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Spatial variations in the rate of sea level rise caused by
the present-day melting of glaciers and ice sheets
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Abstract. The redistribution of surface water mass associ-
ated with the melting of glacial ice causes uplift near areas
of mass depletion, depression of the seafloors, and changes
in the earth’s gravitational field which perturb the ocean
surface. As a result, local spatial variations exist in the
rate of sea level rise. Tide gauges on continental coastlines
measure a sea level rise 5% smaller than the global average.
Tide gauges in the hemisphere opposite a source of continen-
tal mess depletion measure sea level rise 10 to 20% greater
than the global average produced by that source while satel-
lites make measurements 10% too low. Because most long
duration tide gauges are in.the northern hemisphere, if the
sources of sea level rise are unbalanced between the two
hemispheres, estimates of global sea level rise could be in
error by 10 to 20%. Individual tide gauges could be more
seriously unrepresentative if they are near regions of signif-
icant present-day mass depletion.

Introduction

A century of tide gauge measurements indicates that
global sea level is cutrently rising between 1 and 2 mm/yr
[Douglas, 1991]. Of this, a significant portion must involve
the melting of continental ice masses into the oceans [ War-
rick and Oerlemans, 1990]. The Earth’s response to conti-
nental water-mass wastage is the immediate elastic vertical
uplift of the crust around the depleted area. Vertical ve-
locities near the Antarctic ice sheet would be a few mm/yr
for a realistic scenario of mass depletion there [e.g., Hager,
[1991]); James and Ivins, 1995; Wahr et al., 1995]. The
transfer of this mass to the oceans would similarly cause a
smaller amplitude depression of the sea floors. In addition,
the gravitational equipotential surface that defines sea level
would be perturbed. As a result, the rate of sea level rise
should vary spatially as both the sea surface and the sea
floors move vertically at rates determined by the location of
applied surface mass loads. Changes in sea level due to the
elastic response of the earth to Quaternary climate change
have been studied previously [e.g., Farrell and Clark, 1976);
our intent is to perform these calculations for plausible sce-
narios of present-day climate change.

Elastic Models of Sea Level Change

Changes in sea level are currently measured in two ways.
Relative sea level is measured by tide gauges as the difference
between the ocean-air and earth-ocean interfaces, both of
which can move vertically as mass is redistributed. Geode-
tic satellites, such as TOPEX/POSEIDON or the Global
Positioning System (GPS), make measurements relative to
geodetic reference frames such as the International Terres-
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trial Reference Frame, which can be tied to the center of
mass or center of figure of the solid earth [e.g., Nerem,
1995]. The melting of continental ice into the oceans can
cause both of these points to move in space relative to an
inertial reference frame defined by the center of mass of the
earth, ice and ocean system. In this reference frame, move-
ments of the center of mass of the solid earth compensate
for the movement of water mass on the surface. For simplic-
ity, we calculate crustal motions and changes in “absolute”
sea level, as they would be measured by satellites, in this
inertial frame. This frame can be related to other geodetic
frames through a rigid translation of the solid earth.

The expected rate of sea level rise can be calculated for
a given loading scenario and elastic Earth model. The load,
which varies with latitude, 8, and longitude, A, causes a
vertical displacement of the earth’s surface, U(6, ), and a
change in the earth’s gravitational potential, (6, A). Both
U and @ can be calculated by convolving the load with the
Green’s functions for the earth’s elastic response to a point
load [Farrell, 1972]. The Green’s functions are simply:

u(9) = MLE > " huPa(cosy) (1)

n=0

for vertical displacement and

$($) = 375 D (1+ka) Pa(cos¥) (2)

n=0

for a change in gravitational potential [Farrell and Clark,
1976]. Here, ¢ is angular distance, and a, Mg, and g are
the earth’s radius, mass, and surface gravitational accelera-
tion. The elastic love numbers, h, and k,, describe, for each
harmonic degree n, the vertical displacement and potential
change which arise from the imposition of a point load at
¥ = 0. Included in (2) is the potential change due to the
load itself, ag/Mp Y ; Pn(cos ).

Special attention must be paid to the degree one terms,
because they typically include a shift in the center of mass
of the earth [e.g., Farrell, 1972]. In the inertial frame, the
center of mass of the earth plus load cannot move in space,
so the degree one term of the potential in (2) is zero. Farrell
[1972] gives elastic love numbers in a reference frame de-
fined after the application of the load, so we include a rigid
translation of the solid earth such that the net change in
the center of mass of the earth-load system is zero. Farrell
[1972] gives a degree one potential love number of k; = 0;
we require k; = —1 for the degree one term of (2) to be
gero. This change must be accompanied by a correspond-
ing change of hy = —0.290 to hy = —1.290. In this inertial
frame, the elastic earth moves rigidly in space away from a
positive load applied at the earth’s surface. We have recal-
culated w(¢¥) and ¢(4) using love numbers and methods of
summation given by Farrell [1972].

The melting of ice into the oceans causes local changes in
absolute sea level, S4(8,2), which depend upon variations
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in the local gravitational potential, #(6,A). The average
change in sea level measured in the inertial frame is given
by the average height of of sea water added, Sv, and the
change in ocean basin volume produced by depression of
the sea floors, (U(8,1))o, where ()o indicates an average
over the ocean area. Then,

54(6,2) = Sv + #(8,2) - (2(8,A))o +(U(6,2))0  (3)

We have subtracted the term ($(8, X))o in order to choose
a potential surface which conserves volume.

Relative sea level rise, Sg, is absolute sea level rise mea-
sured relative to the surface of the solid earth, so we subtract
the local vertical displacement, U(0, ), from S4:

Sr(8,)) = Sy + &(8, A) — (2(6, \))o +(U(6, \))o — U(o,( A;
4

Note that {(Sr)o = Sv; the change in ocean basin volume
is not observed in global averages of relative sea level. Be-
cause Sg and S, differ by U(6, A), these quantities exhibit
different spatial patterns of sea level rise.

Because both U(6,A) and $(6,)) determine both abso-
lute and relative sea level, which in turn involves a redis-
tribution of mass within the oceans, we solve (3) and (4)
by an iterative process. The mass redistribution within the
oceans is calculated for each step, as are the resulting val-
ues of U(9, A) and &(0, A). The sequence converges rapidly;
we performed three iterations and determined sea level to
within a few tenths of a percent. We used a load resolution
of A8 = A) = 0.8 degrees, and an ocean grid provided by-
the U.S. Navy Global Elevation Data [1984].

The Elastic Response to Sea Level Rise

As our first case, we add water to the ocean basins and let
the ocean surface redistribute itself according to the result-
ing elastic surface deformation and gravitational potential.
In doing so, we ignore the continental sources of this water.
The values of U(4, 1), S4(8,2), and Sr(8,]) (Fig. 1), are
directly proportional to the average height of water added
to the oceans, 8o we express them as percentages of Sy.

The geometry of the ocean basins on the earth is such
that the center of mass of water added to the oceans is
located beneath the southern Pacific. To prevent a net shift
in the center of mass of the earth-load system, the solid earth
moves toward a point in Asia (28.9°N, 45.2°E) by 6.2% of
Sv. This degree one component of vertical displacement
causes the southern Pacific seafloor to sink and Asian crust
to rise in the inertial reference frame (Fig. 1a). The higher
order degrees contribute significantly as well, as shown by
the general depression of the ocean basins. In this case, the
average displacement of the solid earth over the ocean area
is -8.3% of Sy. As a result, the average absolute sea level
change, (S4)0, is only 91.7% of what it would be on a rigid
earth. In fact, S4 < Sv everywhere on the earth (Fig. 1b).

Because absolute sea level is measured in an inertial ref-
erence frame, it has sero degree one component. Variations
in the higher order degrees cause the sea surface to rise un-
evenly. The additional sea water increases the gravitational
potential in the ocean interiors, thus raising their sea surface
relative to neighboring coastal areas. This effect is dimin-
ished in the Pacific where the potential is decreased due to
the movement of the solid earth.

Relative sea level (Fig. 1c), is the difference between ab-
solute sea level (Fig. 1b) and vertical displacement (Fig.
1a). In general, coastlines show less than average sea level
rise, and open oceans more. The Pacific deepens 5% faster
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Figure 1. Calculations for the addition of water to the
oceans, without regard to the continental sources of this
water, given as a percentage of Sy. Shown are (a) vertical
displacement of the crust, measured in an inertial reference
frame, (b) absolute and (c) relative sea level change.

than average because the solid earth moves away from the
ocean surface there. In contrast, the North, Mediterranean
and Red secas deepen up to 15% more slowly than the global
average because the solid earth moves toward them.

Mass Depletion on the Continents

Continental glacial masses are probably the major source
of present-day sea level rise. Because glaciated regions are
less uniformly distributed than are the oceans, we expect
greater vertical uplift and significantly depressed potential
height in areas of widespread deglaciation. We also expect =
large translation of the solid earth toward this melted region.
This combination should produce decreased absolute and
relative sea level change near the deglaciated area.

We investigated the effects of continental mass depletion
from three possible sources: the Antarctic and Greenland
ice sheets, and mountain glaciers worldwide. In these calcu-
lations, the spatial pattern of mass depletion is proportional
to the average mass balance. Although this assumption is
unlikely to be the case, it should lead to the general patterns
and magnitudes of crustal motion and sea level rise.
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Figure 2. Calculations in which mass depletion in Antarc-
tica is included as the sole continental source of sea level rise.
Shown are (a) absolute and (b) relative sea level change.
The minimum contour around Antarctica in (a) i8 S4 = 0.
Vertical displacement is the difference between (a) and (b).

Antarctica

We used accumulation values of Giovinetio and Bentley
[1985] to calculate the mass imbalance of Antarctica. For
the unloading of the Antarctic ice sheet and the subsequent
loading of the ocean basins, the solid earth moves rigidly to-
ward East Antarctica (81.6°S,42.3° F) by about 38% of Sy.
This translation results in negative vertical displacements
in the northern hemisphere. Close to Antarctica, vertical
displacements are positive and on the order of Sy.

The southward translation of the earth causes absolute
sea level rise measured in the north to be smaller than the
global average (Fig. 2a). The southern hemisphere ex-
hibits correspondingly higher values of 54, except close to
the Antarctic coast, where the potential is low due to mass
loss on the adjacent continent. Because the ocean area of
the southern hemisphere is larger than that of the northern,
the increases in S4 in the south cause (S4)o to increase to
99.4% of Sy (compare to Fig. 1b).

Relative sea level, which combines decreases in sea surface
height and the uplift of the ocean floor near the ice sheet, oc-
curs at rates up to Sy around Antarctica, but is of opposite
sign (Fig. 2b). Decreases in the southern hemisphere are
balanced over much of the rest of the globe, where relative
sea level change is 10% to 20% greater than Sy.

Greenland

For the Greenland ice sheet, we used accumulation values
given by Giovinetto, pers. comm. [1996], obtained using
procedures of Giovinetto and Zwally [1995) and data from
Ohmura and Reeh [1991]. The hemisphere dependence of
Sa and Sr for Greenland is opposite that for Antarctica,
and their values near the ice sheet are more extreme. This
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i8 because the area over which mass depletion occurs in
Greenland is smaller, causing the changes in U and & to
be more severe. The earth moves toward eastern Greenland
(70.4° N, 26.0° E) by 49% of Sy. Thus, displacements in the
south are uniformly negative and only in the northern hemi-
sphere is S4 > Sy (Fig. 3a). Because the ocean area in the
north is small, (Sa)o = 91.6% of Sv. Relative sea level rise
in the north is generally smaller than the global average,
balanced by larger values in the south (Fig. 3b). Parts of
North America and Europe experience slow or negative rates
of relative sea level rise and crustal uplift rates of order Sy.

Small Mountain Glaciers

The small mountain glaciers of the world are largely lo-
cated in the northern hemisphere, so the results are similar
to those for Greenland. We used a compilation of the mass
balances of 31 small glacier systems given by Meier [1984] as
point sources. We spread the accumulation values for these
points over nearby mountainous areas given by the U.S.
Navy Global Elevation Data [1984]. The rigid translation of
the solid earth toward northern Greenland (85.3°N,58.8°F)
is 30.5% of Sy. Again, vertical displacements are positive
in the north, negative in the south and large near areas
of significant mass depletion. As before, the southern hemi-
sphere exhibits below average absolute sea level rise, causing
{S4)o to be 93.2% of Sv (Fig. 4a). Relative sea level rise
(Fig. 4b) is higher than average in the south, except near
the deglaciated southern Andes, and below average in the
north, where it is extremely so at high latitudes.

Discussion and Conclusions

The volume of the ocean basins increases in all scenar-
ios, by up to 8% of the total volume of sea water added.
This volume change leads to a discrepancy between global
averages of absolute sea level rise measured by satellites and

Figure 3. Similar to Fig. 2, using Greenland ice as the
continental source of sea level rise. The minimum contours
in Greenland are (a) S4 = —100 and (b) Sg = —300.
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Figure 4. Similar to Fig. 2, using small mountain glaciers

as the continental source of sea level rise. The minimum
contours in Alaska are (a) S4 = —100 and (b) Sr = —200.

relative sea level rise measured by tide gauges, which cor-
rectly measure Sy when globally averaged. Given current
measurement accuracy, a discrepancy of a few percent is
not significant, although it could become so as the accuracy
and duration of data sets increase. In addition, Figures 2-
4 show a spatial variability in absolute sea surface height
which depends significantly on the sources of sea level rise.
In general, sea surface height is about 10% above average
in the hemisphere of mass depletion and equally less than
average in the opposite hemisphere. Care must be taken so
that an unrepresentative portion of the oceans is not overly
weighted in an analysis of sea surface height measurements.
Perhaps the most important consequence of this study in-
volves the use of tide gauge data to estimate rates of global
gea level rise. We found that relative sea level rise observed
on continental coastlines is typically about 5% lower than
the global average (Fig. 1c). Since most tide gauges are
located on such coastlines, this factor could introduce a bias
in the tide gauge data. Continental sources of mass deple-
tion introduce further possible bias. Most of the tide gauge
stations with records of sufficient duration are located in the
northern hemisphere [Douglas, 1991]. In each of the climate
change scenarios presented, there is a significant difference
between the relative sea level rise measured in the north-
ern and southern hemispheres. If Antarctica alone is losing
mass, northern hemisphere stations measure relative sea rise
occurring 10 to 20% faster than the global average (Fig. 2b).
These rates are correspondingly slow for mass depletion in
the north. Some stations near sources of continental mass
depletion may seriously underestimate the global average.
We have presented results for a few extreme models of
present-day climate change in which all the sea level rise
originates from a single continental source. In fact, a com-
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ponent of sea level rise probably originates from each of these
sources and some combination of them would provide a more
realistic climate change scenario. In addition, other sources
of continental mass depletion may be important [e.g., Gor-
nitz et al., 1994], and the pattern of deglaciation is likely to
be different than assumed here. If we knew the contribu-
tion to sea level rise from each source, it would be possible
to provide a correction factor for each tide gauge to relate
its measurement directly to the global average. The mag-
nitudes of these contributions, however, are still uncertain
[e.g., Warrick and Oerlemans, 1990], and it is currently im-
possible to do this for any tide gauge. It is possible, however,
that these correction terms could be estimated from discrep-
ancies among the tide gauge records from different regions of
the world. If this can be achieved, tide gauges could provide
information about the sources of continental mass depletion
which have caused the observed sea level rise of the past cen-
tury. Additional spatial information could be gained from
satellite measurements of sea surface height and vertical dis-
placement, although these data are of limited duration.
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