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Overview 

1.Relative vs. absolute sea level
2.Eustasy
3.Glacial isostatic adjustment 

and sea level change
4.Sea-level change in response 

to present-day climate forcing
Photo: UNAVCO
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Meanings of “Sea Level”
• The instantaneous sea-surface height

• The mean sea-surface height, approximated 
by the geoid

• The mean local sea-surface height 
(especially in reference to nearby land 
altitude, e.g., “Lower Manhattan lies less 
than 2 m above sea level”)

• A reference ellipsoid (e.g., interpretation of 
GPS height coordinates a “above sea level”)
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Relative vs Absolute Sea 
Level

ASL: Sea-level relative to 
reference ellipsoid

RSL: Sea-level relative to 
Earth’s solid surface

Long-term (mean) SL is 
approximated by the geoid
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Tuckerton, NJ 
10/30/2012

boston.com

RSL is what generally matters to people!
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Venice, Italy

livescience.com

RSL is what generally matters to people!
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Fifth IPCC Assessment

Globally averaged temperature

Globally averaged CO2
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Geodetic focus of sea-level 
change

• Redistribution of surface mass among air, 
ocean, ice, and land

- Deformation of solid Earth

- Changes to geopotential

• Changes to volume of oceans

- Mass exchanges

- Steric changes
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“Bathtub Model” for 
Sea-Level Change
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Level is same 
everywhere

(eustasy)

“Bathtub Model” for 
Sea-Level Change
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Eustasy

• Not one clear definition for eustasy 

• Term introduced by Seuss [1906] to describe 
the uniform subsidence of the sea floor that 
formed the major ocean areas, thereby giving rise 
to surrounding uniform beach-strand levels 

• More recently: 

- Assumption of “bathtub model”

- Global spatial average of sea-level rise 
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RSL change due to cryosphere-ocean mass exchange 
includes gravitational self-attraction and loading (SAL)

(Steric changes not included in this slide.)
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Sea-Level Equation (SLE)

∆ S(λ,φ) = C(λ,φ) ∆G(λ,φ)−∆ R(λ,φ)+∆V[ ]

RSL change ∆S written as difference between changes in geoid 
∆G and land ∆R plus a term ∆V representing volume changes:

∆ R(λ,φ) = d ′Ω Γ(γ )∆ L∫∫ ( ′λ , ′φ )

∆G(λ,φ) = d ′Ω Λ(γ )∆ L∫∫ ( ′λ , ′φ )

∆R and ∆G as response to a gravitational load ∆G on surface of 
viscoelastic Earth with Green’s functions Γ(γ) and Λ(γ)

C is 1 when over ocean, 0 when over land.
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γ is angle between (λ,Φ) and (λ’,Φ’) 



Sea-Level Equation (SLE)

∆ S(λ,φ) = C(λ,φ) d ′Ω Κ(γ )∆ L( ′λ , ′φ )∫∫ +∆V⎡
⎣

⎤
⎦

So with K(γ) = Λ(γ) - Γ(γ):
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But the total load change ∆L is the sum of ice ∆I(λ,Φ) and 
ocean.  The ocean load is the RSL ∆S(λ,Φ) :

∆ L(λ,φ) =∆ I(λ,φ)+∆ S(λ,φ)
Thus the change in RSL appears both on the LHS of the SLE 
and in the integrand on the RHS.  This is represented pictorially 
on the “flow chart” slide by the “feedback loop.” 



RSL change due to cryosphere-ocean mass exchange 
includes gravitational self-attraction and loading (SAL)

(Steric changes not included in this slide.)
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scenarios, such as the impact on sea 
level of the collapse of marine-based 
sectors of the West Antarctic Ice Sheet 
(see Figure 6). The pattern of sea level 
change differs from the simple mass loss 
from West Antarctica shown in Figure 4a 
due to the loss of marine-based ice. For 
the marine-based ice, the ice volume 
grounded below sea level causes a slight 
sea level fall because of differences in 
density between ice and water. However, 
removing the load causes crustal uplift, 
pushing water from marine settings 
into the far field. Overall, collapse of 
the West Antarctic Ice Sheet would lead 
to a 30% greater than average sea level 
change along the US coasts (Mitrovica 
et al., 2009). Bamber et al. (2009) argue 
that the global average sea level rise asso-
ciated with potentially unstable sectors 
of the West Antarctic Ice Sheet is 3.3 m. 

CONCLUSIONS 
While globally averaged sea level rise 
provides an important integrated 
measure of changes in the Earth system, 
regional sea level changes have a more 
direct impact on society and provide 
greater information for scientists inter-
ested in the response of the planet to 
climate change. Indeed, identifying 
the source(s) of the observed variation 
in sea level will be crucial to gaining a 
deeper understanding of the processes 
contributing to the rise and more accu-
rately projecting sea level changes into 
the future. Mass loss from ice sheets 
and glaciers, as well as evolving water 
storage on continents, introduces unique 
patterns of sea level change character-
ized by regional variations that can differ 
significantly from the global average. 
Perhaps the most notable example of this 
departure is the sea level fall predicted at 

the margin of a rapidly melting ice sheet. 
In any case, the unique fingerprint that 
characterizes the various contributors to 
sea level change may, at least in theory, 
provide a route to robustly estimating 
the sources of recent sea level rise. 
However, even without this complete 
understanding of sea level geometry, the 
fingerprints of at least some contributors 
(e.g., hydrological fluxes, polar ice sheet 
melting) are reasonably well under-
stood and easily modeled, providing a 
means of identifying other processes 
in available records. 

In any effort to analyze present-day 
observations of sea level change, it is 
important to understand and estimate 
the contaminating influence of the 
ongoing responses of Earth’s land and 
ocean to the last ice age, or GIA. Failure 
to account for the GIA contribution 
may introduce a significant bias into 
interpretations of present-day obser-
vations. In the case of tide gauges, 
many of the longest records are in the 
Northern Hemisphere, where the GIA 

signal will be the largest. In the case of 
altimetry and gravity observations, even 
global sampling will not eliminate the 
GIA contribution to inferred sea level 
changes. For example, GIA contributes 
about –0.3 mm yr–1 to the mean sea 
surface height change observed using 
satellite altimetry. Moreover, inferred 
mass changes over the ocean based on 
GRACE gravity data are comparable 
in magnitude to the signal associated 
with GIA. The importance of the GIA 
signal suggests that long-standing efforts 
to improve models for the history of 
the Late Pleistocene ice sheets and the 
viscosity structure of Earth’s mantle 
should remain an area of focused activity. 
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Figure 6. Pattern of relative sea level rise that would result from collapse of the West Antarctic Ice Sheet. 
The plot has been normalized so that a value of 1.0 corresponds to the average increase in sea level.Solution to SLE leads to SL fingerprint
(Above, for collapse of WAIS, normalized by eustatic value)
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were subject to ice cover, mantle material 
flowed from the region beneath them 
to the surrounding regions to create 
a forebulge. Now that the ice sheets 
are gone, or have decreased in size in 
the case of Greenland and Antarctica, 
the process is reversed; mantle mate-
rial is flowing back from the bulges to 
previously glaciated areas, causing the 
former to subside and the latter to uplift 
(see Figure 2a). The uplift results in 
local tide gauges measuring a sea level 
fall. Returning to Figure 1, note that the 
rate of relative sea level fall generally 
increases the further north the tide-
gauge site is located along the coast. This 
characteristic of the observations occurs 
because the Fennoscandian ice sheet that 

covered the region was thicker along this 
profile, reaching a maximum between 
Stockholm and Ratan in a recent recon-
struction (Lambeck et al., 2010). The 
greater thickness caused a larger crustal 
depression, leading to a larger present-
day uplift. In the neighboring regions, 
where the forebulge is collapsing, tide 
gauges would measure a sea level rise. As 
an example, the forebulge associated with 
the Laurentian ice sheet that covered 
most of Canada and the northeastern 
United States at Last Glacial Maximum is 
located, in part, along the US East Coast. 
Consequently, tide gauges along much 
of this coast are characterized by larger-
than-average relative sea level rates (see 
Engelhart et al., 2011, in this issue). 

The tide-gauge observations discussed 
above are not only caused by land 
motion. The motion of mantle material 
also contributes to gravity field changes 
in the region. The progressive increase in 
mass as the former loading centers uplift 
increases its gravitational attraction. In 
turn, this increase in gravitational attrac-
tion causes sea surface height to increase, 
with the opposite effect in the forebulge 
areas. Within the near field of the ice 
sheets, model predictions of the GIA 
process estimate the ratio of the uplift to 
the sea surface change over Hudson Bay 
in Canada to be approximately 10:1, with 
a slightly higher ratio of 20:1 in the Gulf 
of Bothnia. This additional contribution 
to the measurements is important to 

uplift

subsidence

levering

a b

c d
Figure 2. Schematics demonstrating different mechanisms by which crustal motion and changes in gravity contribute to regional sea level variations. In each 
case, the black lines represent the locations of the crust and the sea surface at some point in the past. The red lines represent the present position of these 
surfaces; (a) and (b) show mechanisms associated with glacial isostatic adjustment, while (c) and (d) illustrate the impact of present-day mass changes. 
(a) A profile from the center of a former loading region into the surrounding ocean. The center is uplifting while the nearby crustal forebulge in the ocean 
collapses as mantle flows back toward the previously glaciated area. (b) A profile from a continental region into the adjacent ocean in an area at great distance 
from the centers of glaciation (i.e., the far field). As the ocean basins are now loaded with meltwater, offshore regions are levered downward and the adjacent 
continent upward as mantle material flows from under the former to under the latter. (c) A profile from the middle of a rapidly melting ice sheet into the 
surrounding ocean. The reduced mass of the ice sheet allows the crust to rebound and reduces the gravitational force that attracted ocean water toward the ice 
sheet. (d) A profile of a river basin exhibiting an increase in water storage. Opposite to (c), the additional mass on the continent attracts water toward the shore 
and depresses the crust. 

Decrease in gravitational attraction

Tamisiea and Mitrovica [2011]
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Steric Changes
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Glacial Isostatic Adjustment (GIA)
• Viscoelastic adjustment of Earth due to ice-mass 

variations that occurred in past

• Also called “postglacial rebound”

• Major impact on gravity, solid-Earth deformation, and sea 
level 

• Major source of uncertainty in interpreting RSL change 
and modeling ice-ocean mass interchange

• Difficult to model accurately 

• Requires accurate model for Earth’s elastic and 
rheological properties, as well as computational approach 
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Image created by Robert A. Rohde / Global Warming Art
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Raised beach terraces from Svalbard Islands

notendur.hi.is
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Celsius 
Rock
Lövgrund, 
Sweden

Photo: M. Ekman
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GIA in 
Fennoscandia 
and Laurentia

De Geer [1888]
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59

Figure 3-8. Old boat house that is no longer possible to reach by boat be-
cause of the postglacial rebound (close to the Celsius rock at Lövgrund).

Figure 3-7. Ancient boulder shore that is situated high above sea level be-
cause of the postglacial rebound (northern part of the Åland Islands).

Changing inlay:Layout 1 15.4.2009 18:20 Sida 59

Boathouse, Lövgrund, Sweden

Ekman [2009]
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still can be seen at the water. However, not even the sea level scale can
nowadays be possibly used. As it is carefully cut into a vertical part of the
bedrock (and a stone erected on top of that) it has been continually rising
due to the postglacial land uplift. The land uplift since the cutting of the
sea level scale has been close to 1.0 m (Chapters 3 and 4), resulting in the
sea level scale having lost its contact with the sea water. The scale made
to measure the level of the sea now stands on dry land!

119

Figure 8-1. The Bomarsund sea level scale on Åland, completed in 1837.
Due to the postglacial land uplift there is no longer any sea water.

Bomarsund 
Sea-Level Scale
Åland, Sweden

Oldest preserved 
sea-level gauge

27



Stockholm tide-gauge record
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GRACE Gravity Rates
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GRACE Gravity Rates
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GIA and Sea Level
• Interpretation of long- and short-term sea level 

record requires accurate GIA models

• This has meant using imperfect models to “correct 
for” the impact of GIA

• Incorrect interpretation of sea-level record can 
result from 

- Not accounting for GIA [e.g., Raymo & Mitrovica, 
2012] 

- Errors in GIA model [e.g., Davis & Mitrovica, 2006]

• GIA adds complexity to interpreting sea-level 
record, leading to…misunderstandings by public
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corrections based on different assumed ages and elevations of MIS 5e
sea-level markers. If we adopt Kopp et al.’s13 recent inference of the age
and peak magnitude of ESL during MIS 5e as a constraint on the latter,
then Bowen’s estimates from far-field sites imply that peak sea level
during MIS 11 was 6–9 m above the present-day value, an estimate
consistent with marine d18O isotopic anomalies20. However, Bowen
excluded a number of outliers, including the well-studied Bermuda
and Bahamas sites, and following McMurtry et al.4, he attributed the
anomalously high elevation of shoreline features at those sites to
deposition by storms or a mega-tsunami.

The two explanations for the MIS 11 highstand features in Bermuda
and the Bahamas—global sea-level rise associated with significant
EAIS melting1–3, or mega-tsunami deposition4,5—ignore the potential
signal from glacial isostatic adjustment (GIA). The GIA signal may be
significant at the two sites, as they both are located on the peripheral
bulge of the ancient Laurentian ice complex. As a consequence, they
would be subject to local crustal subsidence and sea-level rise of ampli-
tude ,1–2 mm yr21 during any interglacial21.

To explore the potential contribution from GIA to MIS 11 highstand
elevations, we compute global sea-level variations over the past 500 kyr
using a gravitationally self-consistent theory valid for spherically
symmetric, linear viscoelastic Earth models22 (see Supplementary
Information). As an illustration of the physics of interglacial sea-level
trends, we plot the predicted change in sea level across the warmest,
most stable interval in MIS 11 (as implied by d18O records), a 9-kyr
period spanning 410–401 kyr ago that occurred during the second half
of MIS 11 (Fig. 2). The predictions adopt an Earth model with upper-
mantle and lower-mantle viscosities of 5 3 1020 Pa s and 5 3 1021 Pa s,
respectively (model LM23,24; see Supplementary Information).

In the near-field of the former MIS 12 ice sheets, the predicted sea-
level change is dominated by radial crustal motions. For example, in
regions once covered by ice sheets, post-glacial rebound of the crust
produces a sea-level fall of amplitude up to ,1–2 cm yr21, leading to a
net fall over 9 kyr that can exceed 100 m (these amplitudes are well off
the scale of Fig. 2). Surrounding these regions of uplift are peripheral
bulges predicted to subside at rates of up to 0.2–0.3 cm yr21 during the
interglacial. This subsidence accounts for the (red) zones of sea-level
rise in Fig. 2, with maximum amplitude of ,20 m, that encircle the
Laurentian, Fennoscandian and Antarctic ice complexes. In contrast, a
sea-level fall of 2–3 m is predicted across most of the far-field of the
former ice sheets during MIS 11. This fall is due to a combination of
two processes: (1) deglaciation-induced ocean loading effects, which
act, near continental margins, to tilt the crust such that continents
are deformed upward (that is, sea level falls) and offshore regions
downward21,25; and (2) the redistribution—or syphoning—of water
from ocean basins towards regions of peripheral bulge and offshore
subsidence21.

Following Fig. 2, we conclude that in the absence of interglacial ice
volume changes and steric effects, sea-level highstands will date to the
end of the interglacial at sites within the subsiding peripheral bulge of
major ice centres, and to the beginning of the interglacial over most of
the far-field (Fig. 3). (Of course, any sea-level signal associated with
interglacial ice volume variations and with ocean temperature and
salinity changes will be superimposed on these predicted GIA trends.)
Consider Bermuda: the predicted relative sea-level history for this site
(Fig. 3 and Supplementary Fig. 1, solid red line) exhibits a monotonic
rise across MIS 11, reaching a level 11.9 m above the present-day value.
The predicted highstand for the Bahamas (dashed red line, Fig. 3),
lying on the outer flank of the same peripheral bulge, is 7.4 m. It is
clear that the amplitude of highstands at Bermuda or the Bahamas,
indeed at all sites within a peripheral bulge, will be a strong function of
the duration of the interglacial highstand. In this regard, the protracted
length of MIS 11, relative to the Holocene (Fig. 1) or MIS 5e (Sup-
plementary Fig. 4), should be manifested by highstands of particularly
large magnitude. From this it also follows that simple field com-
parisons of the relative elevations of Holocene, MIS 5e and MIS 11
sea-level markers on these islands would lead to an erroneous assess-
ment of the difference in ESL between those times.

This result may be stated with more generality. The elevation of an
ancient interglacial highstand at any site within a peripheral bulge will
be governed by the difference in the state of isostatic disequilibrium at
the end of the ancient interglacial relative to the disequilibrium at the
present day in that same location. As the MIS 11 interglacial was sig-
nificantly longer than the current interglacial (or MIS 5e), more sub-
sidence had occurred by the time the final MIS 11 shoreline indicators
were emplaced on those islands than during the current (or MIS 5e)
interglacial. Further, as the current interglacial proceeds, sites like
Bermuda and the Bahamas will be subject to a continuing sea-level rise
as the present peripheral bulge continues to subside. Thus, the height of
these ancient MIS 11 highstand features will progressively fall as time
progresses (even in the absence of any future change in ice volume).

By contrast, the highstand amplitude at sites located in the far field
will depend on the difference in isostatic disequilibrium at the beginning
of the interglacial relative to the disequilibrium at the present day.
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Figure 2 | Predicted sea-level change across the hiatus in ice volume changes
(410–401 kyr ago) spanned by the model MIS 11 interglacial. The GIA
calculation is based on the ice history discussed in Supplementary Information
and the LM23,24 viscosity model. The colour scale saturates in regions within the
near-field of the late Pleistocene ice sheets.
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Figure 3 | Predicted relative sea-level changes across the model MIS 11
interglacial. The calculations are based on the ice history discussed in
Supplementary Information and the LM viscosity model. The top two curves
are predictions for Bermuda (solid red line) and the Bahamas (dashed red line)
at locations of published data discussed in text. The lower coloured curves,
predictions for a number of far-field sites, are included for comparison: the Gulf
of Aden, Red Sea (brown), Curacao (green), Coorong, South Australia
(magenta), Oahu, Hawaii (blue) and Cape Town, South Africa (cyan). The
black line shows the ESL variation associated with the adopted ice history (as in
the dashed blue line in Fig. 1 and the black line in Supplementary Fig. 1) and the
thin horizontal dashed line references to present-day sea level.
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GIA and Sea Level
• Interpretation of long- and short-term sea level 

record requires accurate GIA models

• This has meant using imperfect models to “correct 
for” the impact of GIA

• Incorrect interpretation of sea-level record can 
result from 

- Not accounting for GIA [e.g., Raymo & Mitrovica, 
2012] 

- Errors in GIA model [e.g., Davis & Mitrovica, 2006]

• GIA adds complexity to interpreting sea-level 
record, leading to…misunderstandings by public
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Sea-level change in response 
to present-day climate forcing
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Sea-level change in response 
to present-day climate forcing

• Observational goal:  Make accurate, high 
resolution measurements of temporal and 
spatial changes to ice, ocean, land, and gravity
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Sea-level change in response 
to present-day climate forcing

• Observational goal:  Make accurate, high 
resolution measurements of temporal and 
spatial changes to ice, ocean, land, and gravity

• Science goal:  Understand changing mass 
redistribution (including SL change) and 
ocean response to climate forcing

• Societal need:  Make predictions, assess risks, 
plan (local) mitigation of impacts of SL change
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Sea-surface 
altimetry
High spatial and 
temporal resolution of 
sea-surface height, 
requires spatial 
integration for accuracy

sealevel.colorado.edu
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GRACE Gravity
Monthly measurement 
of ice mass variability 
(+ GIA) with low 
spatial resolution

Luthcke et al. [2006]; 
Bell et al. [2008]
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D.P. Chambers, J. Schröter / Journal of Geodynamics 52 (2011) 333– 343 339

Fig. 6. Non-seasonal MSL  variability after 2005 from (a) Jason-1 and Jason-2 altimetry (blue dashed line) and the combination of Argo and GRACE (red line) as well as (b) the
separate components separated into total sea level (black dashed line), steric (blue), and mass (red). Values were computed as described in Willis et al. (2008) except that
updated altimetry has been used (Nerem et al., 2010) and more Argo data has been removed because of pressure biases. Error bars on (a) are 1-standard deviation of the
monthly averaged altimetry data.

5. Regional ocean mass variability

The time-variable mass measured by satellite gravimetry has
also been used to quantify aspects of regional ocean dynamics. One
of the earliest studies demonstrating the usefulness of the satellite
measurements was by Morison et al. (2007), who used the GRACE
data to measure a shift in the gyre circulation in the Arctic Ocean.
Although ocean bottom pressure recorders observed the same dra-
matic drop in OBP in the center of the Arctic Ocean, maps of OBP
from the GRACE mission clearly showed that the drop was  associ-
ated with increasing OBP in the coastal regions, consistent with a
change in the gyre circulation.

Over  periods longer than a week or so, pressure gradients in
the ocean are balanced by geostrophic currents. For deep currents,
such as the Antarctic Circumpolar Current (ACC), there are substan-
tial barotropic components of the geostrophic circulation. If one can
measure the OBP gradient across the ACC, one can infer variations
in barotropic mass transport. Until satellite gravity missions like
GRACE, this has been a difficult quantity to measure directly, and
most in situ pressure gauges have been restricted to shallow shelf
areas or certain specific areas like the Drake Passage for a limited

time  (e.g., Woodworth et al., 1996; Hughes et al., 2003). Pressure
sensors also tend to have significant drifts, which makes determin-
ing long-term changes in transport very difficult. Because of this, an
initial goal of the GRACE mission was  to measure OBP gradients over
a  long-period in order to better quantify interannual fluctuations in
the  ACC barotropic transport in all regions of the current. Zlotnicki
et al. (2007) and Böning et al. (2009) have been the first to do this,
but have mainly focused on the seasonal changes in the transport in
the Indian Ocean, Pacific, and Atlantic sectors of the ACC. Although
not specifically dealing with the transport of the ACC, Ponte et al.
(2007) did show good agreement between GRACE and model OBP
variations at seasonal scales throughout the Southern Ocean. All
these results show that GRACE observations in the Southern Ocean
are consistent with the seasonal variations in a model, but more
work is needed to quantify low-frequency variations.

Another region of the oceans that has received significant
scrutiny is the North Pacific. This region has large variations in OBP
at periods ranging from a few months to several years, related to
significant variability in the wind curl over the region and the bot-
tom topography, which traps mass moving into the region instead
of allowing readjustments to propagate as free Rossby waves (e.g.,

GRACE  
Gravity
Total ocean 
mass

Chambers and Schröter [2011]
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relative to a long-term average number of days per year that melt-
ing occurs in that location (13). The record-breaking summer of
2010 was unusually long as well as unusually hot, and it produced
one of the largest melting day anomalies ever observed in Green-
land. We shall show that GNETrecorded this event and confirms
that an unusually large loss of ice mass occurred in Greenland
during the extended melting season of 2010.

Analysis
Crustal Motion Analysis. The phenomenology of crustal motion in
Greenland is surprisingly rich. We model the upwards component
of displacement (U) at each GPS station as a combination of a
secular trend and an annual oscillation (Fig. 4A). The trend is
modeled as a polynomial function of time and the oscillation is
approximated using a four-term Fourier series (FS) composed of
annual and semiannual harmonics (SI Appendix, section 1). We
defer discussion of cycles to a later section of this paper, and fo-
cus for now on the trends. We are required to invoke quadratic
and cubic trends at THU2 and KULU, respectively, in order to
obtain a reasonable fit to their time series, whereas the other sta-
tions in Fig. 4A are well modeled using a linear (constant velocity)
trend, at least up to approximately 2010.4. [Though when older
(pre-2000) data from KELYare included, it is necessary to use a

quadratic model to retain a good fit (12), even if we exclude mea-
surements made after 2010.4.] After approximately 2010.4, the
vertical time series systematically deviate from their trajectory
models at every long-lived station except THU2 in Thule, north-
west Greenland (Fig. 4A).

This anomalous “pulse” of uplift underlines the need to inter-
pret the average vertical velocities recorded by GNET stations
with some care. If we were to estimate uplift rates at any GPS
station in Fig. 4A except THU2 using only the observations
obtained in 2009 and 2010, we would obtain far higher velocities
than if we used all available data, as seen in Fig. 4B. For
t < 2010.4, the vertical displacement history, U(t), at every
GNET station established in 2007 or thereafter can be well
modeled using a linear or constant-velocity trend. But after the
onset of the anomalous 2010 melting season, it soon becomes
necessary to model U(t) at many of these GNET stations using
a higher-order polynomial trend, or to regard U(t) as being com-
posed of a linear trend plus an anomalous pulse of uplift that
accumulated in an approximate six-month period in 2010. Since
the 2010 melting anomaly is probably a discrete event, rather
than the onset of a new long-term trend, we take the second
approach here.

Fig. 1. Observed vertical velocities (in mm∕yr) of the GNET stations in south-
east Greenland. These velocities, their uncertainties (<1 mm∕yr), and the
observational time spans are listed in SI Appendix, Table S1. When a station’s
velocity estimate is known to have been very strongly affected by the 2010 ice
loss anomaly (as at station SENU), the velocity label is marked *. However,
there is no way to know the extent to which the 2010 anomaly has affected
the GNET stations established in 2009. Some of the longer-lived GPS stations
such as KULU have recorded major changes in uplift rate throughout their
lifetimes, in which case their average vertical velocity since the beginning
of year 2000 is given, and this velocity is marked with a V to indicate multi-
year variability. Note that station symbols encode their installation dates. The
highest uplift rates observed so far anywhere in Greenland are those at
stations MIK2 and KUAQ; however, it seems likely that these rates were per-
turbed upwards by the 2010melting anomaly, and do not represent the aver-
age uplift rates over the several years prior to 2010.

Fig. 2. Observed vertical velocities in west and northwest Greenland. Sym-
bols and related information are explained in the caption to Fig. 1. Note that,
in a given section of the coastal region, station velocity tends to increase as
distance to the ice margin decreases. One sigma standard errors are nearly
always <1 mm∕yr (SI Appendix, Table S1).

2 of 5 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1204664109 Bevis et al.

GNSS Surveying

Bevis et al. [2012]

39

3-D crustal 
deformation due 
to load changes



GNSS 
Surveying
3-D crustal 
deformation due 
to GIA
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Radar and laser 
altimetry
Measures 
changes in height 
of ice sheets

Zwally et al. [2005]; 
Bell et al. [2008]
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InSAR
Flux of glacier 
mass flow

Rignot and Thomas [2002]; 
Bell et al. [2008]
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Satellite laser 
ranging
Stable satellite 
orbits yield 
changes in 
Earth’s shape

Nerem and Wahr [2011]
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Example: Modeling Present-Day Sea-
Level Change on the East Coast of 

North America

• TG rates on ECNA have great 
spatial variability

• GIA plays large role

• Within fingerprint of Greenland 
ice-mass loss

• At right: TGs used in study 
(continuous record since 1955, 
avoid rivers)

• Estimate rates and accelerations
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Modeled Contributions to 
SL change:

• Solution to SLE for mass loss from Greenland Ice 
Sheet (model abstracted from various publications)

• Contributions from all other ice sheets and 
glaciers (approximated as constant value, from 
various publications)

• Steric change from World Ocean Atlas (NOAA)

• GIA using Earth model from Davis and Mitrovica 
[1996] and ICE-5G [Peltier, 2004], calculations by 
Jerry Mitrovica
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GIA
Rate only
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Northeast Hotspot
• Hotspot of accelerated sea-level observed in 

TG record by Sallenger et al. [2012] and 
others

• Assumed to be associated with ocean 
dynamics, including steric effects

• We have shown not associated with steric or 
GIS

• Piecuch and Ponte (in press) show that ~25% 
due to inverted barometer
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Final thoughts
• To model/predict SL change at one location, solid 

Earth response is crucial

• Modeling past rates is different than predicting future 
rates in era of climate change

• Best way of determining what is happing globally with 
SL may be to monitor what’s happening on land

- Ice mass plus SLE is accurate, not impacted by 
ocean dynamics IF we have accurate mass estimates

- Ocean dynamic models not accurate enough on 
interannual time scale to model TG variability?

• TG still best way to measure RSL at point, but 
interpretation on short term (< 20–40 yrs) is difficult
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