmstorf, 2007) to a suite of twenty-first century climate604

model results (Katsman et al, 2008a, Section 3.1). While doing so, one has to acknowl-605

edge that the methodology has been contested and that the results are educated but606

crude estimates (see also Section 3.4). For ∆Tatm = 2.5− 8◦C in 2200 (Lenton, 2006),607

the analysis yields a central estimate of 0.8 m for the global mean thermal expansion,608

with a skewed distribution ranging from 0.3 to 1.8 m (Figure 5, Table 3).609

As an estimate for the contribution of glaciers, we again apply the scaling relation610

discussed in IPCC 4AR (see Section 3.2 for details). Using a global glacier volume611

ranging from 0.15 to 0.60 m (Ohmura, 2004; Dyurgerov and Meier, 2005; Raper and612

Braithwaite, 2005; Radic and Hock, 2010) yields a global mean contribution of 0.12613

to 0.44 m between 2000 and 2200 (Figure 5, Table 3), more than twice the amount614

assessed for 2100 (Figure 1, Table 1).615

A key uncertainty for long-term projections of sea level rise is the potential rate616

at which GIS and AIS can contribute to sea level rise over the coming centuries. We617

base a conservative projection of the contribution of ASE to sea level rise by 2200 on a618

simple continuation (no further acceleration) of the low discharge rate achieved at 2100619

(Section 3.3.1). This would produce about 0.22 m of sea level rise by 2200 (Figure 5,620

Table 3). It is clear that if such a rate of discharge is attained by 2100, it is unlikely to be621

reduced thereafter and so this can provide a justifiable lower limit. Similarly, continuing622

the rate of contribution from the upper estimate of the higher scenario would suggest623

a total contribution by 2200 approaching 1.4 m global mean sea level rise. Given the624

uncertainty in these numbers, we omit here the small correction estimated to arise625

from additional accumulation (see also p. 32 in Katsman et al, 2008a). For GIS, based626

on the same assumptions as formulated for 2100 (p.33 in Katsman et al, 2008a), the627

additional sea level rise due to fast ice dynamics is estimated at 0.3 m, which amounts to628

a complete disappearance of the Jakobshavn Isbrae drainage basin. A further decrease629

of the surface mass balance by another 0.05 m for the moderate scenario and 0.3 m630

for the high scenario seems possible given the projections for the twenty-first century,631

adding up to a total GIS contribution to sea level rise by 2200 of 0.5 to 0.8 m (Figure632

5, Table 3).633

The sum of the contributions yields a crude estimate for global mean sea level634

rise in 2200 of 1.5 to 3.5 m (rounded off to the nearest 0.5 m because of the large635

uncertainties).636

5.2 Local scenario for the Netherlands637

A high-end scenario for sea level rise for the Netherlands for the twenty-second century638

needs to account for the possibility of a shutdown of the thermohaline circulation and639

the associated additional local expansion of about 0.6 m in the North Atlantic Ocean640

(Levermann et al, 2004; Yin et al, 2009). However, it is at present impossible to assign641

any likelihood to such a scenario, and the other extreme, an unchanged thermohaline642

circulation, cannot be ruled out either. The additional local expansion is therefore643

estimated at 0.0 to 0.6 m in 2200 with respect to 2000 (Figure 5, Table 3).644

Second, the global mean contributions from land-based ice masses are again trans-645

lated to local values to take into account the elastic and gravitational effects. Using646

the numbers from Mitrovica et al (2001) the scenario for local sea level rise for the647
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Table 4 Paleoclimatic estimates of rates of sea level rise (error bars are 2σ estimates). Listed
data sets are LR05: Lisiecki and Raymo, 2005; S00: Shackleton et al, 2000; R08: Rohling et al,
2008; Z83: Zagwijn, 1983

data
set

time (ka) rate
(m/cty)

sea level
from

rise (m)
to

duration
(ka)

sampling
interval

LR05 127-126 1.3 ± 1.0 -8.4 ± 8.2 4.2 ± 6.6 1.0 ± 0.5 ∼ 1 kyr
124-123 1.0 ± 0.9 -2.4 ± 6.1 7.8 ± 8.0 1.0 ± 0.5 ∼ 1 kyr

S00 127-126 1.2 ± 0.7 1.1 ± 5.5 13.8 ± 5.5 1.1 ± 0.5 ∼ 300 yr
R08 126-125 1.6 ± 1.1 -5.2 ± 6.0 5.2 ± 6.4 0.6 ± 0.2 ∼ 300 yr

124-123 1.5 ± 1.4 4.7 ± 6.4 11.6 ± 6.0 0.5 ± 0.1 ∼ 450 yr
Z83 128-126 0.9 ± 0.6 -6.3 ± 3.8 4.4 ± 2.8 1.3 ± 0.6 ∼ 1.3 kyr

Netherlands yields 1.5 to 3.5 m (0.0 to 3.5 m using Plag and Juettner (2001), Figure648

5, Table 3).649

6 Paleoclimatic evidence of global mean sea level rise650

During the Last Interglacial stage, about 125,000-130,000 years ago, global tempera-651

tures were comparable to those found today, and polar temperatures were notacibly652

warmer in both hemispheres (e.g., Overpeck et al, 2006; Otto-Bliesner et al, 2006; Du-653

plessy et al, 2007; Kopp et al, 2009). It is extremely likely that global sea level peaked654

at least 6.6 m higher than today during that period (Kopp et al, 2009). Global sea655

level records derived from oxygen isotopes (Lisiecki and Raymo, 2005) and the local656

sea level record of the Red Sea (Rohling et al, 2008) suggest that rates of global sea657

level rise reached 0.7 to 1.7 m/century during intervals within the Last Interglacial658

when ice sheets of the scale of the present GIS and WAIS were the only major melt659

water contributors (Table 4, Figure 5). The paleoclimatic record is not of high enough660

temporal resolution to exclude the possibility that global sea level rose at a rate that661

exceeded these values for periods of less than about three centuries, nor can it provide662

a minimum constraint on how long it takes to attain such rates starting from a slow663

rate sea level rise comparable to that we are experiencing now. The variations in the664

rate of global mean sea level rise observed in the Red Sea record (Rohling et al, 2008)665

do, however, suggest that the onset of rapid sea level rise can occur within the 300666

years timescale resolved by that record.667

A plausible high-end estimate based on paleoclimatic evidence, assuming that rates668

of global mean sea level rise as fast as ∼1.7 m/century can commence on a decadal669

time scale (an educated guess at how fast a transition from the presentS-day rate670

to the maximum rate might occur), yields a global mean sea level rise of roughly671

1.4 m in 2100. This is somewhat higher than the high-end projection of up to 1.15672

m presented in Section 3, indicating that the latter estimate is not unfeasible. An673

alternative geochronology for the Last Interglacial, preferred by some authors (Rohling674

et al, 2008), shortens the duration of the stage and would suggest that rates of sea level675

rise reached as 1.0 to 2.4 m/century. An estimate for 2100 based on the higher value676

of ∼2.4 m/century would yield a sea level of roughly 1.9 m in 2100.677
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Fig. 5 (a) Last Interglacial local sea level records from the Red Sea (Rohling et al, 2008) and
the Netherlands (Zagwijn, 1983) compared to global sea level records derived from the global
benthic foraminifera oxygen isotope curve (Lisiecki and Raymo, 2005) and the high resolution
benthic foraminifera oxygen isotope curve from Iberian core MD95-2042 (Shackleton et al,
2008). The Red Sea curve is from core KL-11 (Rohling et al, 2008) smoothed with a 1000-
year Gaussian filter, and with an age model scaled and shifted so as to align with the global
oxygen isotope curve. The Dutch data (Zagwijn, 1983) has been adjusted for long-term isostatic
subsidence, tectonic subsidence, and compaction using backstripping-derived Quaternary rate
estimates (Kooi et al, 1998). Its age model is based on the duration of Eemian pollen zones
(Zagwijn, 1996) placed in time so that the record aligns with the global oxygen isotope curve.
Sea level records were derived from the benthic oxygen isotope curves by linear scaling to 125
m of sea level change from the present to the Last Glacial Maximum. The deviations of oxygen
isotopes from modern values are shown on the right y-axis. The MD95-2042 (Shackleton et al,
2000) curve has been smoothed with a 700- year Gaussian filter, and its age model has been
slightly adjusted (by < 1500 yrs) from that of to align with the global oxygen isotope curve.
Vertical error bars denote 2σ intervals; (b) Mean rate of sea level rise estimated from the sea
level records displayed in (a)

7 Discussion678

For the Netherlands, sea level rise is not the only possible threat resulting from climate679

change. Possible changes in storm surges and increased river discharge also need to be680

considered in the country’s flood protection strategy. Sterl et al (2009) assessed extreme681

surge heights at the Dutch coast for two 51-year periods (1950-2000 and 2050-2100),682

using the wind fields from a 17-member ensemble climate change simulation (Sterl683

et al, 2008a), in combination with an operationally-used surge model for the North684

Sea area. Wind speeds in the southern North Sea are projected to increase (Fig. 6a)685

due to an increase in south-westerly winds (Sterl et al, 2008b). However, the highest686

surges along the Dutch coast are caused by northwesterlies because of their long fetch687

and the geometry of the coastline. As a result, local extreme surge heights are largely688

unaffected by the increase in wind speed (Fig. 6b, Sterl et al, 2009), as was found in689

earlier climate model studies (WASA-Group, 1998; Woth, 2005; Lowe and Gregory,690

2005).691

The Netherlands also faces possible flooding from the river Rhine (Fig. 7). as the692

peak discharge of the river Rhine is estimated to increase. In the eastern part of the693

Dutch delta, the levees along the river are designed to withstand a flood with a 1250694

years return period. Currently this is associated with a peak discharge of 16 ·103 m3/s.695

Studies using climate models in combination with hydrological models indicate that696

the peak discharge may increase by about 5 to 40% to as much as 22 · 103 m3/s over697

the twenty-first century, mostly due to an increase in mean winter precipitation com-698
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Fig. 6 Present (blue, 1950-2000) and future (red, 2050-2100) wind speed in the southern
North Sea (a) and water level at coastal station Hoek van Holland (b), as a function of the
return period. In (b), also the observed values for the period 1888-2005 are shown (black).
The bars at the right margin denote the 95% confidence intervals of the fit for a return period
of 10,000 years . The wind data are from an ensemble of climate model simualtions (Sterl
et al, 2008a), and the water levels from a storm surge model for the North Sea driven by these
winds. In (b), the combined impacts of local sea level rise and storm surges are illustrated by
considering the criterion for the closing of the storm surge barrier that protects Rotterdam
harbour (see main text for details).

bined with a shift from snowfall to rainfall in the Alps (e.g., Middelkoop et al, 2001;699

Shabalova et al, 2004; Lenderink et al, 2007) (dashed blue bar, lower right inset of in700

Fig. 7). Besides the physical aspects, future changes in peak discharge in the Nether-701

lands may also be affected strongly by (future) flood defence measures taken upstream.702

Flood defence guidelines in Germany are currently less strict than in the Netherlands,703

and probably will remain so in the near future. As a consequence, uncontrolled up-704

stream flooding is anticipated in case of extreme discharges, preventing these extreme705

discharges to reach the Dutch part of the Rhine delta. Taking this constraint into ac-706

count, the peak river discharge for the Netherlands for 2100 is estimated to increase707

only by about 10% to 17.5 · 103 m3/s rather than by up to 40% (solid blue bar in708

Figure 7; Beersma et al, 2008, p.136-137).709

The combined effects of sea level rise, possible changes in storm surge height, and710

increased river discharge impose a complex flood risk that becomes apparent when711

considering the situation at one of the largest harbours in the world: Rotterdam (Fig712

7). The harbour is protected by a storm surge barrier, which is programmed to close713

automatically when the local water level reaches a prescribed criterion (nearly 3 m714

above normal conditions). Nowadays, the criterion corresponds to an economically715

acceptable closing frequency of about once every 10 years (black dotted line in Fig.716

6b). The impacts of local sea level rise on this closing frequency can be illustrated by717

simply adding the projected sea level rise to the surge height (gray band in Fig. 6b),718

since, to first order, the characteristics of the latter do not change with the increase719

in water depth (Lowe and Gregory, 2005). It follows that in that case, the barrier is720

expected to close five to fifty times more often (horizontal black line in Fig. 6b). In721

addition, the projected increases in sea level and peak river discharge will significantly722

enhance the probability that closure of the storm surge barrier is required while the723

river discharge is large. During closure, the river system behind the barrier rapidly fills,724

increasing the local flood risk. Further research is needed to quantify this increased risk725

in its full complexity. It depends among others on the duration of the closure (which726
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Fig. 7 Map of the Netherlands illustrating the combined threats of local sea level rise, possible
changes in storm surges, and increased discharge of the river Rhine resulting from climate
change on the country’s flood defence system along the coast (red) and along the river Rhine
(light blue). The location of the port of Rotterdam is marked by a black circle. Besides the
high-end scenario for local sea level rise discussed in this paper (inset on the lower left), it
also summarizes the high-end climate change scenarios for storm surge height (upper left, Sterl
et al, 2008b) and peak discharge of the river Rhine (lower right, Beersma et al, 2008) for 2100.
For the storm surge height (upper left), a best estimate (black line) and 95% confidence interval
(red bar) are given based on Fig. 6b. No significant change in extreme storm surge heights is
anticipated. Note the narrowing of the confidence interval obtained by analyzing an ensemble
of model simulations (solid bar) rather than observations (dashed bar) for ther present-day
conditions. The peak discharge of the river Rhine is projected to rise significantly due to
precipitation changes over its catchment area (dashed blue bar). However, it is anticipated
that uncontrolled flooding upstream, in Germany, will strongly reduce extreme discharge peaks
before they reach the Netherlands (solid blue bar).

in turn depends on the duration of the storm and the timing with the tidal phase)727

and on the (future) temporal storage or re-routing of the river discharge through the728

interacting distributaries in the lower Rhine-Meuse delta under extreme river discharge729

conditions.730

The high-end scenarios for local sea level rise presented here form the basis for731

updated flood protection strategies for the Netherlands (Deltacommissie, 2008; Kabat732

et al, 2009). Comprehensive monitoring is essential to be able to further narrow the733

uncertainties and re-evaluate flood management practices when necessary. Also, the734

discrepancy in the quantification of the gravity-elastic effects apparent in the pub-735

lished elastic fingerprints needs to be resolved in order to develop reliable scenarios736

for local sea level rise. Although they will also be affected by local ocean-atmosphere737

dynamics, comprehensive observations of vertical land motion and sea level close to738

rapidly changing large ice masses can serve as a basis for validating the published elas-739

tic fingerprints. Such observations are only starting to become available (e.g., Khan740

et al, 2007). A factor that influences local sea level that is not accounted for in this741

local scenario is the response of the ocean circulation to land ice changes through melt742

water run-off. However, the current generation of coupled climate models does not con-743

tain an interactive land ice module (melt water from land ice is not added to the ocean;744
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modeled ocean salinity changes are due to changes in sea ice conditions, evaporation745

minus precipitation and river runoff only). Hence, this effect cannot be included in the746

local projection presented here because of lack of proper numerical simulations. From747

dedicated numerical simulations (so-called hosing experiments), we know that the lo-748

cal freshening can have a substantial impact on the ocean circulation (e.g., Vellinga749

and Wood, 2002; Laurian and Drijfhout, 2010), with consequent effects on local sea750

level (Stammer, 2008). However, the amount of melt water added to the ocean in these751

experiments is much larger than current observations of ice sheet mass loss suggest752

appropriate. In the near future, we expect the climate models to improve with regard753

to this aspect so that it will be possible to incorporate this ocean-ice interaction effect754

in local projections like the one presented here.755
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