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HAVE AN URGE LATELY TO RUN FOR 

higher ground? That would be understandable,

given all the talk about the world’s ice melting

into the sea. Kilimanjaro’s ice cloak is soon to

disappear, the summertime Arctic Ocean could

be ice-free by century’s end, 11,000-year-old ice

shelves around Antarctica are breaking up over

the course of weeks, and glaciers there and in

Greenland have begun galloping into the sea.

All true. And the speeding glaciers, at least,

are surely driving up sea level and pushing

shorelines inland.

Scientists may not be heading for the hills

just yet, but they’re increasingly worried. Not

about their beach houses being inundated any-

time soon; they’re worried about what they’ve

missed. Some of the glaciers draining the great

ice sheets of Antarctica and Greenland have

sped up dramatically, driving up sea level and

catching scientists unawares. They don’t fully

understand what is happening. And if they don’t

understand what a little warming is doing to the

ice sheets today, they reason, what can they say

about ice’s fate and rising seas in the greenhouse

world of the next century or two?

That uncertainty is unsettling. Climatolo-

gists know that, as the world warmed in the

past, “by some process, ice sheets got smaller,”

says glaciologist Robert Bindschadler of

NASA’s Goddard Space Flight Center (GSFC)

in Greenbelt, Maryland. But “we didn’t know

the process; I think we’re seeing it now. And

it’s not gradual.” Adds geoscientist Michael

Oppenheimer of Princeton University, “The

time scale for future loss of most of an ice sheet

may not be millennia,” as glacier models have

suggested, “but centuries.”

The apparent sensitivity of ice sheets to a

warmer world could prove disastrous. The

greenhouse gases that people are spewing into

the atmosphere this century might guarantee

enough warming to destroy the West Antarctic

and Greenland ice sheets, says Oppenheimer,

possibly as quickly as within several centuries.

That would drive up sea level 5 to 10 meters at

rates not seen since the end of the last ice age.

New Orleans would flood, for good, as would

most of South Florida and much of the

Netherlands. Rising seas would push half a

billion people inland. “This is not an experiment

you get to run twice,” says Oppenheimer. “I find

this all very disturbing.”

A rush to the sea

Much of the world’s ice may be shrinking under

the growing warmth of the past several decades,

but some ice losses will have more dramatic

effects on sea level than others. Glaciologists

worried about rising sea level are keying on the

glaciers draining the world’s two dominant ice

reservoirs, Greenland and Antarctica. Summer-

time Arctic Ocean ice may be on its way out, but

its melting does nothing to increase the volume

of ocean water; that ice is already floating in the

ocean. The same goes for floating ice shelves

around Antarctic. The meltwater from receding

mountain glaciers and ice caps is certainly raising

sea level, but not much. 

The truly disturbing ice news of late is

word that some of the ice oozing from the

3-kilometer-thick pile on Greenland has

doubled its speed in just the past few years. In

the 17 February issue of Science, for example,

radar scientists Eric Rignot of the Jet Propulsion

Laboratory in Pasadena, California, and Pannir

Kanagaratnam of the University of Kansas,

Lawrence, analyzed observations made between

1996 and 2005 by four satellite-borne radars.

These synthetic aperture radars measure the

distance to the surface during successive

passes over a glacier. The changing distance

can then be extracted by letting successive

observations form interference patterns. The

changing distance, in turn, translates to a

velocity of the ice toward the sea.

In central east Greenland, Kangerdlugssuaq

Glacier more than doubled its speed from 2000 to

2005, Rignot and Kanagaratnam found, from

6 kilometers per year to 13 kilometers per year.

That made it the fastest in Greenland. To the

south, Helheim Glacier accelerated 60%. And

on the west of Greenland, Jakobshavn Isbrae

almost doubled its speed between 1996 and

2005. The accelerations are “actually quite

surprising,” says glaciologist Julian Dowdeswell

of the University of Cambridge in the United
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Startling amounts of ice slipping into the sea have

taken glaciologists by surprise; now they fear that this

century’s greenhouse emissions could be committing

the world to a catastrophic sea-level rise
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Kingdom. Even at its slower speed, Jakobshavn

had ranked as one of the fastest-flowing glaciers

in the world, perhaps the fastest; now it’s just one

of the pack.

As glaciers draining the Greenland Ice Sheet

are picking up speed, researchers are realizing

that nothing has made up for the increased loss

of ice. Greenland’s pile of ice is getting smaller.

How much smaller is still being debated, if only

because of the vast scope of an ice sheet. What

goes out through glaciers is just one part of the

equation: Ice sheets also lose mass by melting

and gain it from snowfall. To gauge those gains

and losses, Rignot and Kanagaratnam used

previously published estimates of how the

warming climate over Greenland has increased

meltwater losses and slightly increased snowfall,

making for a growing net loss in addition to the

glacier flow. All told, the scientists find that

the loss of mass from Greenland doubled from

1996 to 2005, reaching 224 ± 41 cubic kilometers

per year. Los Angeles uses 1 cubic kilometer of

water per year.

In another approach to estimating mass

balance, researchers sketch the changing shape

and therefore volume of the ice sheet. In a paper

just out in the Journal of Glaciology, glaciologist

Jay Zwally of GSFC and colleagues use satellite

radars to measure the height of the Greenland Ice

Sheet’s broad plateau and airborne laser altimeters

to monitor the height of glaciers draining to the

coast, which are too small for satellite radars to

see reliably. “We have strong evidence the ice

sheet was near balance [during] the last decade

of the 20th century,” says Zwally. “Our measures

show a slight positive gain of 11 [cubic kilometers]

per year” between 1992 and 2002.

Global warming contrarians have already

taken up Zwally’s result as evidence that nothing

much is happening with the ice sheet, so there’s

nothing to worry about. Zwally disagrees.

“There’s no question there’s been an acceleration

of some of Greenland’s glaciers over the last

5 years,” after his surveys were completed, he

says. “I would say that right now the current loss

is 30 to 40 [cubic kilometers] per year,” he says,

based on his gut feeling about the most recent

radar and laser observations.

That’s getting close to the mass loss reported

last fall using a third approach: repeatedly

weighing the ice sheet. Geophysicists Isabella

Velicogna and John Wahr of the University of

Colorado, Boulder, reported in Geophysical

Research Letters how the two satellites of the

Gravity Recovery and Climate Experiment

(GRACE), flying in tandem, gauge the mass

beneath them. They precisely measure the

changing distance between them caused by the

gravitational pull of the passing ice. Between

2002 and 2004, GRACE found a loss of about

82 cubic kilometers of ice per year.

All things considered, it

seems clear that “Greenland has been shifting

to a negative mass balance the last few years,”

says glaciologist Richard Alley of Pennsylvania

State University in State College. The same can

be said for the West Antarctic Ice Sheet. All

recent surveys have the far more massive

East Antarctic Ice Sheet slowly gaining mass

from increased snowfall. But that gain falls far

short of compensating for the loss from West

Antarctica. There, Zwally’s analysis has the ice

shrinking by about 47 cubic kilometers per

year. And Velicogna and Wahr, writing in this

week’s issue of Science (p. 1754), report a

GRACE-estimated loss of about 148 cubic

kilometers per year. In West Antarctica, as in

Greenland, the culprit is the acceleration of outlet

glaciers in recent years (Science, 24 September

2004, p. 1897).

Why the rush?

The recent proliferation of galloping glaciers

caught researchers unawares. “None of the

models [of glacier flow] predict there should be

such rapid change,” says glaciologist Ian Joughin

of the University of Washington, Seattle (see

Perspective on p. 1719). “If you look at a

textbook, you’ll see an ice sheet

response time of 1000 years or

more.” That’s because models

“treat ice sheets as a big lump of

ice,” he says. They melt, or they

don’t melt. 

In the case of West

Antarctica, there is tentative

agreement about what is

triggering the acceleration of

the glaciers. Around the

Palmer Peninsula that juts north-

ward from West Antarctica, the world’s strongest

regional warming of the past 50 years f irst

puddled the surface of ice shelves with meltwater.

The meltwater then drove into the ice along

growing cracks, breaking up shelves over a few

weeks. Without the shelves to hold them back,

apparently, the glaciers feeding them sped up

(Science, 30 August 2002, p. 1494). To the south,

where it’s still far too cold for surface melting, a

third-of-a-degree warming of the ocean seems to

have eaten away at the shelves jutting into the

Amundsen Sea. That in turn sped up Pine Island

Glacier and its neighbors.

Around Greenland, however, both surface

melting and shelf-bottom melting seem to be

happening to some extent. Surface melting

around the ice sheet’s periphery has increased
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Going. Greenland glaciers like those dumping into
Sondre Sermilik Fjord have sped up and retreated.

Off to sea. The acceleration of glaciers draining both the Greenland and Antarctic ice sheets has meant more
icebergs and thus more sea-level rise around the world.

Going under? Global warm-
ing might trigger a 6-meter
rise in sea level that would

inundate coasts (red) worldwide.
Southern Louisiana (left) and South
Florida (lower right) would be hard hit.
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in recent years. Some of the melt-

water plunges into open crevasses,

where Zwally has shown that it

can lubricate the bottom of the ice

and accelerate ice flow. But, as

Bindschadler argues on page

1720 of this issue of Science, the

accelerating Greenland glaciers all

flow through deep troughs that

expose the ice to any warming ocean

water, and all lost their buttressing ice

shelves before or during acceleration.

So both mechanisms are plausible

drivers of glacier acceleration, but

glaciologists cannot agree on their

relative importance.

Whither the world’s ice
If the recent behavior of ice sheets

is not fully understood, their

future is largely a blank. “We don’t

actually understand what’s driving

these higher velocities,” says

Dowdeswell, so “it’s difficult to say

whether that’s going to continue,”

or spread.

At the moment, ice loss from

Greenland and West Antarctica

combined is contributing less than

half of the ongoing 2-millimeters-

per-year rise in sea level; the rest comes from

melting mountain glaciers and the simple

thermal expansion of seawater. If the recent

surge of ice to the sea continues, sea level

might reach something like half a meter

higher by 2100. That would be substantial but

not catastrophic. To produce really scary rises

really fast (say, a meter or more per century),

the air  and water will  have to continue

warming in the right—or wrong—places. The

temperature rise will have to spread north-

ward around Greenland and in the south

around West Antarctica, reaching the big ice

shelves where most of that ice sheet drains.

And glacier accelerations triggered near the

sea must propagate far inland to draw on the

bulk of an ice sheet.

Faced with uncertainty about the present,

paleoclimatologists look to the past. About

130,000 years ago, between the last two ice

ages, the poles may have warmed as much as

they will with only a couple of degrees of

global warming. But sea level was consider-

ably higher then, something like 3 to 4 meters

higher. In two articles in this issue of Science,

paleoclimatologist Jonathan Overpeck of the

University of Arizona, Tucson (p. 1747),

paleoclimate modeler Bette Otto-Bliesner of

the National Center for Atmospheric

Research in Boulder (p. 1751), and their col-

leagues consider whether the greenhouse

world of a century hence might be as warm—

and thus as destructive of ice—as during the

previous interglacial. 

First they simulated the climate of 130,000

years ago. Back then, Earth was tilted slightly

more on its axis, so more solar radiation hit the

high northern latitudes, driving warming

there. Because the model included that added

radiation, it had Greenland warming by about

3°C in the interglacial period. When that

warming was put into a model of the ice sheet,

the ice melted away slowly (because the model

lacked any acceleration mechanisms) until

about half remained. That produced enough

meltwater to raise sea level 2 to 3 meters.

Overpeck and colleagues suggest that another

couple of meters of sea level rise could have

come from West Antarctica; it was not as

warm there, but much of the ice sheet lies

below sea level, making it inherently unstable.

When the climate model simulates the next

140 years of rising greenhouse gases, Greenland

warms as much by 2100 as it did in the previous

interglacial and would thus—eventually—melt

as much. “Ice sheets have contributed meters

above modern sea level in response to modest

warming,” Overpeck and his colleagues con-

clude, and “a threshold triggering many meters

of sea-level rise could be crossed well before the

end of this century.”

The paleoclimate argument for large, immi-

nent ice losses “is fascinating and scary at the

same time,” says Oppenheimer. “Paleoclimate

always has a large amount of uncertainty, [but]

we should take this as a serious warning sign.

You could lock in a dangerous warming during

this century.”

An icy conundrum
The ice sheet problem today very much resem-

bles the ozone problem of the early 1980s, before

researchers recognized the Antarctic ozone hole,

Oppenheimer and Alley have written. The stakes

are high in both cases, and the uncertainties are

large. Chemists had shown that chlorine gas

would, in theory, destroy ozone, but no ozone

destruction had yet been seen in the atmosphere.

While the magnitude of the problem remained

uncertain, only a few countries restricted the use

of chlorofluorocarbons, mainly by banning their

use in aerosol sprays.

But then the ozone hole showed up, and

scientists soon realized a second, far more

powerful loss mechanism was operating in the

stratosphere; the solid surfaces of ice cloud

particles were accelerating the destruction of

ozone by chlorine. Far more drastic measures

than banning aerosols would be required to

handle the problem.

Now glaciologists have a second mechanism

for the loss of ice: accelerated flow of the ice

itself, not just its meltwater, to the sea. “In the

end, ice dynamics is going to win out” over

simple, slower melting, says Bindschadler. Is

glacier acceleration the ozone hole of sea level

rise? No one knows. No one knows whether the

exceptionally strong warmings around the ice

will continue apace, whether the ice accelerations

of recent years will slow as the ice sheets adjust

to the new warmth, or whether more glaciers will

fall prey to the warmth. No one knows, yet.

–RICHARD A. KERR
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Not just the heat. Greenland glaciers retreat (tan area) when warming increases melting, but they can also accelerate
when warmer ocean water destroys their lower reaches or added meltwater lubricates their undersides.
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Paleoclimatic Evidence for Future
Ice-Sheet Instability and
Rapid Sea-Level Rise
Jonathan T. Overpeck,1* Bette L. Otto-Bliesner,2 Gifford H. Miller,3 Daniel R. Muhs,4

Richard B. Alley,5 Jeffrey T. Kiehl2

Sea-level rise from melting of polar ice sheets is one of the largest potential threats of future
climate change. Polar warming by the year 2100 may reach levels similar to those of 130,000 to
127,000 years ago that were associated with sea levels several meters above modern levels; both
the Greenland Ice Sheet and portions of the Antarctic Ice Sheet may be vulnerable. The record of
past ice-sheet melting indicates that the rate of future melting and related sea-level rise could be
faster than widely thought.

M
illions of people and their infrastruc-

ture are concentrated near coastlines

and are thus vulnerable to sea-level

rise (1); entire countries may be submerged by

a rise of a few meters. The Intergovernmental

Panel on Climate Change (IPCC) Third Assess-

ment (TAR) (2) suggested a rise of 0.09 to

0.88 m by the year 2100 unless greenhouse

gas (GHG) emissions are reduced substantial-

ly. The IPCC TAR also suggested that con-

tinuing GHG emissions could trigger polar

ice-cap melting beyond 2100, with sea-level

rise in excess of 5 m within the next millennium

(2). More-recent modeling (3) indicated that the

Earth will be warm enough by 2100 to melt the

Greenland Ice Sheet (GIS) over the next mil-

lennium or so, and more-recent theoretical

considerations (4) suggested that the melting

could be faster and hence more challenging for

society.

Ongoing Arctic warming is already melting

ice, including sea-ice thinning and retreat and

also enhanced melting of the GIS (5). These

changes, coupled with recent changes in west-

ern Antarctica (6, 7) and the enormous potential

market and nonmarket costs of large sea-level

rise, led us to reexamine the climate asso-

ciated with the last major sea-level rise above

modern levels that occurred in Earth history.

Corals on tectonically stable coasts from the

last interglaciation period (LIG) provided strong

evidence that sea level was 4 to 96 m above

present levels during a sea-level high stand

that likely lasted from 129,000 T 1000 years

ago to at least 118,000 years ago (8–13). Our

goal is to untangle the causes of this past sea-

level change in order to understand how sea

levels may change in the next 100 years and

beyond.

Recent assessments of the LIG climate and

the sea-level high stand have pointed mostly to

the likelihood that melting of the GIS contrib-

uted 2 or more m of sea-level equivalent at that

time (14, 15). This hypothesis is supported by

the substantial orbitally driven excess of North-

ern Hemisphere summer insolation 130,000

years ago relative to the present day, with no

corresponding Antarctic excess (Fig. 1) (16).

More-recent work (17) coupled new climate

and ice-sheet modeling with Arctic paleo-

climatic data to make a strong case that the

central part of GIS was intact throughout the

LIG and that the GIS and other Arctic ice fields

likely contributed 2.2 to 3.4 m of sea-level rise

during the LIG. The low-end (4 m) estimate of

observed LIG sea-level rise can thus be ex-

plained by the high-end possible contribution

from the GIS, Iceland, and other Arctic ice

fields (17), plus additional small contributions

from Northern Hemisphere mountain-glacier

melt. However, the low to midrange estimates

of LIG Arctic sea-level contribution imply at

least some Antarctic contribution, and an im-

portant Antarctic contribution is required to

explain a total observed LIG sea-level rise in

the 4 to 96 m range.

Recent thinning along the margins of the

East Antarctic Ice Sheet (EAIS) and, in par-

ticular, over notable portions of the West

Antarctic Ice Sheet (WAIS) (18–20) suggests

there may have been LIG contributions to sea

level from both parts of the Antarctic Ice Sheet.

There has been longstanding concern regarding

the potential for rapid WAIS collapse and the

e5-m sea-level rise that might follow warming-

induced loss of buttressing ice shelves (21).

That concern was downplayed subsequently but

has reemerged because warming-induced ice-

shelf reduction along the Antarctic Peninsula

and in the Amundsen Sea region was followed

by accelerated flow of tributary glaciers (6, 7, 20).

Although state-of-the-art knowledge of ice sheet

dynamics may not be sufficient to simulate cur-
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rent or future changes in the WAIS (6, 20), our

inference that the Antarctic Ice Sheet likely

contributed to sea-level rise during the LIG in-

dicates that it could do the same if the Earth_s
climate warms sufficiently in the future.

Although the low-end (e4 m) estimates of

the observed LIG sea-level high stand may not

require a substantial contribution from the Ant-

arctic Ice Sheet, there are two lines of evidence

that support a WAIS contribution (in addition to

the evidence that LIG sea level may have been

substantially more than 4 m above present).

First, diatom and 10Be data collected from

sediments below the ice-stream region of the

Ross Embayment indicate that the central

WAIS was likely smaller at some point in the

last several hundred thousand years (22), and it

now appears that the LIG, not an earlier

interglaciation Ei.e., marine isotope stage 11,

circa (ca.) 400,000 years ago (23)^, is the most

likely candidate for an associated sea-level rise

of the needed magnitude. Second is the evidence

from multiple ice cores (24–26) that some process

caused substantial (2.5- to over 5-C) warming

over East Antarctica beginning at the same

early LIG time as the observed sea-level high

stand Eas suggested by the coincidence of the

peak isotope-inferred LIG warming and CH
4

levels (26)^. This is surprising given the lack

of a positive summertime south polar insola-

tion anomaly (Fig. 1) and simulated (27) LIG

cooling over Antarctica (Fig. 2). A possible

explanation is the presence of a much-reduced

WAIS that would have lowered albedo and

altered atmospheric circulation over a large area

of Antarctica. These changes could have

driven the observed warmer temperatures over

the Antarctic region in Southern Hemisphere

summer.

Assuming that the GIS and WAIS both may

have contributed to the LIG sea-level high stand,

we used a state-of-the-art coupled atmosphere-

ocean climate model to simulate the climate of

130,000 years ago and then compared this

simulation with simulations of the next 140

years made with the same model to learn how

much sea-level rise might be expected in the

future (27). Results of our LIG climate simu-

lation are in good agreement with observed

Northern Hemisphere warming for the LIG (17)

and reveal several key aspects of the LIG

climate (Fig. 2). First, the simulated LIG was

warmer than the present period in the Northern

Hemisphere but not in the Southern, consistent

with strong northern but near-zero southern

summer insolation anomalies at that time (Fig.

1). This result indicates that sea-level rise at

130,000 to 128,000 years ago probably started

first with the melting of the GIS and not the

Antarctic Ice Sheet. Simulated summertime

LIG warming of Greenland is less than 5-C
everywhere and averages less than 3.5-C above

modern temperatures (Fig. 2), providing our es-

timate of the warmth needed to cause the

shrinkage of GIS that occurred during the

LIG. These temperatures were associated with

a simulated net annual reduction in snowfall

over Greenland (Fig. 2). Simulated summer sea

ice in the Arctic Ocean was greatly reduced at

ca. 130,000 years ago, in accord with the

paleoenvironmental record from this region

Ereferences in (17)^. Lastly, because of the

latitudinally asymmetric insolation anomalies

during the LIG, simulated annual average

global temperature was not notably warmer

than present, implying that sea-level rise due

to ocean expansion at that time was likely

minimal.

Comparison of the summer-season warmth

sufficient to have melted much of the GIS

130,000 years ago with simulated future climate

(Fig. 2) indicates that at (or before) 2100 A.D.

(and three times the amount of preindustrial

CO
2
), the high northern latitudes around Green-

land will be as warm as or warmer than they

were 130,000 years ago and hence warm enough

to melt at least the large portions of the GIS that

apparently melted during the LIG (17). This

finding assumes that GHG concentrations will

rise at a rate equivalent to 1% per year through

the end of this century; slowed increases would

delay the ice-sheet response, and faster in-

creases would accelerate the response. As with

our paleoclimate LIG simulation, it does not

appear likely that increased snowfall (Fig. 2) or

ocean circulation changes (17) will offset GIS

melting.

Recent assessment of future climate change

(2) indicates that the amount of future warming

is highly dependent on the model used, with

some models less sensitive to elevated atmo-

spheric GHG concentrations than others. The

model we used has midrange sensitivity and

appears reasonably accurate (27). Both past and

future simulations are characterized by large

Arctic warmings (i.e., to above freezing) that

extend from the spring into the fall. The future

susceptibility of the GIS to melting is also

likely to be exacerbated by soot-induced snow

aging (28), a factor that probably did not play a

role 130,000 years ago. Lastly, Greenland could

be much warmer by 2130 than it was during the

LIG (Fig. 2), assuming a 1% per year increase

in CO
2
or equivalent GHGs. Thus, by any ac-

count the GIS could be even more susceptible

to melting in the near future than it was

130,000 years ago.

Recent rates of sea-level rise (2.6 T 0.04 mm/

year) (29) are already nearing the maximum

average rate (3.5 mm/year) projected to occur

over the next 1000 years by the IPCC (2). This

anticipated rate is substantially less than the

11 mm/year average rate of sea-level rise

measured for the last deglaciation between

13,800 and 7000 years ago (30). As mentioned

earlier, however, the penultimate deglaciation,

culminating with the LIG sea-level high stand

4 to 96 m above that of the present day, was

driven by a substantially larger northern high

Fig. 1. Comparison of
insolation anomalies (16)
over the past 150,000
years for 70-N (top),
50-N (middle), and
80-S (bottom). Insolation
sufficient to begin major
melting leading to the last
interglaciation occurred
only after ca. 135,000
years ago (line labeled ‘‘A’’);
an inference based on the
observation that major
melting over the more
well-constrained and re-
cent deglaciation did not
begin until the same level
of insolation was reached
at ca. 15,000 years ago
(30) (line labeled ‘‘C’’).
A much higher rate of
Northern Hemisphere
summertime insolation
increase existed over the
penultimate deglaciation
(line labeled ‘‘B,’’ ca.
130,000 years ago) than
over the most recent de-
glaciation (line labeled
‘‘D,’’ ca. 12,000 years ago).
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latitude summertime insolation anomaly (Fig. 1).

It seems likely, therefore, that ice-sheet melt-

ing leading to the LIG sea-level rise should

have been at least as fast as the sea-level rise

(11 mm/year) associated with the close of the

last glacial period. Although a well-constrained

record of sea-level rise leading to the LIG high

stand is not yet available, there is well-dated

yet controversial coral evidence that sea-level

rise over this interval may have occurred at

rates higher than 20 mm/year, perhaps right

up to the LIG sea-level high stand (31). This

makes sense given the much higher inso-

lation (and warming) anomaly at this time

and also the very real possibility that a LIG

shrinkage of the WAIS (21) may be required

to explain the large amount of sea-level rise

above that of the present day at that time.

Other recent paleo–sea-level studies indicate

that very rapid sea-level rise is indeed pos-

sible (32).

Our analysis, as well as ongoing changes in

coastal Antarctica, are at least suggestive that the

WAIS can indeed shrink rapidly as originally

envisioned byMercer (21). Given that there was

no positive summer (melt-season) insolation

anomaly at high southern latitudes in the sev-

eral millennia before 129,000 years ago, it

appears that two factors may have led to a LIG

collapse of the WAIS (or perhaps portions of

the EAIS). The first may have been the sea-

level rise associated with pre-129,000 to

128,000 years ago GIS melting, and the second

factor may have been shallow ocean warming

around and under the Antarctic ice shelves

that buttress portions of the Antarctic Ice

Sheet. Sea-level rise seems to have had minor

effects on the WAIS during the most recent

deglaciation (33), but perhaps the greater

speed of sea-level rise into the LIG compared

with that from the Last Glacial Maximum (ca.

21,000 years ago) played a role by reducing

the ability of isostatic rebound after grounding-

line retreat to shallow sub–ice-shelf cavities

and promote regrounding. As for the sub-

surface warming of south polar oceans, our

LIG simulation showed modest (generally

less than 0.5- but up to 1-C) warming in the

Fig. 2. Simulated climate for each of four time periods, from left to right: present
day (Modern), 130,000 years ago (anomalies from present day, D LIG), 2100 A.D.
(the time atmosphere reaches three times preindustrial CO2 levels, climate anomalies
from present day, D AD 2100), and 2130 A.D. (four times preindustrial CO2 levels,

climate anomalies from present day, D AD 2130). Shown for each time period are
peak summertime (July to August and January to February means) surface air
temperature and annual snow depth. Note significant warming at north polar
latitudes and the lack of any summer warming over Antarctic at 130,000 years ago.
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upper 200 m of the ocean (Fig. 3) that would

have further weakened ice shelves by thinning

them from below; Shepherd et al. (34) find

that such a modest warming increases sub–

ice-shelf melt rates substantially, by perhaps

5 m/year up to 10 m/year. In our simula-

tion, this small but notable warming was

due to a positive springtime (October) insola-

tion anomaly driving reduced sea ice and

enhanced subsurface warming; note that this

cool-season warming was not large enough

to generate positive surface air temperature

anomalies over the Antarctic in summer (Fig.

2). Even more dramatic ocean warming is

likely in the future (Fig. 3), along with surface

air temperature increases (in all seasons) and

continued sea-level rise that could destabilize

ice shelves that buttress the Antarctic Ice Sheet.

Heat transport beneath ice shelves is highly

complex, so caution is required, but the LIG

may provide a conservative constraint on the

future dynamics of the Antarctic Ice Sheet and

particularly the WAIS. Moreover, the same

parts of the Antarctic Ice Sheet may prove

vulnerable even given increased precipitation

Ee.g., (35)^.
The ice-sheet origin of the LIG sea-level

high stand in response to relatively small

warming, together with recent results showing

rapid response of ice to warming Ee.g., (36, 37)^,
pose important challenges for ice-sheet mod-

eling; whole ice sheet models do not yet

incorporate important physical processes im-

plicated in these changes (6, 20). Even in the

absence of more-realistic models of ice-sheet

behavior, it remains that ice sheets have con-

tributed meters above modern sea level in

response to modest warming, with peak rates

of sea-level rise possibly exceeding 1 m/century.

Current knowledge cannot rule out a return to

such conditions in response to continued GHG

emissions. Moreover, a threshold triggering

many meters of sea-level rise could be crossed

well before the end of this century, particularly

given that high levels of anthropogenic soot

may hasten future ice-sheet melting (28), the

Antarctic could warm much more than 129,000

years ago (Figs. 2 and 3), and future warm-

ing will continue for decades and persist for

centuries even after the forcing is stabilized

(38, 39).
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Fig. 3. Simulated shal-
low (100 m, top; 200 m,
bottom) annual mean
ocean potential temper-
atures for each of four
time periods, from left
to right: present day,
130,000 years ago
(anomalies from present
day), 2100 A.D. (time at-
mosphere reaches three
times preindustrial CO2
levels, climate anomalies
from present day), and
2130 A.D. (four times
preindustrial CO2 levels,
climate anomalies from
present day). A ca. 2-
month-long positive inso-
lation anomaly in austral
spring (Fig. 1) fails to
warm surface air temper-
atures over Antarctica to
above freezing but
nonetheless acts to warm the subsurface shallow ocean, as well as ice shelves of the same depth.
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Measurements of Time-Variable
Gravity Show Mass Loss in Antarctica
Isabella Velicogna1,2* and John Wahr1*

Using measurements of time-variable gravity from the Gravity Recovery and Climate Experiment
satellites, we determined mass variations of the Antarctic ice sheet during 2002–2005. We found
that the mass of the ice sheet decreased significantly, at a rate of 152 T 80 cubic kilometers of ice
per year, which is equivalent to 0.4 T 0.2 millimeters of global sea-level rise per year. Most of this
mass loss came from the West Antarctic Ice Sheet.

T
he Antarctic ice sheet is Earth_s largest
reservoir of fresh water. Accurate es-

timates of its mass variability, accom-

panied by realistic error bars, would greatly

reduce current uncertainties in projected sea-level

change, with obvious societal and economic im-

pacts. There have been substantial improvements

in monitoring the ice sheet in the past few years

(1–3), although recent studies have provided

contrasting mass balance estimates (1, 3).

Antarctic mass variability is difficult to mea-

sure because of the ice sheet_s size and com-

plexity. Previous estimates have used a variety

of techniques (1), each with intrinsic limitations

and uncertainties. A problem common to all

these techniques is the difficulty of monitoring

the entire ice sheet. Studies that rely on a single

method can provide estimates for only a portion

of the ice sheet, and even studies that syn-

thesize results from several techniques suffer

from sparse data in critical regions.

The most recent Intergovernmental Panel on

Climate Change (IPCC) assessment estimated

that the Antarctic contribution to sea-level rise

during the past century was 0.2 T 0.3 mm/year

(2). The report predicted that the Antarctic ice

sheet will probably gain mass during the 21st

century because of increased precipitation in a

warming global climate. Recent radar altimeter

measurements (3) have shown an increase in

the overall thickness of the East Antarctic Ice

Sheet_s (EAIS_s) interior during 1992–2003.

However, the IPCC prediction does not consid-

er possible dynamic changes in coastal regions,

and radar altimetry provides only sparse cov-

erage of those areas (2). Detailed interferomet-

ric synthetic-aperture radar and airborne laser

altimeter surveys of glaciers along the edge of

the West Antarctic Ice Sheet (WAIS) show

rapid increases in near-coastal discharge during

the past few years (4). The overall contribution

of the Antarctic ice sheet to global sea-level

change thus depends on the balance between

mass changes in the interior and those in

coastal areas (1). The gravitational survey of

Antarctica provided by the Gravity Recovery

and Climate Experiment (GRACE) satellites

and discussed in this paper is a comprehensive

survey of the entire ice sheet and is thus able to

overcome the issue of limited sampling.

GRACE (5) provides monthly estimates of

Earth_s global gravity field at scales of a few

hundred kilometers and larger. Time variations

in the gravity field can be used to determine

changes in Earth_s mass distribution. GRACE

mass solutions have no vertical resolution,

however, and do not reveal whether a gravity

variation over Antarctica is caused by a change

in snow and ice on the surface, a change in

atmospheric mass above Antarctica, or post-

glacial rebound (PGR: the viscoelastic response

of the solid Earth to glacial unloading over the

past several thousand years). Users must

employ independent means to separate those

contributions.

We used GRACE gravity-field solutions for

34 months between April 2002 and August 2005

to estimate the mass change of the Antarctic ice

sheet. Each solution consists of spherical har-

monic (Stokes) coefficients, C
lm

and S
lm

(5), up

to l,m e 120. Here, l and m are the degree and

order of the harmonic, and the horizontal scale

is ,20,000/l km. The GRACE C
20

coefficients

show anomalously large variability, so we re-

place them with values derived from satellite

laser ranging (6). The Stokes coefficients can

be used to solve for monthly variations in

Earth_s surface mass distribution. The GRACE

fields provide high-latitude (above 60-) esti-

mates of monthly mass changes to accuracies

of 10 mm in equivalent water thickness when

averaged over discs of radius 600 to 700 km

and larger (7–10).

We used the Stokes coefficients to estimate

monthly mass changes of the entire Antarctic ice

sheet and of EAIS and WAIS separately. We

defined an averaging function for each region

that minimizes the combined measurement er-

ror and signal leakage (11). GRACE does not

recover l 0 1 coefficients, so we removed l 0 1

terms from the averaging function.

Our averaging function for all Antarctica

(Fig. 1) includes, with about equal weighting,

both the ice sheet interior and the coastal

margins, although there is decreased sensitiv-

ity to the far end of the Antarctic Peninsula.

This uniform and complete sensitivity allows

us to use GRACE to obtain a comprehensive

average of all Antarctica. The averaging func-

tions are less than 1.0 over most of their re-

spective regions. Thus, they give results that

are biased low. To recover unbiased mass es-

timates for each region, we scaled the esti-

mated mass signals to restore the original

amplitudes (12).

1University of Colorado, Cooperative Institute for Research
in Environmental Sciences and Department of Physics,
University Campus Box 390, Boulder, CO 80309–0390,
USA. 2Jet Propulsion Laboratory, California Institute of
Technology, Mail Stop 300-233, Pasadena, CA 91109–
8099, USA.

*To whom correspondence should be addressed. E-mail:
isabella@colorado.edu (I.V.); wahr@colorado.edu (J.W.)

Fig. 1. The averaging
function used to estimate
the change in total Ant-
arctic mass.
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Before interpreting the scaled results as ice

sheet change, we had to address the issues of

errors in the GRACE gravity fields and the

contamination from other geophysical sources of

gravity-field variability. To estimate the effects

of errors, we convolved our averaging functions

with uncertainty estimates for the GRACE

Stokes coefficients (13). We obtained 1s error

estimates that can be interpreted as 68.3%

confidence intervals.

There are two types of geophysical contam-

ination: one caused by signals outside Antarctica

and the other from Antarctic signals unrelated to

snow and ice. Leakage from outside Antarctica

occurs because the averaging function extends

beyond the boundaries of Antarctica. The leak-

age is increased because our omission of l 0 1

terms causes the averaging function to have a

small-amplitude tail that extends around the

globe.

We considered two sources of external

leakage: continental hydrology outside Antarc-

tica and ocean mass variability. The hydrologi-

cal contamination was estimated using monthly

global water storage fields from the Global Land

Data Assimilation System (14). The ocean con-

tamination was estimated using a Jet Propulsion

Laboratory version of the Estimating the

Circulation and Climate of the Ocean general

circulation model (15). In both cases, we added

a uniform layer to the global ocean so that the

total land plus ocean mass was conserved at

every time step. We removed the predicted

hydrology leakage from the GRACE monthly

mass estimates to obtain the monthly Antarctic

mass estimates shown in Fig. 2. The predicted

oceanic leakage was negligible and so was not

removed.

The Antarctic mass change from GRACE

shows a trend superimposed on shorter period

variability (Fig. 2). We simultaneously fit a

trend and annually and semiannually varying

terms to the GRACE-minus-leakage results.

Interpreting the trend as being due entirely to

a change in ice, we inferred an ice volume in-

crease of 39 T 14 km3/year (the trend obtained

without removing the hydrology leakage is 51 T
14 km3/year). The uncertainty reflects the errors

in the GRACE gravity-field solutions and was

computed using the GRACE monthly error bars

(Fig. 2).

This ice mass estimate is contaminated by

variations in atmospheric mass and from PGR.

European Centre for Medium-Range Weather

Forecasts (ECMWF) meteorological fields were

used to remove atmospheric effects from the raw

data before constructing gravity fields. But there

are errors in those fields. We estimated the

secular component of those errors by finding

monthly differences between meteorological

fields from ECMWF and from the National

Centers for Environmental Prediction, applying

the Antarctic averaging function to those differ-

ences and fitting a trend, and annually and

semiannually varying terms to the results. The

linear trend was small, equivalent to about 10

km3/year, and was interpreted as the uncertainty

due to atmospheric errors. We took the root

sum square (RSS) with the effects of GRACE

gravity-field errors, to obtain a new error es-

timate of T16 km3/year.

A PGR signal is indistinguishable from a

linear trend in ice mass. PGR effects are large

and must be independently modeled and

removed. There are two important sources of

error in PGR estimates: the ice history and

Earth_s viscosity profile. We estimated the PGR

contribution and its uncertainties using two ice

history models: ICE-5G (16) and IJ05 (17). IJ05

is available only for Antarctica, so we com-

bined it with ICE-5G outside Antarctica. We

convolved these ice histories with viscoelastic

Green_s functions for an incompressible Earth

(18). We computed trends in the Stokes coef-

ficients for all plausible combinations of two-

layer viscosity profiles and convolved these trends

with the averaging function. ICE-5G trends are

consistently larger than the IJ05 trends. We es-

timated the range of possible PGR contributions

by defining our lower bound to be the minimum

IJ05 trend (over all viscosity profiles) and our

upper bound to be the maximum ICE-5G trend.

Our best estimate of PGR trend is the midpoint of

this range. This estimate translates to an appar-

ent ice increase of 192 T 79 km3/year, where

the uncertainty corresponds to the bounds of

our PGR range.

We subtracted this PGR contribution from

the GRACE-minus-leakage ice mass estimates

(Fig. 2). The best-fitting linear trend, and our

final estimate of the decrease in total Antarctic

mass between the summers of 2002 and 2005,

is 152 T 80 km3/year. The uncertainty is the

RSS of the errors in the GRACE fit and in the

PGR contribution. This rate of ice loss corre-

sponds to 0.4 T 0.2 mm/year of global sea-

level rise.

The PGR contribution (192 T 79 km3/year)

is much larger than the uncorrected GRACE

trend (39 T 14 km3/year). A significant ice mass

trend does not appear until the PGR contribu-

Fig. 2. GRACE monthly
mass solutions for the
Antarctic ice sheet for
April 2002 to August
2005. Blue circles show
results after removing the
hydrology leakage. Red
crosses show results after
also removing the PGR
signal. The latter repre-
sent our best estimates
of the mass variability.
The error bars include
only the contributions
from uncertainties in
the GRACE gravity fields
and represent 68.3%
confidence intervals (13).
Also shown is the linear
trend that best fits the
red crosses.
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Fig. 3. Monthly ice mass
changes and their best-
fitting linear trends for
WAIS (red) and EAIS (green)
for April 2002 to August
2005. The GRACE data have
been corrected for hydrolo-
gy leakage and for PGR.
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tion is removed. The implication is that when

averaged over all Antarctica, the gravity sig-

nals from PGR and from ice variability are

closely coincident (with opposing signs), and it

underscores the importance of obtaining a

meaningful PGR uncertainty. Our uncertainty

accommodates all plausible PGR contributions,

and removing even the smallest such contribu-

tion still implies a loss of ice mass.

We also determined results for WAIS and

EAIS separately (Fig. 3). We estimated the er-

rors, the leakage, and the PGR contamination

of each signal, as described above for the entire

ice sheet. Both these ice sheets appear to have

lost mass at higher rates during 2002–2004 than

during 2004–2005; this is even more evident in

the total Antarctic results (Fig. 2).

By fitting a trend and annual and semiannual

terms to the WAIS and EAIS results, we find

that most of the Antarctic mass loss comes from

WAIS. After correcting for the hydrology

leakage and the PGR signal, we obtain a WAIS

mass loss of 148 T 21 km3/year. The EAIS mass

loss is 0 T 56 km3/year. Because of its relatively

large uncertainty, we are not able to determine

whether EAIS is in balance or not. The final

error bars for WAIS and EAIS, like those for

all Antarctica, are dominated by the PGR

uncertainty. The predicted PGR gravity signals

at individual points in WAIS are actually

somewhat larger than the PGR signals at EAIS

points. The overall EAIS mass error is larger

than that for WAIS simply because EAIS

covers an area almost three times larger, so

the EAIS averaging function is sensitive to the

PGR signal integrated over a much larger area.

For these individual ice sheets, but unlike for

all Antarctica, the PGR and ice mass signals do

not cancel one another. For EAIS, the un-

corrected GRACE trend is about equal to the

PGR signal, and so we find no significant trend

after removing PGR. ForWAIS, the uncorrected

GRACE trend and the PGR signal have about

the same magnitudes but opposite signs, so the

WAIS trend becomes even larger after PGR is

removed.

The GRACE result for total Antarctic ice

mass change includes complete contributions

from such regions as the East Antarctic coastline

and the circular cap south of 82-S, which have

not been completely surveyed with other

techniques. The comprehensive nature of this

result arises because a gravity signal at the

altitude of GRACE is sensitive to mass var-

iations averaged over a broad region of the

underlying surface, not just at the point directly

beneath the satellite. The main disadvantage of

GRACE is that it is more sensitive than other

techniques to PGR; in fact, our error estimates

are dominated by PGR uncertainties. As more

GRACE data become available, it will become

feasible to search for long-term changes in the

rate of mass loss. A change in the rate would not

be contaminated by PGR errors, because the

PGR rates will remain constant over the sat-

ellite_s lifetime.
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Seasonality and Increasing Frequency
of Greenland Glacial Earthquakes
Göran Ekström,1* Meredith Nettles,2 Victor C. Tsai1

Some glaciers and ice streams periodically lurch forward with sufficient force to generate emissions
of elastic waves that are recorded on seismometers worldwide. Such glacial earthquakes on
Greenland show a strong seasonality as well as a doubling of their rate of occurrence over the past
5 years. These temporal patterns suggest a link to the hydrological cycle and are indicative of a
dynamic glacial response to changing climate conditions.

C
ontinuous monitoring of seismic waves

recorded at globally distributed stations

(1) has led to the detection and iden-

tification of a new class of earthquakes associated

with glaciers (2, 3). These Bglacial earthquakes[
are characterized by emissions of globally ob-

servable low-frequency waves that are incom-

patible with standard earthquake models for

tectonic stress release but can be successfully

modeled as large and sudden glacial-sliding

motions (4). Seismic waves are generated in the

solid earth by the forces exerted by the sliding

ice mass as it accelerates down slope and sub-

sequently decelerates. The observed duration

of sliding is typically 30 to 60 s. All detected

events of this type are associated with mountain

glaciers in Alaska or with glaciers and ice

streams along the edges of the Antarctic and

Greenland ice sheets. The Greenland events are

most numerous, and we present new data in-

dicating a strong seasonality and an increasing

frequency of occurrence for these events since

at least 2002.

For the period January 1993 toOctober 2005,

we have found 182 earthquakes on Greenland by

analysis of continuous records from globally

distributed seismic stations (5). None of these

earthquakes are reported in standard seismicity

catalogs. We have modeled seismograms for

136 of the best-recorded events to confirm their

glacial-sliding source mechanism and obtain

improved locations (Fig. 1) (6, 7). This analysis

yields an estimate of the twice–time-integrated

active force couple at the earthquake source, a

quantity that can be interpreted as the product

of sliding mass and sliding distance (2, 8). All

events have long-period seismic magnitudes in

the range 4.6 to 5.1, corresponding to a product
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