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past changes in moisture availability and sourc- 
es of precipitation, such as the impact on mon- 
soon circulation caused by shifting the position 
of the ITCZ to a more northerly or southerly 
position (14). 
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Rapid Bottom Melting 
Widespread near Antarctic Ice 

Sheet Grounding Lines 
Eric Rignot'* and Stanley S. Jacobs2* 

As continental ice from Antarctica reaches the grounding line and begins to 
float, its underside melts into the ocean. Results obtained with satellite radar 
interferometry reveal that bottom melt rates experienced by large outlet 
glaciers near their grounding lines are far higher than generally assumed. The 
melting rate is positively correlated with thermal forcing, increasing by 1 meter 
per year for each 0.1?C rise in ocean temperature. Where deep water has direct 
access to grounding lines, glaciers and ice shelves are vulnerable to ongoing 
increases in ocean temperature. 

The undersides of ice streams flowing from 
the Antarctic continent typically melt into the 
ocean where they cross the grounding line 
and begin to float as ice shelves and ice 
tongues (1). Unlike melting under the 
grounded ice sheet, processes beneath float- 
ing glaciers are governed by the transport of 
ocean heat and by the seawater freezing tem- 
perature dependence on pressure (2). This 
allows sensible heat to be obtained from the 
cold, dense shelf waters resulting from sea ice 
formation, as well as "warm" deep water that 
intrudes onto the continental shelf and flows 
into ice shelf cavities. Bottom melting fresh- 
ens and cools the seawater, adding buoyancy 
that drives upwelling as the ice shoals sea- 
ward. In some regions, the rising seawater- 
meltwater mixture drops below the in situ 
freezing point to form "marine" ice that can 
comprise a substantial part of ice shelf vol- 
ume (3, 4). Where the continental shelf is 
broad and the inflows are cold and dense, 
some of the meltwater-laden outflows even- 
tually sink and contribute to the formation of 
bottom water, which ventilates the deepest 
parts of the world's oceans (5). Net basal 
melting beneath the 1.6 x 106 km' floating 
portion of the Antarctic Ice Sheet (6), adjust- 
ed for recent lower estimates for the larger ice 
shelves (4, 7), is believed to be around 40 
cm/year. But much of the actual melting 
occurs in the deepest parts of the sub-ice 
shelf cavities, where direct measurements 
are unavailable and would be very difficult 
to acquire. 

Here we calculate basal melt rates at 23 of 
these remote interior regions, using satellite 
radar interferometry observations of ground- 
ing line position, ice velocity, and surface 

1Jet Propulsion Laboratory, California Institute of 
Technology, Mail Stop 300-235, Pasadena, CA 
91109-8099, USA. 2Lamont-Doherty Earth Observa- 
tory, Columbia University, Route 9W, Palisades, NY 
10964-8000, USA. 

*To whom correspondence should be addressed. E- 
mail: eric@adeliejpl.nasa.gov (E.R.); sjacobs@ldeo. 
columbia.edu (S.S.J.) 

topography of outlet glaciers that nourish the 
ice shelves and ice tongues (8). With this 
technique, grounding lines can be precisely 
located and are often found to lie tens of 
kilometers landward of previously estimated 
positions (9). Basal melting calculations as- 
sume mass conservation and steady-state 
conditions between the grounding line and a 
flux gate located about one glacier-width 
downstream (10). Thickness changes due to 
short-term changes in creep rate, snow accu- 
mulation, and surface ablation are believed to 
be small compared with the large bottom melt 
rates obtained. 

We focus on melt rates near the grounding 
lines of deep-draft outlet glaciers because 
continental ice discharge is principally con- 
trolled by the channeled flow of these ice 
streams into the ocean (Fig. 1). If these re- 
gions are the locus of high basal melting, the 
potential exists for substantial ocean control 
over ice shelf, if not ice sheet, mass balance 
(11-13). Indirect observations and computer 
models have suggested high basal melting in 
the proximity of deep grounding lines and 
have shown that melting efficiency will de- 
crease as buoyant plumes lose heat and rise to 
shallower depths along ice-ocean interfaces 
(14, 15). Therefore, it is not the average ice 
shelf melt rate but the melt rate near the 
grounding line that will have the greatest 
impact on ice flow dynamics. As the proper- 
ties and circulation of the ocean are modified 
by climate change, a corresponding change in 
the rate of basal melting in this region may 
alter ice thickness, move grounding lines, and 
accelerate the flow of ice into the sea. 

The basal melt rates for the 23 glaciers 
shown in Fig. 1 are listed in Table 1. The 
spectrum of values ranges from <4 m/year 
for several glaciers that flow into the Filch- 
ner-Ronne Ice Shelves to >40 m/year for 
Pine Island Glacier. The wide range is con- 
sistent with earlier studies of several of the 
individual glaciers, using a variety of meth- 
ods (16-21), and stems from quite different 
grounding line drafts, seawater temperatures, 
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and ice topographies and velocities. Never- 
theless, most of the melt rates we calculate 
near glacier grounding lines exceed the area- 
average rates for the largest ice shelves by 1 
to 2 orders of magnitude. 

The melt rates listed in Table 1 are strongly 
correlated with ocean thermal forcing (Fig. 2), 
with a correlation R > 0.85. The lateral spread 
of values around a linear regression results from 
uncertainties in ocean temperature, ice thick- 
ness, and the assumption of steady state. The 
use of maximum draft for the calculation slight- 
ly overestimates thermal driving, increasing R 
by 0.03 and decreasing the regression slope by 
10%. Melt rate also depends on how rapidly 
ocean heat can be delivered to the basal ice, 
which is, in turn, a function of the density field, 
tidal mixing, sea floor topography, and cavity 
shape (22, 23). Those factors vary locally and 
are not well known, possibly leading to diver- 
gent melt rates for glaciers with similar ground- 
ing line ice flux and ocean forcing, e.g., Mertz 
and Ninnis glaciers in Table 1. The floating 
tongues of those glaciers presently appear to be 
at opposite ends of advance and decay cycles 
(24) and have grounding lines at different dis- 
tances from the general trend of the coastline, 
which could be important (17). The weakly 
melting Ninnis remnant has also been accom- 
panied for more than a decade by large ground- 
ed icebergs that may reduce the strength of the 
local circulation (25) and its temperature. 

The largest thermal forcing, nearly 4?C 
above the in situ melting point (Fig. 2), is 
associated with the Pine Island, Thwaites, and 
Smith glaciers that flow into the Amundsen 
Sea. This results from the nearly unaltered cir- 
cumpolar deep water that extends southward 
across the floor of the Antarctic continental 
shelf in Pine Island Bay (6). The poor fit for 
Smith Glacier could indicate a blocking sill 
between its grounding line and deep water in 
the Bay, consistent with the presence of numer- 
ous ice rises in radar interferometry observa- 
tions of the ice shelf. Deep water influence 
wanes toward the west but clearly impacts the 
Kohler, DeVicq, and Land glaciers (Table 1). 
Water warmer than +1.0?C also floods the 
deeper shelf regions in the Bellingshausen Sea, 
but its effects are proportional to grounding line 
depth. Ocean temperatures of -2?C were as- 
sumed beneath glaciers entering the large ice 
shelves, from measurements beneath the west- 
ern Ronne Ice Shelf (7), except that -2.2?C 
temperatures were assumed beneath glaciers 
draining into the Filchner-Ronne Ice Shelf east 
of 75?W (26). Ocean temperatures will be cold- 
er [smaller thermal forcing (AT) in Table 1] if 
the outflow from a deep grounding line, e.g., 
2.0 km for Foundation Ice Stream (16), is ad- 
vected past a shallower grounding line down- 
stream (Institute and Ronne at 1.2 kmn). 

The basal melt rate/AT (B/AT) ratio of 
~10/1 (m/?C) in Fig. 2 is similar to relations 

obtained for icebergs melting in warmer 

ocean water and in a related laboratory ex- 
periment (27, 28). However, what has not 
been clear is whether such high rates also 
applied in seawater at and below the surface 
freezing point on the Antarctic continental 
shelf. We now see that where grounding lines 

are deep, melt rates can exceed 10 m/year in 
frigid seawater that results from sea ice for- 
mation. Indeed, the melting points for the 
peak ice thickness at the grounding line (Hp) 
drafts in this study range from -2.6 to 
-4.0?C. Thermal forcing is thus high for 

Fig. 1. Location map of the 23 Antarctic glaciers and ice shelves listed in Table 1. The Antarctic Data 
Base coastlines (9) (ice front position and grounding line) are black, the drainage basins are outlined 
in green, the Interferometric Synthetic Aperture Radar (InSAR)-derived grounding line flux gates are 
red, and ice shelves and floating tongues are blue. The 23 glaciers together drain more than 1/3 of 
the area of continental Antarctica, funneling the ice via a network of ice streams through narrow 
exit gates. Abbreviations for glaciers and ice shelf extensions are as follows: Pine Island (PIG), 
Thwaites (THW), Smith and Crosson (SMI), Kohler and Dotson (KOH), DeVicq and Getz (DVQ), 
Land (LAN), Byrd and Ross (BYR), David and Drygalski (DAV), Ninnis (NIN), Mertz (MER), Totten 
(TOT), Denman and Shackleton (DEN), Scott and Shackleton (SCO), Lambert and Amery (LAM), 
Shirase (SHI), Jutuistraumen and Fimbul (JUT), Stancomb-Wills (STA), Slessor and Filchner (SLE), 
Recovery and Fitchner (REC), Institute and Ronne (INS), Rutford and Ronne (RUT), Carlson and 
Ronne (CAR), and Evans and Ronne (EVA). 

Fig. 2. Basal melt rates directly sea- 
ward of the grounding lines of Ant- 
arctic glaciers versus thermaL forcing 
by the ocean. B is calculated from 
satellite radar interferometry obser- 
vations of ice velocity and applies to 
the ice shelf area between the 
grounding line and a flux gate locat- 
ed about one glacier-width down- 
stream. AT is the difference be- 
tween the nearest in situ ocean 
temperature measurement and the 
seawater freezing point (43) at a 
depth of 0.88 HP [Table 1, (21)]. The 
regression, B = 10.06AT- 0.48, R = 
0.92, and without Smith Glacier 
(SMI) but with a single control at (0, 
0), indicates that a 1?C increase in 
effective ocean temDerature will in- 
crease the melt rate by 10 m/year. Power relations of the type predicted for tidally induced basal 
melting (22) or a laboratory experiment using warmer water (28) fit these data less well, but would 
alter for rates of change at the thermal forcing extrema. 
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glaciers like Lambert and David, which have 
grounding lines that reach depths of 3 km 
below sea level (Table 1). As a result, David 
Glacier loses 68% of its mass from bottom 
melting within 20 km of the grounding line, 
driving an upwelling of "supercooled" water 
and the possible deposition of enough marine 
ice to preserve a lengthy Drygalski Ice 
Tongue (17). 

The Shirase Glacier in East Antarctica has a 
relatively shallow grounding line (Table 1) in a 
region generally characterized by cold shelf 
water. Its high thermal forcing results from 
April and August ocean temperatures of 
+0. 15?C at depths below 900 m, landward of a 
sill on the outer shelf (29). This indicates that 
relatively warm "modified" deep water has 
year-round access to the Shirase grounding line. 
Modified circumpolar deep water is known to 
upwell at other locations along the East Antarc- 
tic continental shelf and will increase grounding 
line melt rates where its density allows it to 
intrude along the sea floor. 

Our results demonstrate that bottom 
melting near an ice shelf grounding line is 
strongly leveraged by the temperature of 
seawater that comes into contact with the 
ice in that region. A rise in ocean temper- 
ature that increases the bottom melt rate 
will steepen the ice thickness gradient near 
the grounding line. That will increase the 
driving stress and flow velocity, and it will 
reduce the ice shelf resistance to ice dis- 
charge, potentially causing the glacier to 
accelerate and its grounding line to retreat. 

If enhanced melting caused a grounding 
line to move landward into a deeper basin, 
a positive feedback will occur as the ocean 
progressively reaches deeper ice. Con- 
versely, a decrease in the melt rate, or a 
grounding line moving upslope, would sta- 
bilize the glacier by thickening and lower- 
ing its velocity (13). 

Although the dynamic coupling between 
grounded and floating ice is complex, ice 
flow models have been developed to pre- 
dict the response of the Antarctic Ice Sheet 
to a change in climate (30, 31). Such mod- 
els show that ice sheet area and volume 
would decline if area-averaged ice shelf 
melt rates increased I m/year above steady- 
state conditions but do not address the issue 
of much higher and changing melt rates 
focused near the grounding lines. It has 
been noted (32) that warmer winters and 
reduced sea ice production would likely 
alter the flow of dense shelf water beneath 
the ice, decreasing bottom melting if that 
inflow were not replaced by warm deep 
water. The projected melt reduction in that 
scenario is only 10%, however, for an air 
temperature rise of 3?C in a century. Air 
temperature has risen at that rate over re- 
cent decades at Scott Base in the southwest 
Ross Sea, where shelf water salinity has 
declined over the same period (33). The 
salinity change appears to have resulted 
from freshwater sources upstream of the 
Ross Sea continental shelf, including the 
melting of continental ice. 

The potential impact of basal melting on 
short-term (less than a century) ice sheet 
stability is greatest in regions where deep 
water has direct access to glacier grounding 
lines. Those areas now occur mainly in the 
South-East Pacific-West Antarctic sector (6) 
but also include East Antarctica, as shown by 
the Shirase Glacier. It remains to be deter- 
mined how much a stronger pycnocline be- 
neath a fresher surface layer will increase the 
temperature of warm deep water (34), and 
whether less sea ice and dense shelf water 
production or increased melting of glacier ice 
will change the transport of that deep water 
onto the Antarctic continental shelf. Ocean 
temperatures directly seaward of Antarctica's 
continental shelf break have risen by -0.2?C 
over recent decades (33, 35), which is suffi- 
cient to increase basal melting by -2 m/year 
where that change has reached vulnerable 
grounding lines. This may account for the 
rapid thinning of ice shelves in the western 
Amundsen Sea (20, 21, 36, 37), which, in 
turn, may play an essential role in the ob- 
served acceleration of their nourishing gla- 
ciers (38). 
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Hybridization and the Evolution 

of Reef Coral Diversity 
Steven V. Vollmer* and Stephen R. Palumbi 

Hundreds of coral species coexist sympatrically on reefs, reproducing in mass- 
spawning events where hybridization appears common. In the Caribbean, DNA 
sequence data from all three sympatric Acropora corals show that mass spawn- 
ing does not erode species barriers. Species A. cervicornis and A. palmata are 
distinct at two nuclear loci or share ancestral alleles. Morphotypes historically 
given the name Acropora prolifera are entirely F1 hybrids of these two species, 
showing morphologies that depend on which species provides the egg for 
hybridization. Although selection limits the evolutionary potential of hybrids, 
Fl individuals can reproduce asexually and form long-lived, potentially immor- 
tal hybrids with unique morphologies. 

Diverse reef-building coral assemblages have 
served as the foundation for complex reef 
ecosystems with exceptional biodiversity and 
productivity. Yet, the evolutionary genesis of 
coral diversity remains mired in a paradox. 
As many as 105 coral species from 36 genera 
and 11 families reproduce in yearly, synchro- 
nous mass-spawning events (1), thereby pro- 
viding overwhelming opportunities for 
hybridization among congenerics (2). Labo- 
ratory crosses from a number of mass-spawn- 
ing genera demonstrate that viable hybrids 
occur among congenerics (2, 3). Interspecific 
hybridization should blur coral species 
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boundaries and stifle species diversification, 
yet many mass-spawning coral groups have 
rapidly diversified. The juxtaposition of high 
hybridization potential and high species di- 
versity in mass-spawning corals has confused 
the picture of coral evolution and cast such 
doubt on the cohesiveness of coral species 
boundaries (4) that some species-rich genera 
have been considered hybrid swarms (3). 
Acropora, the world's most speciose coral 
group (5), exemplify this view (2-4). Most of 
the 115 species of Acropora arose over the 
past 5 million years (My) (6, 7), and many 
are capable of hybridizing with sympatric 
congenerics in laboratory crosses (2, 8). One 
prominent hypothesis proposes that interspe- 
cific hybridization promotes reticulate evolu- 
tion and morphological diversification in the 
absence of genetically distinct species (3), 
even though a genetic mechanism for this 
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Fig. 1. The Caribbean Acropora species: (A) A. cervicornis and (B) A. palmata, and (C) the bushy and 
(D) palmate F1 hybrid A. prolifera morphs from Puerto Rico. 

www.sciencemag.org SCIENCE VOL 296 14 JUNE 2002 2023 


