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Abstract

The sea level contribution from glacial 
sources has been accelerating during the 21st 
Century. This contribution is not distributed 
uniformly across the world’s oceans due to 
both oceanographic and gravitational effects. 
We compute the sea level signature of 21st 
Century ice mass fluxes due to changes in the 
gravity field and Earth’s rotation. Mass loss 
from Greenland results in a relative sea level 
(RSL) reduction for much of North Western 
Europe and Eastern Canada. RSL rise from 
this source is concentrated around South 
America. Losses in West Antarctica 
marginally compensate for this and produce 
maxima along the coastlines of North 
America, Australia and Oceania. The 
combined far-field pattern of wastage from 
all ice melt sources, is dominated by losses 
from the ice sheets and results in maxima at 
latitudes between ±40º across the Pacific and 
Indian Oceans, affecting particularly 
vulnerable land masses in Oceania. The 
spatial pattern of RSL variations due to the 
observed ice mass loss is temporally 
invariant. Thus, sea level rise from the 
present-day distribution of ice loss will be 
amplified for this sensitive region.

In the above figures, we show the separate fingerprints due to ice mass loss over Greenland, Antarctica and the main glaciers (see Table for the exact 
contributions). A green contour indicates the mean sea-level rise for each contribution (value within brackets). In several regions, ice melt causes sea 
level to drop: over Northern Europe (because of Greenland and Svalbard), NW USA (because of Alaska and the Rocky Mountains), Northern Canada 
(because of Greenland and the Canadian Arctic) and South America (because of Patagonia and Antarctica). On the contrary, all sources cause the 
largest sea-level rise over South-East Asia and Oceania.

Relative sea-level changes due to the separate contributions of Greenland, Antarctica and main glaciers

Present-day relative sea-level changes due to melt of the main ice sheets and glaciers

In the above figure (with zooms over Europe and South-East Asia, right panels) we show plots of sea-level change rates due to ice mass loss in the first decade 
of this century. Changes are relative to the Earth's surface (i.e., they are what people living in coastal areas would observe) and have been computed for a 
homogeneous ocean at rest: therefore, they are complementary to sea-level changes driven by variations in water temperature and salinity (steric effects) as well 
as to changes in ocean dynamics. Since most ice sources are located in polar areas, the largest changes concentrate at low latitudes and focus in the Southern 
Pacific (as far as possible from all the melt sources combined). A green contour indicates mean sea-level change (1.35 mm/yr): regions below this line are 
experiencing a sea-level rise above the global average. Note that in the direct surroundings of the ice sources sea level is actually dropping, because of the 
reduced gravitational attraction of the remaining ice mass. Moreover, regional patterns are clearly affected by the presence of continents, which is a result of the 
induced deformation of the Solid Earth (an increase in ocean mass will push down the ocean bottom and cause the continents to rise).

Introduction

Sea-level changes due to ice mass loss are not distributed uniformly over the oceans. Instead, they give rise to characteristic regional patterns that are dependent 
on the location of the melt sources, and are therefore referred to as “fingerprints”. Regional variations arise because the Earth's gravity field is affected in 
multiple ways by the melt of ice, due to the direct effect of surface mass changes (the gravity field is determined by the distribution of mass), the consequent 
deformation of the Solid Earth (removing a load causes the Earth's surface to rebound, which in turn changes the distribution of the Earth's mass), the consequent 
redistribution of ocean water (the ocean surface is shaped by the gravity filed) and perturbations of the Earth's rotation axis (because of mass redistribution). 
Moreover, solid earth deformation and redistribution of ocean water influence each other, because the ocean represents a load on the Earth's surface.

In this Table we list the mean mass loss of 
each ice source for the period under study and 
their main reference. 100 Gt cause mean sea 
level to rise by 0.28 mm.

Region Mean mass loss
2000–2008 (Gt/yr)

Greenland 1661

Antarctica 1352

Alaska   613

Canadian Arctic   504

Svalbard   105

Patagonia   306

NW USA   457,8

Conclusions

In this study we have shown how regional 
sea-level changes caused by the melt of ice 
masses are highly heterogeneous, due to the 
induced changes in the Earth's gravity field. 
South-East Asia and Oceania will be the 
most affected, because all sources cause sea 
level to rise above average for these regions. 
North America and Northern Eurasia will 
experience a sea-level rise below average, 
when caused by Greenland and the main 
glaciers. However, the same regions will be 
largely affected by ice melt in Antarctica, 
where parts of the ice sheet are potentially 
unstable9. Even if melt at current rates would 
not cause dramatic changes by the end of the 
century (about 16 cm of maximum sea-level 
rise), those rates have been worryingly 
increasing  in the last few years7,10. In this 
sense, our results should be considered as a 
lower-end estimate. We stress how our 
results only concern the gravitational 
redistribution of melt water, and not sea-
level changes doe to steric effects and ocean 
dynamics.
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