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Lecture course on 

Sea level variations and global geodynamics 
November 7–11, 2011 

1. Introductory notes about sea level and geodynamics 
(November 7,  start 12:20) 

2. Loading problems and rheological models 
(November 8,  start 12:20) 

3. The sea level equation, theory and applications 
(November 9,  start 13:10) 

4. Secular sea level variations 
(November 10, start 15:40) 

5. Greenland uplift and regional sea level changes 
(November 11, start 10:40) 

Approximate length of a lecture: 2 hours 
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Lecture course on 

Sea level variations and global geodynamics 
Prague, November 7–11, 2011

General “philosophy” of these lectures: 

classical topics (e.g., the sea level equation),
special topics (e.g., “new” techniques of Laplace inversion). 

work in progress (e.g., Greenland, etc. ), ...
...

a basic knowledge of SE geophysics and 
math-phys is assumed

technical issues are minimized in the discussion
Questions and discussions are encouraged
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Giorgio Spada 
DiSBeF,  Urbino University “Carlo Bo” 

giorgio.spada@gmail.com

http://www.fis.uniurb.it/spada

Lecture course on 

Sea level variations and global geodynamics 

1. Introductory notes about sea level and geodynamics 
(November 7,  start 12:20) 

Charles University in Prague, Department of Geophysics
November 7–11, 2011 
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Outline

Discussion of (and speculations on) sea level variations observed 
during the last 21,000 yrs (the LGM) and at present time 

Stress on variability, extent, global character - but regional 
importance - of sea-level variations. 

Is it possible to explain the spatio-temporal variability of sea level 
change by a simple law? (in spite of apparent complexity)
Does an “equation for sea level” exist?  

Theory (“the equation”) vs Holocene RSL observations: are they 
compatible? 

Sea level change during the era of “global warming”  and a 
look into the future 
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is sea level rising or falling currently?

(a major environmental problem indeed)
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Sea level rise from tide gauges
“viewpoint of the solid Earth”

“A tide staff”

Rate is ~ 20 cm/century
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http://en.wikipedia.org/wiki/File:NOAA_sea_level_trend_1993_2010.png

Sea Level rise between 1993 and 2010 by satellite ALTIMETRY

Sea level is rising (by altimetry)
“viewpoint of space”

1993-2010
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Sea level will be rising (IPCC scenarios)

Figure 11.12: Global average sea level rise 1990 to 2100 for the SRES scenarios. Thermal expansion and land ice changes were calculated using a simple 
climate model calibrated separately for each of seven AOGCMs, and contributions from changes in permafrost, the effect of sediment deposition and the long-

term adjustment of the ice sheets to past climate change were added. Each of the six lines appearing in the key is the average of AOGCMs for one of the six 
illustrative scenarios. The region in dark shading shows the range of the average of AOGCMs for all 35 SRES scenarios. The region in light shading shows 

the range of all AOGCMs for all 35 scenarios. The region delimited by the outermost lines shows the range of all AOGCMs and scenarios including 
uncertainty in land-ice changes, permafrost changes and sediment deposition. Note that this range does not allow for uncertainty relating to ice-dynamical 
changes in the West Antarctic ice sheet. See 11.5.4.3 for a full discussion. The bars show the range in 2100 of all AOGCMs for the six illustrative scenarios

Climate Change 2001:
Working Group I: The Scientific Basis

Rate 2-3 times larger than 
present in the future?
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Day, C. (2004). Sea-Level rise exacerbates coastal erosion. Physics Today 57 (2): 24–26.

Coastal zones and sea level rise              C. Day (2004)

~ 70% of coasts are 
subject to erosion today
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Coastal erosion ...                         ...and land loss
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Coastal erosion ...                         ...and land loss

Sea level change = a lot of $
∑

coasts
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Stephen P. Leatherman  - “Social and economic costs of sea level rise”  

Sea level rise: history and consequences Di Bruce C. Douglas,Michael S. Kearney,Stephen P. Leatherman

182 Leatherman 

THE COASTAL ZONE 

A COLLISION COURSE! 

Beach Erosion 
Wetland Loss 

Rising Sea Level 

Higher Earth 
Temperatures 

Increasing 
Greenhouse Gases 

Coastal Engineering 
Wetland Loss, and 

Coastal Upland Loss 

Greater 
Coastal Development 

Increasing 
Coastal Population 

Figure 8.1 The coastal zone is increasingly becoming a collision course. 

Figure 8.2 Episodic storms cause dramatic damage, but slowly rising sea levels cause gradual 
beach erosion that puts houses and infrastructure at risk. Coast Guard Beach, Cape Cod, 
Massachusetts. 
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5/4/10 5:21 PMFlood Maps

Page 1 of 2http://flood.firetree.net/?ll=48.3416,14.6777&z=13&m=7

Sea level rise: +12 m Europe N. America S. America Africa SE. Asia China & Japan Australia

sea level + 12 m
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5/4/10 5:23 PMFlood Maps

Page 1 of 2http://flood.firetree.net/?ll=48.3416,14.6777&z=13&m=7

Sea level rise: +12 m Europe N. America S. America Africa SE. Asia China & Japan Australia

sea level + 12 m

Bologna

Venezia

my village ~ 12 m 
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“How did we get here?” 
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The last few millennia  
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Northern hemisphere glaciation 
during the last ice ages. The set 
up of 3 to 4 km thick ice sheets 
caused a sea level lowering of 
about 120 m.

Paleogeography                       northern hemisphere LGM                          

Last Glacial maximum (~ 21 kyrs BP)

H~4000 m
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http://en.wikipedia.org/wiki/Ice_age

Minimum (interglacial, black) and maximum (glacial, grey) glaciation
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Paleogeography                the changing face of the Earth 
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Paleogeography                the changing face of the Earth 

Australia mainland linked to 
New Guinea and Tasmania
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Paleogeography                the changing face of the Earth 

Australia mainland linked to 
New Guinea and Tasmania

Java and Borneo linked
to the Asian mainland 
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Paleogeography                the changing face of the Earth 

Australia mainland linked to 
New Guinea and Tasmania

Java and Borneo linked
to the Asian mainland 

BERINGIA - a 
bridge between
Alaska and Siberia -
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Paleogeography                                    “Beringia”

Eurasia

Alaska

http://www.ncdc.noaa.gov/paleo/parcs/atlas/beringia/index.html

Paleo-environmental Atlas of Beringia
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Reasonable assumptions:

1. The Earth is a strong(*) body and ice has a low density (~ 
that of water). Ice load has negligible effects. 

2. The amount of water filling the basins was huge: ~130 m 
of sea level equivalent. Details of water load and its loading 
effects are not so important. 

3. Gravity is a weak force (Newton constant is small 10^-11 
SI units). Small influence [?] upon the changes of shape of 
the Earth and of the oceans... 

Hence, we expect - to a first approximation - a uniform sea 
level variation. In the views of Suess... 

(*) See George Darwin argument about the rigidity of the Earth, in comparison to steel. 

Consequences of melting?
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Reasonable assumptions:

1) Rigid Earth: “Love numbers” are zero, 
                              

2) no gravitational interactions: Newton constant is zero. 

Sea level variations are “EUSTATIC”, from 
“eustatism” a word coined by the English 
geologist Eduard Suess (1903):

Eduard Suess 
(* 20. August 1831 in London - † 26. April 1914 in Wien) 

war ein österreichischer Geologe und Politiker des 19. Jahrhunderts und 
wurde bekannt als Experte für den tektonischen Bau der Alpen. Auf ihn 

sind zwei wesentliche paläo-geographische Entdeckungen zurückzuführen: 
der ehemalige Superkontinent Gondwana und das Tethysmeer.

Sea level change: What do we expect?                          2/2

S = SE(t) = −mi(t)

ρwAo
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Evidence from the Holocene 
(in 6 examples) 

-2- -4-

-6-

-3-

-5-

-1-
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Raised beach
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-1-

Evidence from the Hudson Bay                                      1/2
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former sea level
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http://en.wikipedia.org/wiki/File:NASA-MaldenIsland.jpg

Evidence from the Pacific (Malden Island) ...                  1/1

-2-
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INTRODUCTION

New information on the rate of glob-
al sea-level rise (2.1 ± 1.3 mm/yr;
Nerem et al. 1997) continues the long-
standing interest in the history and
components of local relative sea levels.

Two important time periods serve as
models of warmer climate and sea level
position; the last interglacial ca. 125,000
yr B.P., and the middle Holocene ca.
5000 yr B.P. (Folland et al. 1990).
Various studies in Hawaii and other
areas (i.e., Edwards et al. 1993) rely on

the assumption that the Island of Oahu
is stable and experienced a +6 m sea-
level highstand (Ku et al. 1974) during
the last interglacial. Oahu appears to
have undergone uplift (0.03 - 0.07
mm/yr) during the Quaternary (Muhs
and Szabo 1994; Grigg and Jones 1997),
hence, last interglacial sea level on Oahu
may have been closer to +2-3 m.
Holocene sea level in Hawaii is argued
to have never exceeded present (Easton
and Olson 1976). This interpretation
has been debated (Stearns 1977;
Fletcher and Jones 1996). Here we
reconstruct Holocene sea level above
present that is in better agreement with
sea-level histories on other Pacific
islands (Pirazzoli 1991; Mitrovica and

Sea level higher than present 3500 years ago on the
northern main Hawaiian Islands

Eric E. Grossman and Charles H. Fletcher, III
Department of Geology and Geophysics, School of Ocean and Earth Science and Technology

University of Hawaii, 1680 East-West Road, Honolulu, Hawaii 96822
ericg@soest.hawaii.edu

ABSTRACT

New data from an emerged coastal bench and associated fossil beach on
Kapapa Island (Oahu), Hawaii, preserve a detailed history of middle to late
Holocene sea level. These include 29 new calibrated radiocarbon ages and ele-
vations indicating mean sea level reached a maximum position of 2.00 ± 0.35
m ca. 3500 yr B.P. These results correlate with additional evidence from Hawaii
and other Pacific islands and provide constraints on Oahu’s long-term uplift
rate (0.03-0.07 mm/yr), previously based solely on Pleistocene age shorelines.
Our sea-level reconstruction is consistent with geophysical model predictions
of Earth’s geoid response to the last deglaciation and with observations of
increased Antarctic ice volume during the late Holocene.
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Figure 1.Geomorphology,stratigraphy, andgeochronology ofemerged fossilbeach sedimentson KapapaIsland, Oahu,Hawaii.

Kapapa Island (Ohau), Hawaiian Islands

sea level FALL
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INTRODUCTION

New information on the rate of glob-
al sea-level rise (2.1 ± 1.3 mm/yr;
Nerem et al. 1997) continues the long-
standing interest in the history and
components of local relative sea levels.

Two important time periods serve as
models of warmer climate and sea level
position; the last interglacial ca. 125,000
yr B.P., and the middle Holocene ca.
5000 yr B.P. (Folland et al. 1990).
Various studies in Hawaii and other
areas (i.e., Edwards et al. 1993) rely on

the assumption that the Island of Oahu
is stable and experienced a +6 m sea-
level highstand (Ku et al. 1974) during
the last interglacial. Oahu appears to
have undergone uplift (0.03 - 0.07
mm/yr) during the Quaternary (Muhs
and Szabo 1994; Grigg and Jones 1997),
hence, last interglacial sea level on Oahu
may have been closer to +2-3 m.
Holocene sea level in Hawaii is argued
to have never exceeded present (Easton
and Olson 1976). This interpretation
has been debated (Stearns 1977;
Fletcher and Jones 1996). Here we
reconstruct Holocene sea level above
present that is in better agreement with
sea-level histories on other Pacific
islands (Pirazzoli 1991; Mitrovica and

Sea level higher than present 3500 years ago on the
northern main Hawaiian Islands

Eric E. Grossman and Charles H. Fletcher, III
Department of Geology and Geophysics, School of Ocean and Earth Science and Technology

University of Hawaii, 1680 East-West Road, Honolulu, Hawaii 96822
ericg@soest.hawaii.edu

ABSTRACT

New data from an emerged coastal bench and associated fossil beach on
Kapapa Island (Oahu), Hawaii, preserve a detailed history of middle to late
Holocene sea level. These include 29 new calibrated radiocarbon ages and ele-
vations indicating mean sea level reached a maximum position of 2.00 ± 0.35
m ca. 3500 yr B.P. These results correlate with additional evidence from Hawaii
and other Pacific islands and provide constraints on Oahu’s long-term uplift
rate (0.03-0.07 mm/yr), previously based solely on Pleistocene age shorelines.
Our sea-level reconstruction is consistent with geophysical model predictions
of Earth’s geoid response to the last deglaciation and with observations of
increased Antarctic ice volume during the late Holocene.
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Figure 1.Geomorphology,stratigraphy, andgeochronology ofemerged fossilbeach sedimentson KapapaIsland, Oahu,Hawaii.
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-4-

Evidence from Barbados 
coral records in the “far field”:

monotonous sea level rise

Evidence from “remote sites”                         e.g. Barbados                                    
http://en.wikipedia.org/wiki/Current_sea_level_rise

-4-
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Evidence from “remote sites”                      Isle of the Dead                                    

The Ross-Lempriere sea level benchmark on the `Isle of the Dead' , ca 1841

A proposal by Baron Von Humboldt to the 
British Colonial Secretary 

... that mean sea level marks should be 
struck on newly discovered coasts and 

islands....  http://www.john-daly.com/ges/appendix.htm

A stationary sea level in the last ~ 1.5 centuries?

What about the ~20 cm/century suggested by IPCC?
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2. SE Tunisia

3. Cyclades

4. Tyrrhenian

University of South Florida USA
Remote Sensing Laboratory University of Athens

Delft University of Technology, Delft, NL

-2-

-1-
-3-

Liverpool University UK
MIUR project 

European collaboration
COST ES0701 

-4-

-6-

33Friday, November 11, 2011



Mallorca

ery similar encrusted stalagmites are nowadays growing at present sea level (see the image attached). The age of these bulbous calcite (see photo) is 2800 years in the inner 
part and 0 at surface (forming now) The mean sea level corresponds to the thickest section of the stalagmite. So, what I was trying to say is that these samples (note that we 
have several of them dated by U/Th method) are 2800 years old or younger, which means the sea level basically remained stable around Mallorca over the last ~3000 years 
(plus-minus the tide effect). 

Courtesy of Bogdan Onac 
Department of Geology
University of South Florida
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Evidence from encrusted stalagmites                      Mallorca
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“Encrusted stalagmites” are 
nowadays growing at present sea level 
(see image). The age of these bulbous 
calcite is 2800 years in the inner part 
and 0 at surface (forming now). The 
mean sea level corresponds to the 
thickest section of the stalagmite. 
These samples (dated by U/Th method) 
are 2800 years old or younger, which 
means the sea level basically 
remained stable around Mallorca 
over the last ~3000 years (+/- the 
tide effect). 

RSL

30
0

time BP (ka)

~ stable sea level (since 3 ka)

-1-
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Evidence from stalagmites 

Evidence from encrusted stalagmites                      Mallorca
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A late-Holocene high-stand in SE Tunisia?
possibly unique in the northern hemisphere

(also confirmed by recent beach rock field evidence,
possibly unique in the Mediterranean). 
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Evidence from the Mediterranean                        SE Tunisia

data from various sources
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recent sea level 
RISE

San Vito lo Capo, NW Sicily

0
0

time BP (ka)0.5

RSL

~0.5 m
Evidence from Dendropoma 

patreum (gasteropode)
monotonous sea level rise

A case study                           the Mediterranean Sea                     
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http://prin.cineca.it/images/R24_06/2006041050_002/imm_0006.jpg

A case study                           the Mediterranean Sea                     

0

0.0 +/- 0.2 m

time BP (ka)2

RSL Archaeological evidence 
(ancient pool):
stable sea level 

since 2 ka

Haifa, Israel

date unknown !
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some of the rapid changes in sea level in the
period leading up to the Last Glacial Maxi-
mum (LGM) (35, 39). Few corals from the
older Huon Peninsula reefs have been accu-
rately dated, although new results from else-
where (40, 41) suggest that this should be
possible.

Glacial Isostasy
When ice sheets melt, the resulting sea level
change is spatially variable because of the
deformation of Earth’s surface under the
time-dependent ice and water load and be-
cause of the changing gravitational potential
of the Earth-ocean-ice system. The combined
deformation-gravitational effects are referred
to as the glacio-hydro-isostatic contributions
to sea level, and it is they that cause the
spatial variability illustrated in Fig. 2. In a
first approximation, sea level rises by an
amount !"e(t) that relates to the land-based
ice volume Vi according to

!"e#t$ ! "
%i

%o
!

t

1
Ao#t$

dVi

dt
dt (1)

where Ao(t) is the ocean surface area and %i,
%o are the average densities of ice and ocean
water, respectively. !"e(t) is the ice-volume
equivalent sea level change, or simply the
equivalent sea level change. It equals eustatic
change if no other factors contribute to
changes in ocean volume. The relative sea
level change !"rsl(&, t) at position & and time
t, ignoring possible tectonic displacements of
the coastal zone, is

!"rsl#&,t) ' !"e#t) ( !"i#&,t) ( !"w(&,t)
(2)

where the !"i and !"w are the glacio- and
hydro-isostatic contributions. Both are func-
tions of position and time. The water depth or
terrain height, expressed relative to coeval
sea level, is

h#&,t$ ! h#&,t0$ " !"rsl#&,t$ (3)

where h(&,t0) is the present-day (t0) bathy-
metry or topography at &. Both isostatic
terms in Eq. 2 are functions of Earth rheology
as well as of fluctuations in the ice sheets
over time.

In formerly glaciated areas, it is the

glacio-hydro-isostatic term !"i that domi-
nates during and after deglaciation. It re-
sults in an uplifting crust at a rate that
exceeds the effect of the increasing ocean
volume, so that sea level locally falls [the
Ångerman result (Fig. 2)]. At the ice mar-
gin, this rebound is smaller than it is near
the ice center, and although the rebound
dominates initially, it is the equivalent sea
level rise from more distant ice sheets that
becomes important later. When all melting
has ceased, the residual rebound determines
the local sea level change (the Andøya
result). During ice sheet growth, mantle
material beneath the loaded area is dis-
placed outward, and broad bulges develop
around the loaded area. When the ice
sheets, melt these bulges subside. This re-
sults in signals where, after an initially
rapid rise, relative sea level continues to
rise slowly, once melting has ceased (the
southern England result). Much further
from the ice, the water load becomes the
dominant cause of planetary deformation
(this is the hydro-isostatic contribution
!"w). Here the ocean floor is loaded by the

Fig. 2. Observed spa-
tial variability of sea
level change since the
time of the LGM from
tectonically stable ar-
eas or areas where the
tectonic rate is known
and has been removed
from the observed sig-
nal. (A) Ångerman,
Gulf of Bothnia, Swe-
den (13). (B) Andøya,
Nordland, Norway
(12). (C) South of En-
gland (14). (D) Hudson
Bay, Canada (4). (E)
Barbados (16–18). (F)
Bonaparte Gulf, north-
west Australia (27).
(G) Orpheus Island,
North Queensland,
Australia [(23) and un-
published Australian
National University
data]. (H) Sunda Shelf,
southeast Asia (15).
Note the different
time and amplitude
scales. In the examples
illustrated, all observed
depths or elevations of
the sea level indicators
have been reduced to
mean sea level. All
time scales are in cal-
endar years.
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RSL observations                                            “RSL zones”

DOI: 10.1126/science.1059549 
, 679 (2001); 292Science

  et al.Kurt Lambeck,
Sea Level Change Through the Last Glacial Cycle

 www.sciencemag.org (this information is current as of October 28, 2009 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/292/5517/679
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

 http://www.sciencemag.org/cgi/content/full/292/5517/679#otherarticles
, 10 of which can be accessed for free: cites 54 articlesThis article 

 348 article(s) on the ISI Web of Science. cited byThis article has been 

 http://www.sciencemag.org/cgi/content/full/292/5517/679#otherarticles
 35 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/oceans
Oceanography 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2001 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n
 O

c
to

b
e
r 

2
8
, 
2
0
0
9
 

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

39Friday, November 11, 2011



Evidence from field data

To summarize, from these examples: 

2. There is no evidence of a globally uniform sea level 
rise since the LGM. This contrasts with intuition that suggests 
a uniform filling of basins during melting,  

1. ... we observe sea level rise, sea level fall, high-stands, 
rapid changes, stationary sea levels...  in different parts of 
the world, even in “tectonically stable” areas,  

3. A variety of sea level curves is also observed across 
relatively narrow basins (e. g. the Mediterranean), 

4. Possible explanation (i): errors in data, misinterpretation, ... 

5. Possible explanation (ii): data are OK, but we need a valid  
“theory of glacio-isostatic  adjustment” (GIA).  
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GLOBAL Relative Sea Level (RSL) observations

T/P database
http://gcmd.nasa.gov/records/

GCMD_EARTH_LAND_NGDC_PALEO_SEALEVEL1.html

can we explain the data?

?
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Is it possible to write a simple
 “equation” for sea level 

?
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Geoid, ICE SHEETS, Solid Earth & SEA LEVEL

the “Sea Level Equation” is:

S

N

U

S = N − U

The sea level equation (SLE) -                                          basic ideas 

I

geoid (W=c)

sea level
solid Earth

ice sheetssh
o
re

lin
e
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A couple of  difficulties:

1. N and U both depend on S itself! 

In fact, U is determined by the ice load BUT also by the water 
load, whose amplitude is related  with variations of the water 
column, e. g., from sea level change itself, S. Hence:

U = U(S,I) and N = N(S,I)

S = S(U,N,I) = Implicit function of S itself.

2. What about Earth rheology? What is the response to loads?

The sea level equation (SLE) -                                          basic ideas 

Kelvin-Voigt

Maxwell

µ1

µ2

η2

η1

?
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3. Which rheology for the Earth’s mantle?

Given the “LOAD” + Rheology, then compute the system response 
(e.g. strain)

The sea level equation (SLE) -                                             Rheology 

- Forward “Creep problem” (theoretical viscoelasticity)

- Inverse “Creep problem” (real world) 
Given some (imperfect) knowledge about the “load” (ice sheets), 
obtained by glaciology, geology and geomorphology, 

and given imperfect knowledge about the response (e.g. sea level 
change, from indirect evidence during the Holocene), 

then, infer mantle rheology. 

(*) In a “creep experiment”, a load is applied instantaneously.
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The sea level equation (SLE) -                                          basic ideas 

Adapted from Clark & Lingle, 1979
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INERTIA

Degree 0 and 2
deformations

The sea level equation (SLE) -                                          basic ideas 

Adapted from Clark & Lingle, 1979
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ROTATION
Angular Momentum

Conservation

INERTIA

Degree 0 and 2
deformations

The sea level equation (SLE) -                                          basic ideas 

Adapted from Clark & Lingle, 1979
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Centrifugal
Potential

ROTATION
Angular Momentum

Conservation

INERTIA

Degree 0 and 2
deformations
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Adapted from Clark & Lingle, 1979
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Centrifugal
Potential

ROTATION
Angular Momentum

Conservation

INERTIA

Degree 0 and 2
deformations

... ... ...

The sea level equation (SLE) -                                          basic ideas 

Adapted from Clark & Lingle, 1979
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ρi, ρw =

Gs =

I =

⊗i,⊗o =

(. . .) =

sea level change

ice and water density

sea level Green function 

ice thickness variation

mi = ice mass variation

Ao = area of the oceans

3(2+1)D convolutions

ocean average

with:

S =

S = N − U

Farrell (1976) has shown that the “original” SLE: 

can be transformed into:

S =
ρi

γ
Gs⊗iI +

ρw

γ
Gs⊗oS −

mi

ρwAo
− ρi

γ
Gs⊗iI −

ρw

γ
Gs⊗oS

The sea level equation (SLE) -                                          basic ideas 
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About the SLE

The SLE is a linear, integral equation, since the unknown S 
also appears within convolution integrals. 

Sea level change at one point    and time t depends on sea 
level change at any point         and at any time           .  

the problem of sea level change cannot be reduced to a 
regional scale

ω
ω′ t′ ≤ t

S =
ρi

γ
Gs⊗iI +

ρw

γ
Gs⊗oS −

mi

ρwAo
− ρi

γ
Gs⊗iI −

ρw

γ
Gs⊗oS

The sea level equation (SLE) -                                          basic ideas 
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S =
ρi

γ
Gs⊗iI +

ρw

γ
Gs⊗oS −

mi

ρwAo
− ρi

γ
Gs⊗iI −

ρw

γ
Gs⊗oS

The sea level equation (SLE) -                                          basic ideas 

the EARTH is RIGID
and

Newton constant is =0

S = SE(t) = −mi(t)

ρwAo

solves the SLE in the 
very special case: 

Exercise #1: Dropping some terms in the SLE.

Eustatic solution!
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Exercise #2: Taking the ocean-average of the SLE.

The sea level equation (SLE) -                                            basic ideas 

S =
ρi

γ
Gs⊗iI +

ρw

γ
Gs⊗oS + SE − ρi

γ
Gs⊗iI −

ρw

γ
Gs⊗oS

Hence:

S = SE

“the ocean-averaged sea level change coincides with the sea 
level change we would observe in eustatic conditions”. 

A consequence: 
If the ice masses do not vary, the ocean-averaged sea level 
change is ZERO (and vice-versa). 

(regardless of rheology, actual shape of shorelines... ).
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HOW to solve the SLE ? A few ideas here ... 

The SLE "looks like" a  “inhomogeneous  integral Fredholm 
equation of the 2nd type”, where the unknown occurs both inside 
and outside the integral, and the integration interval is fixed (fixed 
shorelines, in our language), which in 1D sounds like: 

ϕ(x) = f(x) + λ
∫ b

a
K(x, x′)ϕ(x′)dx′,

The problem can be solved by “iteration” of a first-guess solution:

0. Assume ϕ(x) = ϕ(0)

1. This gives ϕ(1)(x) = f(x) + λ
∫ b

a
K(x, x′)ϕ(0)dx′

... ... ... 

n. At step “n”: ϕ(n)(x) = f(x) + λ
∫ b

a
K(x, x′)ϕ(n−1)(x′)dx′

... ... ... 

and continue until some convergence criterion is met... 

The sea level equation (SLE) -                                          basic ideas 
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Spada, G., Stocchi, P., 2007. Comput. & Geosci. doi: 10.1016/j.cageo.2006.08.006.

Spada et al. Manuals & theory notes on the Samizdat page, http://samizdat.mines.edu. 

ALMA (2008)

Spada, G., Boschi, L.  2006.,  Geophys. J. Int., doi: 10.1111/j.1365- 246X.2006.02995.x.

Spada, G., 2008. , Comput. & Geosci., doi: 0.1016/j.cageo.2007.12.001. 

A source free, pesudo-spectral Sea Level equation solver  

A source-free Post-glacial rebound solver

A Love number (Green function) calculator

The sea level equation (SLE) -                                      do it yourself! 

* NEW features under development * (helped by Florence Colleoni CMCC BO) * 
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Theory vs Holocene RSL observations 
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T/P database
http://gcmd.nasa.gov/records/

GCMD_EARTH_LAND_NGDC_PALEO_SEALEVEL1.html

Model vs RSL observations                          the global scale
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Model vs RSL observations                               Hudson bay

 3
6
0

 3
0
0

 2
4
0

 1
8
0

 1
2
0

 6
0

 0
-6

0
-1

2
0

 0 2 4 6 8 10 12 14 16 18

R
S

L
 (

m
)

time BP (kyrs)

 108  62.0  -75.0  7 UNGAVA PEN. QUE.

(a)

RSL data
SMAX=0

1
2
3
4
5

data 

Convergence test for the SLE - Ungava Pen.

R
el

at
iv

e 
S
ea

 L
ev

el
 (

m
)

time Before Present (kyr)

264˚

264˚

276˚

276˚

288˚

288˚

60˚ 60˚

264˚

264˚

276˚

276˚

288˚

288˚

60˚ 60˚

(101)  RICHMOND GULF QUE. 

(102)  JAMES BAY QUE. 

(103)  C. HENRIETTA MARIA ONT.

(104)  CHURCHILL MAN.  

(105)  KEEWATIN NWT.  

(106)  OTTAWA IS. NWT. 

(107)  SOUTHAMPTON IS. NWT. 

(108)  UNGAVA PEN. QUE. 

55Friday, November 11, 2011



Model vs RSL observations                               Hudson bay
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Model vs RSL observations                               Hudson bay
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Model vs RSL observations                            Hudson bay 
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101  57.0  −77.0 10 RICHMOND GULF QUE.        
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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102  53.0  −79.0  7 JAMES BAY QUE.               
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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103  55.0  −82.5  7 C. HENRIETTA MARIA ONT. 
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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104  58.0  −94.0  7 CHURCHILL MAN.               
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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105  64.5  −95.0  4 KEEWATIN NWT.                
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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106  59.8  −80.3 10 OTTAWA IS. NWT.              
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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107  64.5  −84.0  7 SOUTHAMPTON IS. NWT.     
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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108  62.0  −75.0  7 UNGAVA PEN. QUE.             
Ice model: ICE5G
Repository label: CLIM
Viscosity profile: /10. 0.4 0.4/
−LMAX =128−RES =48 −ITER =5 −Mode =1
−NV =3 −CODE =2
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Mediterranean RSL
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−Ice model: ICE5G −LMAX=72 −RES=18 −ALMA rheology:./VSC/vsca_BENCH.dat −MODE=1 −ITER=3

2. ka

Model vs RSL observations                      the Mediterranean

Sea level 2 kyrs BP (relative to present day datum)
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Evidence from the Mediterranean        The Tyrrhenian coast 
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Evidence from the Mediterranean        The Tyrrhenian coast 
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Evidence from the Mediterranean        The Tyrrhenian coast 
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Evidence from the Mediterranean        The Tyrrhenian coast 
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2010 Apr 22 03:34:50 SELEN 3.1
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206  33.59  11.06 1 LELLA MERIEM                 
Ice model: ICE5G
Repository: ./depot−T003
Viscosity profile: 
−LMAX =128−RES =44 −ITER =5 −Mode =1
−ALMA model =./VSC/vsca_VM2_hrmod.dat
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201  33.9   10.8  5 BORI JILIJ − CHEIKH Y        
Ice model: ICE5G
Repository: ./depot−T003
Viscosity profile: 
−LMAX =128−RES =44 −ITER =5 −Mode =1
−ALMA model =./VSC/vsca_VM2_hrmod.dat
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202  33.74  10.73 1 HUMT ADJIM                   
Ice model: ICE5G
Repository: ./depot−T003
Viscosity profile: 
−LMAX =128−RES =44 −ITER =5 −Mode =1
−ALMA model =./VSC/vsca_VM2_hrmod.dat
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208  33.9   10.8  2 SE TUNISIA (DJERBA)          
Ice model: ICE5G
Repository: ./depot−T003
Viscosity profile: 
−LMAX =128−RES =44 −ITER =5 −Mode =1
−ALMA model =./VSC/vsca_VM2_hrmod.dat
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A sea level teleconnection between 
Antarctica and SE Tunisia?
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Sea level in the last century

the era of tide gauges:
DIRECT observation
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Liverpool, february 3, 2009

 Tide staff
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SOUTH AFRICA

Radar gauge
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is sea level “rising” or “falling” ?
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present sea levels                              tide gauges 

Can you see the 2 mm/yr sea level rise proposed 
by the IPCC ?

?
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Chapter 3 Sea Level Change in the Era of the Recording Tide Gauge 39 

thermal expansion of the ocean or melting of small glaciers could be offset 
to a certain extent. The ice mass balance (i.e., whether or not there is net 
accretion or loss of ice) of Greenland and Antarctica is of critical importance 
for accounting for changes of global sea level. However, Warrick et al (1996) 
concluded that because of uncertainty of the ice mass balance of the Greenland 
and Antarctic ice sheets, not even the sign of their contribution to 20th-century 
sea level rise can be determined. But there is still concern that a response 
is possible. 

An issue unrelated to global warming that affects the rate of global sea 
level rise is storage and mining of water. This question is dealt with in detail 
in Chapter 5. In summary, since World War II the increase in the amount of 
water held in large and small reservoirs (and kept out of the oceans), in 
combination with other effects on the hydrological cycle, has a sea level rise 
equivalent estimated to be 0.9 ± 0.5 mm/yr. This is enough to offset an increase 
in the rate of sea level rise that could have occurred in the last 50 years due 
to global warming. 

Warrick et al. (1996) summarized the factors affecting sea level rise in 
the 20th century. Under the assumption that the mass balance of the 
Greenland and Antarctic ice caps is zero, they concluded that the remaining 
contributors to global sea level could add up to 0.8 mm/yr of sea level 
rise in the 20th century, with a substantial uncertainty. This value is much 
smaller than most estimates of global sea level rise based on tide gauge 
data. Table 3.1 shows the values published in the last decade. They range 
in magnitude from 1.0 to 2.4 mm/yr. All of these authors used tide gauge 
data from the same data base, so the differing estimates reflect selection 

Table 3.1 
Recent Determinations of Global Sea Level Rise from Tide Gauge Data 

Author 

Peltier and Tushingham (1989, 1991) 
Barnett (1990) 
Nakiboglu and Lambeck (1990) 
Trupin and Wahr (1990) 
Douglas (1991) 
Shennan and Woodworth (1992) 
Mitrovica and Davis (1995) 
Davis and Mitrovica (1996) 
Peltier (1996) 
Peltier and Jiang (1997) 
Douglas (1997) 

Estimate (mm/yr) 

2.4 ± 0.9^ 
1-2 

1.15 ± 0.38 
1.75 ± 0.13 
1.8 ± 0.1 
1.0 ± 0.15 
1.1-1.6 
1.5 ± 0.3 
1.94 ± 0.6" 
1.8 ± 0.6« 
1.8 ± 0.1 

Comments 

Global data 
Global data 
Global data 
Global data 
Global data 
U.K. and Europe 
Global data 
U.S. east coast 
U.S. east coast 
U.S. east coast 
Global data 

^ Standard deviation of trends about their mean. The formal SE is a few tenths. 

The GLOBALLY AVERAGED RATE of SEA LEVEL RISE 
is estimated using long series of T/G data 

after GIA correction! 

Role of GIA today             PSMSL tide-gauge observations
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What is the color of sea level change?

and regional (future) signals 

Ice2sea is a science programme that is funded by the European 
Union Framework-7 scheme. Ice2sea will improve projections of the 

contribution of ice to future sea-level rise.

http://www.ice2sea.eu/
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Courtesy of Jonathan Bamber, University of Bristol UK 

The mass balance of Greenland since 1990 from various sources
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logical record (48) suggests that some
10,000 years ago, the Amundsen
sector of the WAIS extended only
100 km farther than today, confining
the present rate of retreat to more
recent times, and the drawdown of
the Amundsen sector ice streams
has been linked (49) to a recent trigger
in the ocean. A comparable argument
may be extended to the thinning gla-
ciers in East Antarctica andGreenland,
which are also marine terminated.
Equally, there is no direct evidence
of a warming of the Amundsen Sea,
and it has long been held possible that
the marine-terminatedWAIS, and the
Amundsen sector in particular, may
be geometrically unstable (50), and
the retreating East Antarctica streams
have a similar geometry (Fig. 2A). In
Greenland, where summermelting is
widespread and increasing,Global Po-
sitioning System measurements have
shown the melting to affect flow ve-
locity in the ice sheet interior (26), in-
troducing the possibility that increased
surface meltwater is reaching the
bed and accelerating the ice flow to
the ocean.

The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
addition, the detailed mechanics at
the grounding line still remain to be
fully worked out. In consequence,
the view that the changing sea-level
contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
Antarctica [e.g., –0.05 mm year−1 in
(1)] is now uncertain.

Because our predictive ability is
limited, continued observation is
essential. The satellite record clearly
identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.
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Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).

16 MARCH 2007 VOL 315 SCIENCE www.sciencemag.org1532

Polar Science

 o
n

 A
p

ri
l 
3

, 
2

0
0

8
 

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

logical record (48) suggests that some
10,000 years ago, the Amundsen
sector of the WAIS extended only
100 km farther than today, confining
the present rate of retreat to more
recent times, and the drawdown of
the Amundsen sector ice streams
has been linked (49) to a recent trigger
in the ocean. A comparable argument
may be extended to the thinning gla-
ciers in East Antarctica andGreenland,
which are also marine terminated.
Equally, there is no direct evidence
of a warming of the Amundsen Sea,
and it has long been held possible that
the marine-terminatedWAIS, and the
Amundsen sector in particular, may
be geometrically unstable (50), and
the retreating East Antarctica streams
have a similar geometry (Fig. 2A). In
Greenland, where summermelting is
widespread and increasing,Global Po-
sitioning System measurements have
shown the melting to affect flow ve-
locity in the ice sheet interior (26), in-
troducing the possibility that increased
surface meltwater is reaching the
bed and accelerating the ice flow to
the ocean.

The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
addition, the detailed mechanics at
the grounding line still remain to be
fully worked out. In consequence,
the view that the changing sea-level
contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
Antarctica [e.g., –0.05 mm year−1 in
(1)] is now uncertain.

Because our predictive ability is
limited, continued observation is
essential. The satellite record clearly
identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.
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Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).
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REVIEW

Recent Sea-Level Contributions of the
Antarctic and Greenland Ice Sheets
Andrew Shepherd1 and Duncan Wingham2*

After a century of polar exploration, the past decade of satellite measurements has painted an
altogether new picture of how Earth’s ice sheets are changing. As global temperatures have risen,
so have rates of snowfall, ice melting, and glacier flow. Although the balance between these
opposing processes has varied considerably on a regional scale, data show that Antarctica and
Greenland are each losing mass overall. Our best estimate of their combined imbalance is about
125 gigatons per year of ice, enough to raise sea level by 0.35 millimeters per year. This is only a
modest contribution to the present rate of sea-level rise of 3.0 millimeters per year. However, much
of the loss from Antarctica and Greenland is the result of the flow of ice to the ocean from ice
streams and glaciers, which has accelerated over the past decade. In both continents, there are
suspected triggers for the accelerated ice discharge—surface and ocean warming, respectively—
and, over the course of the 21st century, these processes could rapidly counteract the snowfall
gains predicted by present coupled climate models.

Antarctica and Greenland hold enough ice
to raise global sea levels by some 70m (1)
and, according to the geological record

(2), collapses of Earth’s former ice sheets have
caused increases of up to 20 m in less than 500
years. Such a rise, were it to occur today, would
have tremendous societal implications (3). Even a
much more gradual rise would have great impact.
Accordingly, one goal of glaciological survey [e.g.,
(4, 5)] is to determine the contemporary sea-level
contribution due to Antarctica and Greenland. For
much of the 20th century, however, the size of
these ice sheets hindered attempts to constrain their
mass trends, because estimating whole–ice sheet
mass change could be done only by combining
sparse local surveys, with consequent uncertainty.
For example, a 1992 review (6) concluded that the
available glaciological measurements allowed
Antarctica to be anything from a 600 Gt year−1

sink to a 500Gt year−1 source of oceanmass [500Gt
of ice equals 1.4 mm equivalent sea level (ESL)],
accounting for nearly all of the 20th-century sea-
level trend of 1.8 mm year−1 (1) or, in the other
direction, leaving amass shortfall of some 1000Gt
year−1. Even the 2001 Intergovernmental Panel on
Climate Change (IPCC) report (1) preferred mod-
els to observations in estimating Antarctic and
Greenland sea-level contributions.

However, in the past decade, our knowledge
of the contemporary mass imbalances of Antarc-
tica and Greenland has been transformed by the
launch of a series of satellite-based sensors. Since
1998, there have been at least 14 satellite-based
estimates (7–20) of themass imbalance of Earth’s

ice sheets (Table 1). At face value, their range of
some –366 to 53 Gt year−1, or 1.0 to –0.15 mm
year−1 sea-level rise equivalent, explains much of
the eustatic component of 20th-century sea-level
rise [1.5 mm year−1 in (21)], but we argue that the
contribution is smaller and the problem of closing
the 20th-century sea-level budget remains. Equally,
the new observations provide a picture of consid-
erable regional variability and, in particular, the

long-predicted [e.g., (1)] snowfall-driven growth
[e.g., (10, 22)] is being offset by large mass losses
from particular ice stream and glacier flows [e.g.,
(12, 23)]. There is, moreover, evidence in Green-
land and Antarctica of recent accelerations in these
flows (12, 24, 25). It is apparent that the late 20th-
and early 21st-century ice sheets at least are dom-
inated by regional behaviors that are not captured
in the models on which IPCC predictions have
depended, and there is renewed speculation
(26, 27) of accelerated sea-level rise from the ice
sheets under a constant rate of climate warming.

Although the observations in Table 1 have nar-
rowed the uncertainty in estimates of the eustatic
contribution to sea level, the range of values is
notably wider than their stated uncertainties. Ac-
cordingly, we give consideration to the limitations
of the three methods—accounting the mass budget
[e.g., (9)], altimetry measurement of ice-sheet vol-
ume change [e.g., (7)], and observing the ice sheets’
changing gravitational attraction [e.g., (11)]—used
to calculate the estimates in Table 1. In light of

these limitations,we discuss the recent
changes in the Antarctic and Green-
land ice sheets (AIS andGIS), andwe
conclude with some remarks on the
future evolution of the ice sheets.

Methods and Their Sensitivity to
Accumulation Rate
The mass-budget method [e.g.,
(9, 12)] compares the mass gain due
to snowfall to mass losses due to sub-
limation, meltwater runoff, and ice
that flows into the ocean. It has been
given new impetus by the capability
of interferometric synthetic aperture
radar (InSAR) to determine ice sur-
face velocity. This has improved
earlier estimates of the ice flux to the
ocean (5) and provides a capability to
identify accelerations of ice flow. The
method is hampered by a lack of ac-
curate accumulation and ice thickness
data. For Antarctica, where surface
melting is negligible, accumulation
may be determined by spatially aver-
aging the history of accumulation
recorded in ice cores, or from mete-
orological forecast models. Estimates
of the temporally averaged accumu-
lation or “mean” accumulation range,
respectively, from 1752 to 1924 Gt
year−1 (1) and from 1475 to 2331 Gt

year−1 (28). The meteorological data are acknowl-
edged to be of inferior accuracy (28), and their wide
range can perhaps be discounted. The range of the
core-based estimates, which use substantially the
same core records, arises from differences in their
spatial interpolation. Recent compilations have
used the satellite-observed microwave temperature,
which is correlated with accumulation, to guide the
interpolation, and a careful study (29) placed the
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Fig. 1. Fluctuations in (A) the rate of snow accumulation (SA)
of Antarctica [redrawn from (38)] and (B) the net surface mass
balance (SMB) of Greenland [drawn from the data of (32)],
determined from model reanalyses of meteorological observa-
tions expressed as ESL rise. Also shown are the ranges of
published mean accumulation rates determined from glacio-
logical observations (yellow) and climate models (blue).

www.sciencemag.org SCIENCE VOL 315 16 MARCH 2007 1529

 o
n

 A
p

ri
l 
3

, 
2

0
0

8
 

w
w

w
.s

c
ie

n
c
e

m
a

g
.o

rg
D

o
w

n
lo

a
d

e
d

 f
ro

m
 

logical record (48) suggests that some
10,000 years ago, the Amundsen
sector of the WAIS extended only
100 km farther than today, confining
the present rate of retreat to more
recent times, and the drawdown of
the Amundsen sector ice streams
has been linked (49) to a recent trigger
in the ocean. A comparable argument
may be extended to the thinning gla-
ciers in East Antarctica andGreenland,
which are also marine terminated.
Equally, there is no direct evidence
of a warming of the Amundsen Sea,
and it has long been held possible that
the marine-terminatedWAIS, and the
Amundsen sector in particular, may
be geometrically unstable (50), and
the retreating East Antarctica streams
have a similar geometry (Fig. 2A). In
Greenland, where summermelting is
widespread and increasing,Global Po-
sitioning System measurements have
shown the melting to affect flow ve-
locity in the ice sheet interior (26), in-
troducing the possibility that increased
surface meltwater is reaching the
bed and accelerating the ice flow to
the ocean.

The discovery that particular ice
streams and glaciers are dominating
ice sheet mass losses means that
today our ability to predict future
changes is limited. Present numerical
models capture neither the details of
actual ice streams nor, in Greenland,
those of hydraulic connections be-
tween the surface and the bed. In
addition, the detailed mechanics at
the grounding line still remain to be
fully worked out. In consequence,
the view that the changing sea-level
contribution of the Antarctic and
Greenland ice sheets in the 21st cen-
tury will be both small and negative
as a result of accumulating snow in
Antarctica [e.g., –0.05 mm year−1 in
(1)] is now uncertain.

Because our predictive ability is
limited, continued observation is
essential. The satellite record clearly
identifies the particular ice streams
and glaciers whose evolution is of greatest
concern. The causes of their instability need to
be identified. Their detailed basal topography,
their basal hydrology, and the details of the in-
teraction with their surrounding shelf seas need
to be established. Numerical models that cap-
ture the detailed dynamics of these glaciers and
their hydrology are required. Of equal impor-
tance are meteorological and ice core measure-
ments that will increase confidence in forecast
models of accumulation and ablation fluctuations,

because to a considerable extent these limit
interpretations of the short satellite records. There
is a great deal that the International Polar Year
may achieve.
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Fig. 3. (A) Rate of elevation change of the Greenland Ice Sheet,
1992 to 2003, determined from satellite radar altimetry [from
(22)], and (B) time series of elevation change of individual
sectors, 2003 to 2005, determined from satellite gravimetry
[from (16)]. Also shown (inset) is the ice surface geometry,
highlighting areas above (gray) and below (black) 2000 m
elevation. Both instruments concur that high elevation areas are
growing and low elevation areas are losing mass. According to
gravimetry (16) and repeat InSAR measurements of ice dis-
charge (12), the rate of mass loss at low elevations has increased
over the past decade (see Table 1).
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The mass balance of Antarctica since 1990 from various sources
Courtesy of Jonathan Bamber, University of Bristol UK 
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each observing system (altimetry, Argo and GRACE), suggesting 
that this is the true error bound on trend estimates for these short 
(4 yr) time series. Variations may be partly a result of the slightly 
di!erent time spans chosen and the dominant role of interannual 
variability over periods of only a few years, but there are also issues 
with each of the observing systems.

Problems with calibration of the temperature measurements 
were noted above, but a signi"cant part of the imbalance arises from 
the incomplete temperature sampling of the ocean, particularly the 
Southern Ocean14, which may be insu#cient before 2004 (refs 15 
and 16). $e development of innovative ways to reduce sampling 
bias17 is important. $e GRACE mass estimates have a number of 
complications that contribute to their uncertainty. Because of the 
small signal over the oceans, compared with those over land, the 
analysis must reduce both the sampling of the nearby land signal 

along the coasts18 and the presence of correlated errors in the 
GRACE solutions19,20. In addition, the GRACE mission is insensi-
tive to geocentre motion, that is, the motion of the Earth’s centre of 
"gure relative to the centre of mass of the whole Earth (including 
cryosphere, hydrosphere and atmosphere). Ignoring this contribu-
tion can introduce an underestimate of up to 30% in sea-level rise 
caused by Greenland ice melting18. Estimates of geocentre motion 
derived from GRACE products or satellite laser ranging can be used 
in these analyses, but the accuracy of the trend in these estimates is 
di#cult to obtain21. Finally, vertical motion of the ocean %oor — due 
to glacial isostatic adjustment (the isostatic response of the solid 
Earth to past ice–ocean mass exchange) — makes a particularly large 
contribution to the measured gravity changes, with values used in 
recent analyses7,14,15 ranging from -1 to -2 mm yr-1 (water-equivalent 
mass change).

Sea level is measured in one of two ways: relative to the ocean %oor 
(known as ‘relative sea level’) or relative to the Earth’s centre of mass 
(known as ‘absolute sea level’). Satellite altimetry is the only method 
that provides a measure of absolute sea level. Both relative and abso-
lute sea level are a!ected by a wide variety of processes (panel a). 
Note that absolute sea level is a!ected indirectly by deformation of 
the solid Earth owing to the corresponding changes to the gravity 
"eld and volume of the global ocean basin. All of the processes 
depicted in a result in a spatially variable sea-level response.

Two climate-related processes that will have central roles in 
governing sea-level changes over the coming decades to centuries 
are land-ice melting (mass contribution; b) and ocean-water 
density change owing to temperature and salinity changes (steric 
contribution; c). $e spatial variability associated with these 
processes is depicted in b and c.

It is generally assumed that when land ice melts, the associated 
sea-level rise is globally uniform and proportional to the volume 

of ice loss. For example, it is o&en stated that the Greenland 
ice sheet holds about 7 m of global sea-level rise. In reality, the 
situation is more complex because of the isostatic deforma-
tion of the solid Earth along with gravitational and rotational 
changes driven by the ice–ocean mass exchange27,85,98. Panel b 
shows model predictions of the change in global sea level if the 
Greenland (top) or West Antarctic (bottom) ice sheets were to lose 
mass at 1 mm yr-1 (10 cm per century) of global mean sea-level 
equivalent. $e predicted response departs signi"cantly from the 
mean with a reduced rise and even fall in areas close to the ablat-
ing ice mass and an ampli"ed rise in areas far removed from the 
melt source99.

Ocean temperature and salinity changes have also been 
regionally variable in the past, and estimates of the resulting sea-
level change re%ect this variability. Panel c shows the mean rates 
of sea-level change over the period 1950–2003 estimated from 
observations of ocean temperature (taken from ref. 100).

Box 1 | Processes a!ecting sea level.

Ocean–atmosphere
interaction

Terrestrial water
storage

Ice 
melting

Vertical land
motion

Vertical land
motion

Density 
changes

Ocean circulation

0.0 0.2 0.4 0.6 0.8 1.0 1.1 1.2 1.3 1.4

mm yr–1mm yr–1
–2.0 –1.5 –1.0 –0.5 0.0 0.5 1.0 1.5 2.0

a b

c
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Identifying the causes of sea-level change
Glenn A. Milne, W. Roland Gehrels, Chris W. Hughes and Mark E. Tamisiea, NATURE GEOSCI 2009

1. Thermal expansion

2. Ice melting fingerprints0. Possible causes

Greenland

Antarctica
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Regional sea level change?
Sea level “fingerprint” from the (uniform) melting of Antarctica 
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Concluding remarks

1. Physical models of giacio-isostatic adjustment are simple to be 
stated but account for an extremely complex phenomenology - in 
spite of their linearity - Agreement among scientists difficult to 
reach (but reachable after some work, see benchmarks...)

2. There are LARGE uncertainties in GIA models, and large error 
bars in the mass balance models for e.g., Antarctica, Greenland 
and the small glaciers. 
Sophisticated GIA theories are useful but probably we need data 
more than theories. 

3. Future sea level rise/fall on a regional scale will be influenced 
by secular melting of glaciers, but they will be - reminiscent of 
GIA. So, understanding the effect of ongoing climate change is 
difficult without information on the solid Earth. 
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