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Abstract  17 

Some studies on deglaciation-induced sea-level change provide only a global average change, 18 

thus neglecting the fact that sea-level change is spatially variable.  This is due mainly to the 19 

gravitational and visco-elastic feedback effects of the changing surface mass loads.  In order to 20 

redress this apparent misconception and raise further awareness, we provide a conceptual 21 

example based on a simulated total melt of the Greenland and Antarctic ice sheets.  This 22 



 2 

would give a global average sea-level change of about 64 m.  However, due to the changed 23 

distribution of gravitating masses, the sea-level change depends on location, with a range of 24 

about -27 m to +79 m (i.e., sea-level will even fall in some places).  This spatial dependency 25 

has several implications in the case of a total melt, such as >10% biases in global average sea-26 

level change estimates based only on tide-gauge records, flooding of almost 10% of current 27 

land areas, an increase of the length of day by almost a half a second and a northward move of 28 

the centre of mass (geocentre) by about 20 m.   29 

 30 
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1. Introduction 35 

Recent changes over areas where water is in solid form, the cryosphere, are of current interest 36 

as an indicator for global climate change.  Based on model results from various climate change 37 

scenarios, the third assessment report of the Inter Governmental Panel on Climate Change 38 

(IPCC) predicted an increase in global average surface temperature as well as rise in sea-level 39 

(e.g., Church et al., 2001; Houghton, 2004), which has now been confirmed by the IPCC’s 40 

fourth assessment report (Solomon et al., 2007) using observations.  It is likely that this 41 

currently observed and predicted future increase in global average temperature may cause a 42 

partial or complete melt of some parts of the cryosphere (e.g., Oppenheimer, 1998; Huybrects 43 

and de Wolde, 1999; Chen et al., 2006; Luthcke et al., 2006, Velicogna and Wahr, 2006, Baur 44 

et al., in press), which in turn will alter global sea-level (e.g., Gregory and Oerlemans, 1998; 45 

Church et al., 2001; Cazenave and Nerem, 2004; Houghton, 2004).   46 
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Due to many scientific and socioeconomic reasons, sea-level change is currently a 47 

major area of research and public interest, which is also due to the possibility that significant 48 

coastal areas can be flooded.  Currently, a huge amount (about 3 x 107 km3) of freshwater is 49 

locked in the Greenland and Antarctic ice sheets, which is estimated to alter global average 50 

sea-level by about 70 m (e.g. Rignot and Thomas, 2002, Alley et al., 2005) when completely 51 

melted and uniformly distributed over the oceans (termed here as eustatic change).  Rowley et 52 

al. (2007), for example, show that only a 6 m global average sea-level rise will affect more 53 

than 400 million people, which is about 7% of today’s world population.  However, like 54 

Rowley et al. (2007), the majority of deglaciation-induced sea-level change studies only 55 

consider a globally uniform change (e.g., Chao and O’Connor, 1987; Gregory and Oerlemans, 56 

1998; Huybrechts and de Wolde, 1999; Lambeck et al., 2002; Houghton, 2004; Chen et al., 57 

2006 amongst many others).  This is unrealistic as changes in the cryosphere will actually 58 

result in a non-uniform sea-level change.  The spatial dependency is due mostly to the self-59 

gravitation and visco-elastic response of the changing surface mass and load distribution.  60 

Even though this behaviour has been known for a long time, with an early reference given by 61 

Woodward (1888) and subsequent improved formulations by various authors (e.g. Farrell and 62 

Clark, 1976; Mitrovica et al., 2001; Clark et al., 2002), it is neglected in many studies focusing 63 

only on the eustatic sea-level change.  64 

In order to redress this possible misconception, we revisit deglaciation-induced sea-65 

level changes and use the total melt of the Greenland and Antarctic ice sheets as an 66 

educational example in order to demonstrate the main principles.  We confirm that 67 

deglaciation-induced sea-level change is not uniform and can differ considerably locally 68 

and/or regionally from the eustatic change.  Indeed, we show that sea-level can even fall in 69 

some regions, notably close to the melting ice masses.  While the simplistic view of an eustatic 70 
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sea-level change is satisfactory when quantifying the global average, we show that the spatial 71 

variability is important in the interpretation of past (e.g., Farrell and Clark, 1976; Clark et al., 72 

2002), present (e.g., Conrad and Hager, 1997; Tamisiea et al., 2001) and future (e.g., 73 

Mitrovica et al., 2001; Gregory and Huybrechts, 2006, Mitrovica, et al. 2009) sea-level 74 

change.  We demonstrate that neglecting these effects can lead to considerable biases in global 75 

average sea-level estimates from spatially-limited tide gauge and/or satellite altimeter 76 

observations, as is commonly done today (e.g. Douglas, 2001; Nerem and Mitchum, 2001; 77 

Cazenave and Nerem, 2004).  Such spatial biases have been mentioned by e.g. Conrad and 78 

Hager (1997) and Tamisiea et al. (2001), but not quantified for a partial or complete melt of 79 

the polar ice sheets.   80 

In section 2 of this contribution, we revisit the general theory for deglaciation-induced 81 

sea-level change and discuss the primary and secondary effects.  In section 3, we provide and 82 

discuss our simple-model numerical examples.  We first apply the theory described in section 83 

2 to three melting scenarios of the polar ice sheets by considering only the primary effects in 84 

order to provide a conceptual example on the spatial variability of deglaciation-induced sea-85 

level change.  Furthermore, for the purpose of an educational example, we also provide 86 

estimates on changes in the Earth’s rotation, centre of mass (geocentre), spatial sea-level bias 87 

and land-ocean distribution considering primary effects only.   88 

 89 

2. Simulation of Deglaciation-Induced Sea-level Change 90 

In order to provide a conceptual example, we have simulated global sea-level change based on 91 

three extreme melting scenarios: (Scenario A) total melt of the Greenland ice sheet and all 92 

glaciers in the Northern Hemisphere; (Scenario B) total melt of the Antarctic ice sheet and all 93 

glaciers in the Southern Hemisphere, and (Scenario C) complete melt of all grounded ice 94 
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masses located above current mean sea-level (MSL).  These scenarios where chosen for the 95 

sole purpose of demonstrating the spatial variability of deglaciation-induced sea-level change, 96 

so should not be interpreted as likely future sea-level change scenarios.  However, while a 97 

total melt of the Antarctic ice sheet (especially the East Antarctic ice sheet) over the next few 98 

millennia is very unlikely, a partial or total melt of the Greenland ice sheet and considerable 99 

loss of West Antarctic ice sheet over a few-century time-scale seems possible under current 100 

greenhouse warming conditions (e.g., Huybrechts and de Wolde, 1999; Church et al., 2001; 101 

Huybrechts et al., 2004, Ridley et al., 2005, Mitrovica et al., 2009).  Furthermore, it is very 102 

likely that under current global warming conditions mountain glaciers will decrease rapidly in 103 

the 21st century leaving the polar ice sheets as major contributors to sea-level change on a few-104 

century time-scale (e.g., Raper and Braithwaite, 2006).  For our simple-model simulation, the 105 

information on the volume and spatial distribution of ice-masses, ocean water and land masses 106 

is taken from the JGP95E global 5-arc-minute by 5-arc-minute digital elevation model 107 

(Lemoine et al., 1998, chapter 2) to define the initial reference state of our simulations. 108 

Our determination of the relative sea-level change, i.e. the sea surface with respect to 109 

the visco-elastically deformable Earth’s surface (as would be sensed by tide-gauges), is based 110 

on Farrell and Clark (1976) for a non-rotating visco-elastic Earth model.  Accordingly, the 111 

new relative sea-level depends on the amount and spatial distribution of ice melted, changes in 112 

the Earth’s gravity field due to redistribution of masses, and the visco-elastic response of the 113 

Earth’s surface.  The latter requires information on the rheology of the Earth’s interior and 114 

temporal evolution of the changing ice masses. 115 

Based on Farrell and Clark (1976), the relative sea-level change can be symbolically 116 

expressed as (today often termed as sea-level equation, e.g., Mitrovica and Milne 2003)  117 
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( ) ( )oveveoeur UUSSSS >Ω<−Ω−>Ω<−Ω+=Ω ∆Φ∆Φ )()()()()(  (1) 

where the spatial dependency is expressed by the coordinate pair Ω = (ϕ: latitude, λ: 118 

longitude) and the integral average over the ocean area is indicated by o>⋅< .  The global 119 

average change in sea-level due to the freshwater influx from melted ice masses is given by 120 

the eustatic change euS , thus the water-equivalent that has been adjusted for the mass-density 121 

difference between ice and freshwater is uniformly distributed over the total ocean surface.   122 

The second term in eqn. (1) indicates the vertical change of the equipotential surface 123 

coinciding with current MSL due to the change in the Earth’s gravitational potential )(Ω∆Φ , 124 

the perturbing potential with respect to the assumed reference state, including the effects of 125 

mass changes due to the visco-elastic response is given by gS /)()( Ω∆Φ=Ω∆Φ , where g  is 126 

the gravitational acceleration at the Earth’s surface.  Essentially, three single effects on the 127 

Earth’s gravitational potential are included in )(Ω∆Φ : (1) changes in ice masses, (2) changes 128 

in ocean water distribution and (3) visco-elastic changes of the Earth’s crust.  The term )(ΩveU  129 

indicates the vertical displacement of the Earth’s surface due to the visco-elastic response, 130 

which has to be considered when studying relative sea-level change.  The global average terms 131 

oS >Ω< ∆Φ )(  and oveU >Ω< )(  have been subtracted in eqn. (1) so that the total mass change 132 

over the oceans is only due to the eustatic sea-level change e.g. euor SS =>Ω< )( .   133 

Figure 1 provides a cartoon that illustrates the principles of deglaciation-induced sea-134 

level change as obtained by applying eqn. (1) to melting ice masses.  The cartoon is similar to 135 

that provided by Fig. 6 in Farrell and Clark (1976) but shows clearly the spatial sea-level 136 

variability.  Panel A of Fig. 1 indicates the present situation where huge ice masses are locked 137 

in the polar ice sheets.  Following Newton’s law of gravitation, the ice masses exert an 138 
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attraction on the ocean water masses, pulling water towards the ice sheet.  Once the ice masses 139 

have been partly or completely melted (Panel B of Fig. 1), the gravitational attraction has been 140 

reduced or removed, therefore releasing previously attracted ocean water.  This means that, 141 

apart from fresh water influx from melting ice masses, there will be a change in global ocean 142 

water mass distribution due to mostly the gravitational feedback effect, which also includes 143 

gravitational effects due to the visco-elastic change of the Earth’s crust.  As indicated in Panel 144 

B of Fig. 1, this effect leads to a smaller than the eustatic sea-level rise (including fall) close to 145 

the melting ice masses and a larger rise at more distant locations.  In addition to the 146 

gravitational effects Panel B of Fig. 1 also indicates a vertical change of the Earth’s surface 147 

due to the visco-elastic effect, which is important to consider when studying relative sea-level 148 

change as would be observed by a tide gauge located on the deforming Earth’s surface.  The 149 

visco-elastic effect generally manifest as a relaxation (uplift) over the area of ice melt and a 150 

loading (depression) over the ocean areas. 151 

 152 

[Figure 1 near here] 153 

 154 

As this study only aims to demonstrate the general principles, we do not include any 155 

viscous effects as well as other secondary effects in our simulations, therefore dealing only 156 

with the gravitational and elastic feedbacks )(Ω∆ΦS  and )()( Ω=Ω vee UU , respectively.  In 157 

particular, we neglect viscous effects due to current and future ice melt as well as from past 158 

glacial cycles, feedback effects from a change in Earth rotation and land-ocean distribution 159 

and thermal expansion of ocean water due to warming.  The secondary effects have been 160 

neglected because they are at least one order of magnitude smaller than the primary signal 161 
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)(ΩrS  for a total melt scenario, therefore do not change the conceptual example and general 162 

conclusions made here.  However, it has to be stated clearly that numerical results may differ 163 

from our results when properly including all secondary feedback effects.  The interested reader 164 

is referred to, e.g., Nakiboglu and Lambeck (1991), Milne and Mitrovica (1998), Milne et al. 165 

(1999), Peltier (2001), Mitrovica and Milne (2003), Lambeck (2003), Mitrovica et al. (2005), 166 

Mitrovica et al. (2009) and the literature review in Mitrovica (2003), which all provide more 167 

sophisticated modelling techniques including various secondary effects.  For completeness, an 168 

additional term should be added on the right-hand side of eq. (1), which accounts for all 169 

second-order effects that have been neglected here.  Again, we only aim to highlight the 170 

gravitational feedback effect, as opposed to claiming a model that is completely realistic.  171 

Long-term effects of glacial isostatic adjustment (GIA) induced from past, current and 172 

future surface load changes are neglected, as their magnitudes are mostly <1 m (e.g., 173 

Nakiboglu and Lambeck, 1991, Peltier, 2001) under the assumption that the complete melt 174 

takes place over a few thousand years, hence elastic feedback is dominant.  Close to the 175 

melting ice masses, however, the effect can get more pronounced.  Thermal expansion can 176 

contribute several meters to sea-level change over a few thousand years (e.g., Makarynskyy et 177 

al., 2007).  While being an important contributor to current and near-future sea-level change 178 

(e.g. Solomon et al., 2007), steric sea-level changes are of minor importance when considering 179 

long-term deglaciation scenarios with the major contribution to sea-level change coming from 180 

the Polar ice sheets.  In addition, steric sea-level changes have practically no influence on the 181 

Earth’s gravity field (e.g. Roedelsperger et al., 2008).  Under a total melt scenario, the change 182 

in land-ocean distribution has also a feedback effect on global average sea-level by several 183 

metres as will be demonstrated below, thus can also be considered as secondary effect.  In 184 
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relation to the magnitudes provided above, feedback effects from changes in the Earth’s 185 

rotation are considerably smaller (e.g., Milne and Mitrovica, 1998).   186 

As both the gravitational and elastic feedback effects are linearly related to the change 187 

in the Earth’s gravitational potential )(Ω∆Φ , deglaciation-induced sea-level change (cf. eqn. 188 

1) can be modelled by the application of forward gravity modelling techniques only, thus 189 

requiring an integration over space but not over time.  This, however, requires the information 190 

of an elastic Earth model in which the elastic change of the Earth’s crust is linearly related to 191 

)(Ω∆Φ  via the corresponding elastic load Love numbers.  Here we base our simple-model 192 

numerical simulations on the load Love numbers derived in Farrell (1972) for the Gutenberg-193 

Bullen model A.  To calculate the effects on the gravitational potential, we apply Newton’s 194 

integral expressed by a spherical harmonic expansion (e.g., Ramillen, 2002), implicitly 195 

approximating all mass changes by surface mass changes (e.g., Kuhn and Seitz, 2005).  196 

Furthermore, we assume that all melt-water is transferred into the oceans, neglecting changes 197 

in land hydrology and the atmosphere.  While climate change scenarios show considerable 198 

changes in the global hydrological cycle, they are still uncertain in terms of the magnitude and 199 

spatial distribution (e.g., Church et al., 2001; Oki and Kanae, 2006), thus their effect on sea-200 

level is difficult to assess, hence the need for this assumption/simplification. 201 

As the determination of both )(Ω∆Φ  and )(ΩeU  require the knowledge of the relative 202 

sea-level change )(ΩrS  (redistribution of all surface masses), the computation is iterative with 203 

the first iteration given by the eustatic change.  However, the iteration procedure converges 204 

very quickly and the results here are based on four iterations, resulting in maximum relative 205 

errors of 0.1 %. 206 

 207 
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3. Results 208 

3.1. Global Sea-level Change 209 

In order to provide estimates on deglaciation-induced sea-level change, we use the amount and 210 

spatial distribution of the ice-masses contained in JGP95E (Lemoine et al., 1998, chapter 2), 211 

which will be scrutinised first.  The calculation of their eustatic sea-level equivalent, when 212 

uniformly distributed over the oceans (with a total surface of 3.62 x 108 km2), is based on a 213 

sphere of radius 6,378,137 m and mean mass-densities of ice and fresh water of 927 kg m-3 214 

and 1000 kg m-3, respectively.  Table 1 shows the global ice volume and that contained in the 215 

ice sheets of Greenland and Antarctica and the estimates of the corresponding eustatic sea-216 

level change should they melt completely.  Most of the ice masses are concentrated over 217 

Antarctica (~90%) and Greenland (~9%) with only a minor quantity contained in the global 218 

glaciers (<1%).   219 

We only consider ice masses located above current MSL, thus neglecting the isostatic 220 

uplift of ice masses during the melting period.  The corresponding relative effect on sea-level 221 

is <<1% as the amount of vertical uplift of the Earth’s crust is <1% compared to the thickness 222 

of the melted ice masses.  Ice masses below current MSL may only become floating ice with 223 

respect to ocean water, thus only having a secondary effect on global average sea-level 224 

change, which is due to the mass-density difference between ice and ocean water with the 225 

latter density taken here as 1028 kg m-3.  This effect is only about 1% (70 cm) of the total 226 

average sea-level change in the case all ice masses below the current sea-level are melted (see 227 

Table 1).   228 

 229 

[Table 1 near here] 230 

 231 



 11 

The estimates in Table 1 are considerably smaller than the widely cited global average 232 

sea-level rise of about 80 m for a total melt of all ice (e.g., Williams and Ferrigno, 1999).  The 233 

difference is partly based on the information given by a glaciological and geophysical folio of 234 

Antarctica (Drewry, 1983).  The corresponding value of 73 m for the Antarctic ice sheet 235 

includes all ice masses below current MSL, as well as erroneous topographic data (e.g., 236 

Huybrechts et al., 2000, Lythe et al., 2001).  More recent estimates show a value of about 57 237 

m for the contribution of the Antarctic ice sheet only including ice masses above current MSL 238 

(e.g., Huybrechts et al., 2000), which matches the estimate presented in Table 1.  As such, we 239 

believe the use of JGP95E gives a reliable estimate of the ice-mass distribution over the poles.  240 

Also, recall that this is a simple model simulation to highlight that self-gravitational and 241 

elastic feedback causes sea-level change to be spatially variable.  242 

Considering the self-gravitational and elastic feedback effects for the three melting 243 

scenarios described in section 2, Figures 2 to 4 show that the resulting sea-level change is 244 

definitely not uniform, with the eustatic sea-level change present only along one particular 245 

isoline close to the equator, but not coincident with it.  Due to self-gravitation, regions in close 246 

proximity to the melted ice masses show a smaller sea-level change and, correspondingly, 247 

more distant regions show a larger change compared to the eustatic one, even with sea-level 248 

fall very close to the melting ice masses.   249 

 250 

[Figures 2 to 4 near here] 251 

 252 

Assuming a complete melt of the Greenland ice sheet only, while Antarctica remains 253 

stable (e.g., Huybrechts and de Wolde, 1999; Huybrechts et al., 2004, Ridley et al., 2005), sea-254 

level over most locations in the Northern Hemisphere shows a considerably smaller rise the 255 
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eustatic one, whereas it is larger in the Southern Hemisphere (Figure 2).  In large regions 256 

around Greenland, reaching as far as the coast of Newfoundland, the entrance of Hudson Bay 257 

and almost the coast of Scandinavia, sea-level will fall, instead of rise.  The situation is 258 

reversed if only the Antarctic ice sheet is melted (Figure 3).  Sea-level rise is generally higher 259 

than the eustatic level in the Northern Hemisphere and smaller in the Southern Hemisphere.  260 

Due to the much larger ice volumes involved, only a few places very close to the Antarctic 261 

coast will experience sea-level fall.  As most ice masses are currently located over Antarctica 262 

(~ 90%), the spatial sea-level change pattern for a complete melt is dominated by this second 263 

scenario (compare Figure 4 with 3).   264 

While Figures 2 to 4 show sea-level after a complete melt of all ice masses the 265 

situation for a partial melt can be approximately obtained by scaling the results of the 266 

complete melt scenarios.  This property was already discussed by Farrell and Clark (1976), 267 

leading to the common use of a normalised sea-level change pattern where actual sea-level is 268 

divided by the eustatic equivalent.  When normalising the results of Figures 2 to 4, the 269 

resulting spatial patterns are very similar, but not identical, to that presented in Conrad and 270 

Hager (1997) and Mitrovica et al. (2001), which are based on present-day melting of ice sheets 271 

and glaciers, whereas our results are based on simulated (future) melting.  The visual 272 

similarity demonstrates that absolute sea-level change is almost linearly related to the amount 273 

of ice melted, thus scaling of the results obtained for the total melt scenario is generally 274 

permitted to gain the result for a partial melt scenario.   275 

However, examining the structure of Newton’s integral, there is only an exact linear 276 

relationship if the relative amount of the melting ice masses is changed but the geometry 277 

remains unchanged, which means a change in ice masses is only quantified by a density 278 

change.  In other words, a thin ice sheet has to melt by exactly the same relative amount than a 279 
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thick ice sheet.  This behaviour, however, is rather unlikely, as under the same warming 280 

conditions, thin ice sheets should normally  disintegrate first before thick ones.  Considering 281 

this behaviour, we estimated that a 1% melt scenario scaled to a total melt scenario (e.g., 282 

extreme case of scaling) can lead to relative errors in excess of 20% in the final sea-level close 283 

to the melting ice masses.  However, further away from the melting ice masses, the relative 284 

error diminishes rather quickly with distance.  285 

 286 

3.2. Changes in the Earth’s Rotation and Centre of Mass 287 

In order to show some other implications of deglaciation-induced sea-level changes on the 288 

system Earth, we provide information on changes in the Earth’s rotation rate and centre of 289 

mass, both directly related to changes of the Earth’s mass distribution.  Like for the spatial 290 

sea-level change pattern provided in the previous section, it should be mentioned here that the 291 

numerical values provided serve only to illustrate the general effects and more sophisticated 292 

modelling by including other (secondary) effects will lead to different numerical results but 293 

the same broad conclusions.  294 

The spatially variable sea-level change pattern in Figures 2 to 4 imply a general mass 295 

transport from Polar Regions towards the equator, resulting in the Earth’s gravitational 296 

oblateness to increase, rotation rate to decrease, and the centre of mass to change (Table 2).  297 

These changes have been derived for our three melting scenarios using (fully normalised and 298 

unit less) Stokes’s coefficients ∆Cnm, ∆Snm (n: degree, m: order) associated to the change in 299 

gravitational potential corresponding to the different surface mass transports.  The changes in 300 

J2 (gravitational oblateness or dynamical form factor) and length of day (LOD) are based on 301 
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the degree-two zonal harmonic coefficient 20C  following the relation given in Chao and 302 

O’Connor (1987):  303 

202 5 CJ ∆−=∆  (2) 
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with M and R being the Earth’s mass and mean radius, respectively and C is the Earth’s polar 304 

moment of inertia.  Equation (3) holds for a net mass change of zero, thus all ice masses are 305 

transferred into the oceans.  Heiskanen and Moritz (1967) show that changes in the Earth’s 306 

centre of mass expressed by the three dimensional Cartesian coordinate differences X∆ , Y∆  307 

and Z∆  are directly related the degree one Stokes coefficients through the relation 308 

















=
















∆
∆
∆

10

11

11

3

C

S

C

R

Z

Y

X

.   (4) 

 309 

[Table 2 near here] 310 

 311 

As the bulk of the land-based ice masses are concentrated in the polar ice sheets, any 312 

melting will result in a slowdown of the Earth’s rotation, thus an increase in LOD.  The 313 

complete melt of the Greenland ice sheet (scenario A) already results in a LOD increase of 40 314 

milliseconds while the increase is 0.41 sec and almost a half a second for a complete melt of 315 

the Antarctic ice sheet (scenario B) and a complete melt of all land based ice masses (scenario 316 

C), respectively (see Table 2).  A change in the Earth’s centre of mass always points away 317 

from the removed masses, the polar ice sheets.  Therefore, a complete melt of the Greenland 318 

ice sheet (scenario A) results mostly in a southwards movement of the Earth’s centre of mass 319 



 15 

by >3 metres.  The opposite happens for a complete melt of the Antarctic ice sheet (scenario 320 

B) resulting in a mostly northwards shift of >21 metres.  The total melt of all land based ice 321 

masses (scenario C) once again is dominated by scenario B as most of the ice mass is 322 

concentrated over the Antarctic ice sheet. 323 

Both the change in the Earth’s rotation and centre of mass are several orders of 324 

magnitude greater then currently observed short-term (e.g. seasonal) and long-term (e.g. 325 

century-scale) changes.  Observed LOD changes are in the order of milliseconds both seasonal 326 

and secular over a century-scale (e.g., Gross 2008), thus about two to three orders of 327 

magnitude smaller than that of the three melting scenarios presented.  For the Earth’s centre of 328 

mass, the observed changes are three to four orders of magnitudes smaller, being in the range 329 

of millimetres to about one centimetre (e.g. Dong et al. 1997).  Therefore, it can be expected 330 

that these changes will have major impacts on the precise definition of terrestrial reference 331 

frames in particular (e.g., Dong et al. 2003) and the dynamic system Earth in general.   332 

 333 

3.3. Spatial Sea-level Biases 334 

The consequence of the spatially variable sea-level change patterns in Figures 2 to 4 becomes 335 

important when trying to derive global average sea-level change estimates (e.g., Conrad and 336 

Hager, 1997; Tamisiea et al., 2001, Cazenave and Nerem 2004) from either poorly distributed 337 

tide-gauge observations or satellite radar altimeter measurements that currently omit polar 338 

regions due to the satellites’ orbital inclination.   339 

This spatial sampling effect is sometimes neglected when interpreting the results from 340 

tide-gauge records and/or satellite altimeter data (cf. Douglas, 2001; Nerem and Mitchum, 341 

2001).  Under the assumption of a specific melting scenario, however, these effects can be 342 

quantified by examining Figures 2 to 4.  In the extreme case when only one tide-gauge station 343 
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is used, the bias in the corresponding global sea-level change can be overestimated by about 344 

30% or underestimated by over 100% (i.e., sea-level fall instead of rise) as can be derived by 345 

comparing the minimum and maximum sea-level changes with the corresponding eustatic 346 

change in Figures 2 to 4.  As such, the gravitational feedback effect is a key element in 347 

properly interpreting current estimates of global sea-level change.  Hagedoorn et al. (2007), 348 

for example, use this property to derive an optimal combination between various mantle 349 

viscosity models and ice history models by comparison their sea-level response with Holocene 350 

relative sea-level records.  351 

Based on the frequently used 27 tide-gauges selected by Douglas (2001), average sea-352 

level rise could be overestimated by > 10% under the melting scenarios considered here (Table 353 

3).  Importantly, the bias does not depend on the length or quality of the tide-gauge records, 354 

but only on their locations.  This situation does not improve when using all the tide-gauge 355 

records (almost 2000) provided by the Permanent Service for Mean Sea-level (PSMSL) 356 

(Woodworth and Player, 2003) regardless of the tide-gauges’ operational status; the biases are 357 

also around 10%.  These biases result from insufficient sampling of the world’s oceans by 358 

tide-gauges.  Even for satellite altimeter data, the world’s oceans are insufficiently sampled 359 

because Polar Regions are omitted.  However, due to the more uniform coverage of altimetry, 360 

the biases are smaller and in the range of a few percent (Table 3).   361 

 362 

[Table 3 near here] 363 

 364 

One could argue that the biases presented in Table 3 are of minor importance, since 365 

they show a similar magnitude to current uncertainties in sea-level change estimates obtained 366 

by long-term tide-gauge records or satellite altimeter measurements (e.g., Cazenave and 367 
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Nerem, 2004).  However, the biases presented are systematic and can only be improved by a 368 

different sampling of the world’s oceans, rather than focussing on improving the data quality.  369 

This is where gravitational feedback, which is rather simple to model using Newtonian 370 

forward modelling, is of use to simulate a broad-scale picture of the spatial variability of sea-371 

level change, thus reducing the exposure to biasing due to observation-location sampling.   372 

 373 

3.4. Change in Land-Ocean Distribution 374 

In case of sea-level rise, coastal areas are naturally subject to flooding, thus the current land-375 

ocean distribution (coastline) will change (e.g., Nicholls, 2002, Pilkey and Cooper, 2004, 376 

Rowley et al., 2007).  The extent of flooding, however, also depends on the spatial pattern of 377 

sea-level rise.  As an example, we simulate the flooding of coastal areas based on the spatial 378 

sea-level change patterns in Figure 2 to 4 and the elevation data provided by JGP95E 379 

(Lemoine et al., 1998, chapter 2).  In our flooding simulations, we consider the natural flow of 380 

water along equipotential surfaces rather than simply matching the new sea-level with the 381 

corresponding elevation isoline on land.  This is important as there is a negative feedback 382 

effect that lowers the overall sea-level rise as water is spread out over land, thus is distributed 383 

over a larger area (e.g., Mitrovica and Milne, 2003).  This negative feedback effect can reduce 384 

the eustatic sea-level change values given in Table 1 by up to 3%.  However, the effect of 385 

erosion due to different coastal morphology has not been considered, which can extend or 386 

restrict the affected area considerably (e.g., Bruun, 1988, Zhang et al., 2004).  Apart from 387 

flooding, some land reclamation close to the large ice sheets will also occur.   388 

Table 4 provides for the three flooding simulations considered here (Section 2), some 389 

numerical results including the relative change in land and ocean areas, the magnitude of the 390 

above mentioned negative feedback effect as well as the amount of present-day world 391 
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population affected.  The latter has been derived by matching the flooded area with gridded 392 

population data of the world provided by the Centre for International Earth Science 393 

Information Network (GWPFE, 2005).  Importantly, the estimates on the world population 394 

affected by flooding are purely hypothetical as we assume that a total melt takes place over at 395 

least few thousand years and a prediction of the amount and spatial distribution of the world 396 

population over such time period is not possible.  Therefore, the estimates should be treated 397 

more as an indication of the potential vulnerability of current world population due to 398 

catastrophic flooding. 399 

Naturally, the most prominent flooding scenario is obtained for a complete melt of all 400 

ice masses (Figure 5).  Under such scenario, all large river deltas and many low-lying regions 401 

such as large parts of the Ganges river basin including most of Bangladesh, many nations in 402 

South-East Asia, the West Siberian Plain and North Siberian Lowland, the low-lying countries 403 

in Northern Europe and the South-East coast of North America including most of Florida will 404 

be flooded.  Our flooding scenario also reveals that the Caspian and Aral Seas will be flooded 405 

even though they do not have any current connection to the world’s oceans.  This is because, 406 

according to the elevation data in JGP95E, there are low-lying areas through the Don and 407 

Volga river valleys that connect the Caspian Sea with the Black Sea and a low-lying passage 408 

through Turkmenistan from the South Caspian Sea to the Aral Sea.  The existence of such 409 

passages has to be verified through local elevation data, and may change the data in Table 4 if 410 

these areas are not included in the flooding scenario.  However, this region illustrates a good 411 

example for the flooding of basin areas that are only reached once the rising sea-level breaches 412 

a natural barrier upon which the whole basin (area with lower elevations then the natural 413 

barrier) may be flooded. 414 
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Under such an extreme and hypothetical scenario, almost one third of the present-day 415 

world population will be affected (cf. Table 4) illustrating the fact that large amount of the 416 

present-day world population is living either close to the coast or in low-lying areas, thus is 417 

vulnerable to sea-level rise.  Even a rather modest amount of about 7 m global average sea-418 

level rise (e.g. only the Greenland ice sheet is melted, cf. Table 1) the present day coastline 419 

changes considerably, directly affecting about 4.5% of today’s world population.  This effect 420 

is much smaller than the 7% derived by Rowley et al. (2007) for only 6 m global average sea-421 

level rise.  As the latter estimate is based on a globally uniform sea-level rise, the difference 422 

illustrates the effect when accounting for the spatial variation in global sea-level change (cf. 423 

Figures 2 to 4).  As most of the world’s population is concentrated on the Northern 424 

Hemisphere, a lower value of the affected world population should be expected as a complete 425 

melt of the Greenland ice sheet will result in a lower then average sea-level rise over large 426 

parts of North America and Europe (cf. Figure 2). 427 

 428 

[Table 4 near here] 429 

[Figure 5 near here] 430 

 431 

4. Summary and Conclusions 432 

We have provided a conceptual example on deglaciation-induced sea-level change based on 433 

the total melt of the Greenland and Antarctic ice sheets.  We have shown, due to the self-434 

gravitational effects of the changed surface mass distribution due to ice-melt, global sea-level 435 

change is spatially non-uniform.  This is contrary to many studies that assume only a eustatic 436 

sea-level change.   437 
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Neglecting the spatial variability of sea-level rise can adversely affect the estimate of 438 

global average sea-level change values based on poorly distributed tide-gauge and/or satellite 439 

altimetry measurements, leading to relative biases in excess of 10 %.  Therefore, this 440 

information has to be considered when selecting a set of long-term tide gauge records that will 441 

lead to a largely improved or even “bias-free” estimate of global average sea-level change. 442 

Based on past and present observations of global sea-level change, the corresponding 443 

sea-level change pattern can provide valuable information to address the so called “attribution 444 

problem”, the delineation where a mass change in the cryosphere is currently taking place or 445 

has occurred in the past.   446 

Our simple-model results have also shown that spatially varying sea-level change will 447 

cause different levels of flooding of coastal areas, as opposed to what would be expected by 448 

simplistically applying only a single-value representing a globally uniform sea-level change.  449 

This effect has been demonstrated for the spatial sea-level change pattern calculated here 450 

where estimates of coastal vulnerability can vary considerably with respect to the use of a 451 

globally uniform change.  This also holds for estimates of changes in land-water distribution 452 

due to mostly flooding of coastal areas. 453 

Finally, we conclude that under the three extreme melting scenarios the presented 454 

changes of sea-level, Earth’s rotation and centre of mass will have major impacts on the 455 

dynamic system Earth in general and the precise definition of terrestrial reference frames in 456 

particular.  This is based on the fact that all presented changes are several orders of magnitude 457 

larger then currently observed changes. 458 

 459 
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Fig. 1.  Illustration of the physical principles behind the sea-level equation provided by eq. (1).  619 

The upper Panel A shows the current situation with huge ice sheets over the Polar Regions and 620 

the lower Panel B represents the situation after all ice masses have been melted.  621 

 622 

Fig. 2.  Global distribution of sea-level change due to a complete melt of the Greenland ice 623 

sheet together with all glaciers in the Northern Hemisphere (top) and a detailed view of the 624 

Arctic region (bottom).  The maximum sea-level change (rise) is + 9.4 m (at 175.6ºE, 60.0ºS) 625 

and the minimum (fall) is – 24.4 m (at 51.5ºW, 70.9ºN) with a global average (eustatic) sea-626 

level change of 6.8 m. 627 

 628 

Fig. 3.  Global distribution of sea-level change due to a complete melt of the Antarctic ice 629 

sheet together with all glaciers in the Southern Hemisphere (top) and a detailed view on the 630 

Antarctic region (bottom).  The maximum sea-level change (rise) is + 72.1 m (at 148.5ºW, 631 

80.6ºN) and the minimum (fall) is – 36.3 m (at 69.0ºE, 72.5ºS) with a global average (eustatic) 632 

sea-level change of 56.7 m. 633 

 634 

Fig. 4.  Global distribution of sea-level change due to a complete melt of all land based ice 635 

masses (top) and a detailed view of the Arctic region (bottom-left) and Antarctic region 636 

(bottom-right).  The maximum sea-level change (rise) is + 78.5 m (at 162.4ºW, 46.2ºN) and 637 

the minimum (fall) is – 27.3 m (at 69.1ºE, 72.5ºS) with a global average (eustatic) sea-level 638 

change of 63.6 m. 639 

 640 

Fig. 5.  Global change in land-ocean distribution due to a complete [catastrophic] melt of all 641 

land-based ice masses.  The flooded regions (indicated in red) are the result of comparing the 642 



 29 

spatially variable sea-level change in Figure 3 with the topographic heights and ocean depths 643 

from JGP95E (given in metres).  Over ice covered areas the elevation of the bedrock (set to 0 644 

m if bedrock is below current mean sea-level) has been taken.   645 
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Table 1.  Ice volumes given by JGP95E (Lemoine et al., 1998, chapter 2) and their eustatic 646 

sea-level equivalents.  Estimates are presented for all ice masses (first two estimates) and ice 647 

masses that are located above current sea-level (last two estimates). 648 

Component Total ice masses Ice masses above current  

mean sea-level 

 Volume 

[106 km3] 

Sea-level equivalent 

[m] 

Volume 

[106 km3] 

Sea-level equivalent 

[m] 

Antarctica 25.6 64.9 22.4 56.7 

Greenland 2.67 6.8 2.64 6.8 

Glaciers 0.036 0.09 0.033 0.09 

Total 28.4 71.8 25.1 63.6 

 649 
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Table 2.  Change in the Earth’s gravitational oblateness (J2), length of day (LOD) and centre 650 

of mass expressed in the geocentric coordinate differences ∆X, ∆Y and ∆Z based on the three 651 

different melting scenarios. 652 

Change in the Earth’s centre of mass 
Melting scenario 

 

Change in  

J2 x 10-6
 

[-] 

Change in 
LOD 

[sec] ∆X 

[m] 

∆Y 

[m] 

∆Z 

[m] 

A:  Greenland ice 
sheet and glaciers in 

the Northern 
Hemisphere 

+0.26 +0.04 -0.9 +0.4 -3.1 

B: Antarctic ice 
sheet and glaciers in 

the Southern 
Hemisphere 

+2.36 +0.41 -2.6 -4.5 +21.2 

C: Complete melt of 
all land-based ice 

masses 
+2.62 +0.46 -3.5 -4.1 + 18.1 
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Table 3.  Biases (relative errors) in eustatic sea-level estimates due to insufficient spatial 653 

sampling of the global oceans by tide-gauge stations and satellite altimetry (here, the 654 

TOPEX/Poseidon mission).  Positive/negative values indicate an 655 

overestimation/underestimation with respect to the 63.6 m eustatic (global average) sea-level 656 

change estimate as given by all grounded ice masses above current MSL contained in JGP95E 657 

(cf. Table 1).   658 

 659 

Melting scenario 

 

27 tide-gauge stations 
selected by Douglas 

et al. (2001) 

1957 tide-gauge 
stations provided by 
PSMSL (Woodworth 

and Player , 2003) 

TOPEX/Poseidon 

(limited to ± 66° in 
latitude, e.g. Fu and 

Cazenave 2001) 

 [%] [%] [%] 

A:  Greenland ice 
sheet and glaciers in 

the Northern 
Hemisphere 

-11.2 -8.4 +2.9 

B: Antarctic ice 
sheet and glaciers in 

the Southern 
Hemisphere 

+14.1 +11.6 +0.7 

C: Complete melt of 
all land-based ice 

masses 
+11.4 +9.5 +4.2 

 660 
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Table 4.  Extent of flooding for our three scenarios characterised by the relative change in 661 

land and ocean areas, the adjustment of the global average sea-level according the water 662 

involved in flooding of low-lying areas and the amount of current world population affected. 663 

 664 

Melting Scenario 

 
Relative change 

in land area  
Relative change 

in ocean area  

Relative 
adjustment of 
global average 

sea-level 
change  

Amount of 
world 

population 
affected 

 [%] [%] [%] [%] 

A:  Greenland ice sheet 
and glaciers in the 

Northern Hemisphere 
-1.3 +0.5 -0.4 4.5 

B: Antarctic ice sheet 
and glaciers in the 

Southern Hemisphere 
-8.8 +3.6 -3.0 27.1 

C: Complete melt of 
all land-based ice 

masses 
-10.0 +4.1 -3.2 29.1 

 665 
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