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a century'®™"%. Woodward'’ demonstrated that the melting of an ice
mass on a rigid Earth would lead to a highly non-uniform sea-level
redistribution as a consequence of self-gravitation in the surface
load. Indeed, sea level on a rigid Earth will drop within ~20° of a
localized (point mass) ice melting event'”. The sea-level theory was
extended to include elastic deformations of the solid Earth (ref. 11
and others), culminating in the ‘sea-level equation’ derived and
solved by Farrell and Clark'.

We have computed sea-level redistributions associated with
present-day mass variations in the Antarctic and Greenland ice
complexes as well as melting from a suite of smaller land-based ice
sheets and glaciers tabulated by Meier". Our calculations are based
on a new sea-level theory' that extends earlier work'? to include a
varying shoreline geometry and the influence of load-induced
perturbations in the Earth’s rotation vector. As we are concerned
with sea-level variations associated with relatively rapid ice flux
scenarios, we adopt a form of the theory suitable for an elastic Earth.
The elastic and density structure of the model are adopted from
PREMP".

Meier’s sources™ combine to provide a ‘eustatic’ sea-level rise of

Global sea level is an indicator of climate change'™, as it is
sensitive to both thermal expansion of the oceans and a reduction
of land-based glaciers. Global sea-level rise has been estimated by
correcting observations from tide gauges for glacial isostatic
adjustment—the continuing sea-level response due to melting
of Late Pleistocene ice—and by computing the global mean of
these residual trends*™. In such analyses, spatial patterns of sea-
level rise are assumed to be signals that will average out over
geographically distributed tide-gauge data. But a long history
of modelling studies'*'> has demonstrated that non-uniform—
that is, non-eustatic—sea-level redistributions can be produced
by variations in the volume of the polar ice sheets. Here we present
numerical predictions of gravitationally consistent patterns of
sea-level change following variations in either the Antarctic or
Greenland ice sheets or the melting of a suite of small mountain
glaciers. These predictions are characterized by geometrically
distinct patterns that reconcile spatial variations in previously
published sea-level records. Under the—albeit coarse—assump-
tion of a globally uniform thermal expansion of the oceans, our
approach suggests melting of the Greenland ice complex over the
last century equivalent to ~0.6 mmyr " of sea-level rise.
Gravitationally self-consistent sea-level changes arising from the
growth or ablation of ice masses have been of interest for more than
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Figure 1 Predicted geometries of sea-level change due to continuing ice mass variations.
Normalized global sea-level variations were computed for the case of present-day ice
mass variations in a, Antarctica, b, Greenland and ¢, melting of the mounting glaciers and
ice sheets tabulated by Meier'®. In a and b we assume that the mass variation is uniform
over the two polar regions. The results are normalized by the equivalent eustatic sea-level
change for each mass flux event (see text). Departures from a contour value of 1.0 reflect
departures from the assumption that the sea-level distribution accompanying these mass
flux events is uniform. Predictions are based on a new sea-level theory'* solved using a
pseudo-spectral algorithm'*2? with truncation at spherical harmonic degree and order
512. This truncation corresponds to a spatial resolution of 40 km.
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0.46mmyr . (In this context, the term eustatic is defined as the
change in ocean volume, that is, the change in ice mass divided by
the density of water, divided by the area of the ocean.) The
integrated mass fluxes from the Antarctic and Greenland ice
sheets are quantities of intense interest and they remain uncertain,
even in sign"'®. Accordingly, we simply assume a uniform ice mass
variation over the entire ice sheet in each case.

Figure 1 shows global maps of sea-level change due to mass
variations in the Antarctic, Greenland and Meier’s sources". The
frames in Fig. 1 are normalized by the eustatic sea-level variation
associated with each of the three ice systems, which we denote by Vj,
Vi, and Vy, respectively. We can thus write:

51(0.9) = Vi X Si(0.6) + Vi X S50, 0) + Viy X Su(0.6) (1)

where $"(0,¢) are the maps of normalized sea-level change in Fig. 1,
and S;(0,9) is the total predicted sea-level change from these three
ice sources. The symbols 0 and ¢ denote co-latitude and east-
longitude, respectively. We have confirmed, using a series of more
complex ice balance models for the Antarctic and Greenland'®™",
that the large-scale geometry of the computed sea-level redistribu-
tion is relatively insensitive to our assumption of a uniform ice mass
variation over these regions.

Figure 1 confirms that present-day variations in polar ice mass
will be accompanied by dramatic departures of sea level from
eustasy. For the sake of discussion, let us assume that a melting
event in Greenland contributes 1 mmyr™" of eustatic sea-level rise.
In this case, sea level will fall in the vicinity of Greenland, and it
will rise by less than 0.2mmyr" in Newfoundland, Britain and
Fennoscandia (Fig. 1b). There is a strong north—south gradient
throughout the Atlantic, northern Pacific and Mediterranean, with
a maximum sea-level rise of ~1.3 mmyr™' obtained in the northern
Pacific and southern Atlantic. (The asymmetry in the latitudinal
position of the sea-level maxima in Fig. 1b is due to rotational
perturbations associated with Greenland mass flux.) The dominant
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Figure 2 Predicted sea-level trends due to continuing ice mass variations at a subset of
tide gauge sites. Shown are normalized sea-level rates from Fig. 1 for a selection of 23
sites (see labels at bottom) adopted in a recent tide gauge analysis®. (A final site, Lyttelton,
New Zealand, is not included because it is characterized by an observed rate that is not
consistent with rates at nearby sites). a, The square boxes and solid dots refer to predicted
normalized sea-level rates for the case of Antarctic and Greenland ice mass variations.
b, As in a, except for Meier's sources'®.
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cause of the non-uniform redistribution is self-gravitation in the
surface mass load. Water will pile up in the near field of an ice mass
as a consequence of gravitational attraction; as the ice melts the
ocean will relax and water will tend to flow from the near field to the
far field. The same physical effect is evident in the remaining two
frames of Fig. 1: the ice mass variation near the South Pole will be
accompanied by a significant north—south gradient in the Antarctic
Ocean, whereas the sea-level response to the melting of mountain
glaciers is characterized by regionally localized minima. In all cases,
an expectation of eustasy is only met in spatially limited geographic
bands. Thus, secular sea-level trends inferred from tide gauge
records may, depending on their location, sample a sea-level
redistribution due to polar ice melting that significantly departs
from the ‘eustatic’ measure of the ice balance.

We have computed sea-level trends at ~1,000 sites in the database
supplied by the Permanent Service for Mean Sea Level (PSMSL)*
for each of the three mass flux scenarios in Fig. 1 (see Supplementary
Information). PSMSL sites mainly reside in the Northern Hemi-
sphere. In the case of Antarctic mass flux, sea-level change at most of
the PSMSL sites ranges up to 20% larger than the eustatic value; the
exceptions are the southern portions of Africa, Australia and South
America, where the sites will sample a sea-level change markedly
smaller than the eustatic value. The site-specific departures from
eustasy are even more dramatic for Greenland ice mass variations; in
this case, less than 30% of the sites will record a sea-level change that
is within 10% of the eustatic value. Sea-level change induced by the
variations of Greenland ice, as measured at sites in Spitsbergen,
Iceland and Fennoscandia, hovers close to zero but increases toward
the eustatic value southward from the UK to North Africa and from
the Canadian east coast to Florida. There is a further dramatic
departure from the eustatic value at sites in regions such as Alaska,
Yukon and British Columbia. These sites are also close to some of
the largest melting events in Meier’s database and thus exhibit
extreme departures from the eustatic value that is associated with
these sources of meltwater.

Estimates of global sea-level rise based on the analysis of tide
gauge records require stringent site selection in order to avoid, for
example, bias associated with interdecadal fluctuations and the
contaminating effects of tectonic deformations’. In Fig. 2 we show
predictions of sea-level change at 23 sites included in a recent tide
gauge analysis®. In the case of Antarctic melting, these sites sample a
sea-level change that ranges from 80% to 120% of the eustatic value.
The departure from the eustatic value is large for European sites
(numbers 1-8) in the case of Greenland melting. Indeed, the mean
value for these sites is just 40% of the eustatic value.

The question arises as to whether geographic trends in observed
tide gauge rates may be used to constrain meltwater contributions
from the main ice reservoirs. A recent independent study”' based on
standard sea-level theory' has analysed ~1,000 sites in the Revised
Local Reference PSMSL data set™ for this purpose. We proceed by
analysing the more carefully selected subset of sites treated in Fig. 2.
Figure 3a shows secular sea-level rates at the 23 sites sampled in Fig.
2. The mean rate obtained from these sitesis 1.5 = 0.1 mm yr ! the
weighted (by 1/0%) root-mean-square value of the residuals
(w.r.m.s.) about the mean is 0.4 mm yrfl, and the x* residual
value per-degree-of-freedom (henceforth x*) about the mean is
2.7. In Fig. 3b we show the same rates corrected for glacial isostatic
adjustment (GIA) using the combination of ice and Earth model
adopted in a number of earlier studies*~*®. This model is character-
ized by the ICE-3G deglaciation history** and an Earth model with
lower mantle viscosity of 2 X 10! Pas. The mean sea-level rate in
this case is 1.8 = 0.l mmyr~', in agreement with ref. 8, and the
w.r.m.s. and x* about this mean are 0.4mmyr™ and 3.4, respec-
tively. Thus, the GIA correction previously applied to these tide
gauge rates does not improve the geographic consistency of the
residuals. Finally, in Fig. 3¢ we show the rates in Fig. 3a corrected
using a GIA model proposed” on the basis of fits to tide gauge
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records along the US east coast. This GIA model is identical to that
used in Fig. 3b, with the exception that the lower mantle viscosity
is increased to 5X 10 Pas. In this case, the mean rate is
1.5+ 0.1mmyr ', and the w.rm.s. and x* about this mean are
reduced to 0.3 mmyr ™' and 2.1, respectively.

Next, we explore whether the geographic scatter evident in the
GIA-corrected rates in Figs 3b and ¢ can be reconciled on the basis of
non-uniform sea-level change associated with polar melting events
(Fig. 1). Following equation (1), we can denote the total sea-level
change, at a site (6;,¢;), attributable to all sources by:

S:(6;.8) = Vo X So(6;. ) + 5:(6;. ) @

The first term on the right-hand side of equation (2) includes all
contributions to sea-level change other (hence the subscript O) than
the ice mass variations treated in Figs 1 and 2. Given the criteria used
to select the 23 sites in Figs 2 and 3, we expect that these contribu-
tions will be dominated by ocean thermal expansion. Ideally, we can
use equations (1) and (2) as the basis for a least-squares estimate of
Va» Vi and Vo, where the sea-level rates St(0;¢;) are given by the 23
GIA-corrected tide-gauge rates in either Fig. 3b or ¢ and the various
normalized sea-level geometries S"(6),¢;) are known. The functions
Si SG and Sy are given in Fig. 1; however, the global geometry of
ocean thermal expansion remains largely unknown.

As a preliminary application of the approach we proceed with a
least-squares estimate of V,, Vg and V, by assuming that ocean
thermal expansion contributes a eustatic sea-level rise (that is,

3-OIIIIIIIII

S¢ =1 over the oceans). Because the sea-level variation due to
Antarctic mass flux is relatively flat for the 23 tide gauge sites we
are considering (Fig. 2a), estimates for V, and Vg, will be highly
correlated. Nevertheless, we have found that the least-squares
procedure does yield a robust estimate of the sum V, + V. The
results of this calculation are shown by the solid lines superimposed
on Fig. 3b and c. In Fig. 3b our best fit is obtained with
Vit+Vo=099 £0.13mmyr 'and Vi = 0.54 = 0.15mmyr .
Thus the total eustatic value (including Vi) is ~2.0mmyr .
The analogous expressions for Fig. 3¢ are V,+Vy,=
0.61 = 0.13mmyr~ ' and V; =0.60 * 0.15mmyr "' for a total
eustatic value of ~1.7 mm yr_l.

In Fig. 3¢, the x> of the observations about the solid line (1.1) is
significantly better (at greater than 90% confidence) than the x*
relative to the simple mean of these rates (2.1). Even a qualitative
inspection of Fig. 3c indicates that many of the residual trends evident
in the GIA-corrected sea-level rates are remarkably well fitted by our
best-fit (solid line) prediction for St(0,¢). Furthermore, the mean
predicted rate for the European sites (numbers 1-8) is ~0.5 mmyr '
less than the mean predicted rate for the remaining sites. This
difference is consistent with the observed trends on the same
figure and provides a natural explanation for the long-standing
observation that European sea-level rates are anomalously low®* ™,

The Meier" tabulation of smaller glaciers is probably incomplete
and subject to error. Furthermore, the mass balance of these glaciers
may not be purely secular. We have repeated the least-squares
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Figure 3 A new analysis of tide gauge records. a, Secular sea-level trends obtained
(http://www.pol.ac.uk/psmsl/) from the PSMSL?° tide gauge database for the set of 23
sites shown in Fig. 2. The error bars represent one-o uncertainties. b, As in a, except for
rates corrected using a GIA prediction based on an ice and Earth model combination
adopted by previous studies*®® (see text). ¢, As in b, except that we adopt a GIA

correction advocated® on the basis of its fit to geographic trends evident in tide gauge

10 12 14 16 18 20 22 24
Site number

records from the US east coast. The solid line in frames b and ¢ represents the best-fitting
prediction through the GIA-corrected residual tide gauge rates determined by a least-
squares fit of these residuals to equation (2). The parameters in this fit are the equivalent
eustatic sea-level variation associated with present-day ice mass variations in the
Antarctic (V) and Greenland (V) as well as ‘other’ sources (V) described in the text. In
this exercise 1 is set to a value of 0.46 mmyr~', as prescribed in the Meier database®.
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analysis in Fig. 3¢ by adopting a recent tabulation of 13 meltwater
sources” in place of Meier’s values for these sources (total V
value of 0.34mmyr") and have found that our estimates are
not significantly altered (V, + V,=0.74 £ 0.13mmyr ' and
Vs =0.58 £ 0.15mmyr '). The former estimate is within the
observational uncertainty cited in the second IPCC report'
(Vo =0.2-0.7mmyr ' and magnitude of V, <l4mmyr '),
while the latter is higher (by just over 1-o) than the upper bound
cited for V5 (0.4 mm yr’l).

Tide gauge records of sea-level change contain more information
than has been recognized in previous studies of global sea-level rise.
We have shown that geographic trends in (GIA-corrected) tide
gauge rates at a set of carefully selected sites can be reconciled by
invoking non-eustatic sea-level variations caused by continuing ice
mass variations. We have furthermore demonstrated that it is
possible to derive not only a single ‘eustatic’ measure of sea-level
change but also, at least in principle, the independent contributions
to this value from a subset of the various reservoirs of global ice. Our
analysis is preliminary in several respects. First, ocean thermal
expansion is clearly not a eustatic process', and our future work
will incorporate a more realistic treatment of the process once its
spatial geometry is better described®. If significant latitudinal
gradients in the geometry of thermal expansion exist within the
Northern Hemisphere then these will influence our estimate of the
amplitude of Greenland mass flux. Second, we have focused on a
restricted set of tide gauge sites, and in future work we will
cautiously extend our procedure in order to incorporate a larger
number of robust tide gauge records. O
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The evolution of the Solar System has been shown to be chaotic',
which limits our ability to retrace the orbital and precessional
motion of the Earth over more than 35-50 Myr (ref. 2). Moreover,
the precession, obliquity and insolation parameters™ can also be
influenced by secular variations in the tidal dissipation and
dynamical ellipticity of the Earth induced by glacial cyclicity>*"
and mantle convection''. Here we determine the average values of
these dissipative effects over the past three million years. We have
computed the optimal fit between an exceptional palaeoclimate
record from the eastern Mediterranean Sea and a model of
the astronomical and insolation history’ by testing a number
of values for the tidal dissipation and dynamical ellipticity
parameters. We find that the combined effects of dynamical
ellipticity and tidal dissipation were, on average, significantly
lower over the past three million years, compared to their present-
day values (determined from artificial satellite data and lunar
ranging>*'"?). This secular variation associated with the Plio-
Pleistocene ice load history has caused an average acceleration
in the Earth’s rotation over the past 3 Myr, which needs to be
considered in the construction of astronomical timescales and in
research into the stationarity of phase relations in the ocean—
climate system through time.

The main source of uncertainty in the computation of the
precession and obliquity time series over the past three million
years comes from changes in the Farth’s dynamical ellipticity (Ep)
due to surface mass load variations and tidal dissipation (TD)
associated with the late Pliocene and Pleistocene ice-age cycles’. In
particular, a change in Ep of about 0.00223 to that of the present-day
could drive the precession and obliquity frequencies into resonance
with a small perturbation term s, — gs + g5 associated with Jupiter
and Saturn’. Such a change in Ep, can be reached during an ice age if
the Earth would behave as a non-deformable (rigid) body’. But
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