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nanodroplet water imbibed in poly(2-hydroxy-
ethyl-methacrylate) (polyHEMA) near its glass
transition at 162 K [the value given for a 34 wt
% water sample (47, 48)]. These dielectric re-
laxation times are also Arrhenius in character
and faster than the relaxation responsible for the
glass transition.

The second is the convergence of extrapo-
lated binary solution 7, to the temperature
138 = 2 K (7, 11, 12). Here the resolution must
be (7) the recognition that aqueous binary sys-
tem extrapolations are no more reliable than
those of binary solutions of other network-form-
ers such as SiO,, BeF,, and ZnCl,. In such
solutions there are sudden drops of 7, with
small additions of the second component as the
tetrahedral network is disrupted. In recent stud-
ies (49) of the BeF, + LiF system, for instance,
the binary solution 7, data measured by DSC
between 4 and 10 mol % LiF predict, by extrap-
olation, that the T, . for pure BeF, should be 394
K. However, the directly measured value for
pure BeF, glass is very much higher, 590 K,
according to both DSC (49) and viscosity (50)
measurements. Because there is general agree-
ment that glassy water is well described as a
random tetrahedral network (57), the BeF, sys-
tem data should suffice to show that earlier uses
of binary system extrapolations to obtain 7, for
water (11, 12) were not correct.

In light of the new assignment, the glass
transitions observed in hydrated proteins (52,
53) take on a new aspect. T, values in these
systems are observed to decrease rapidly with
increasing water content until they reach
~165 K, and then excess water crystallizes
out as ice during cooling. Water in associa-
tion with hydrophilic proteins behaves much
like water in hydrogels (54). Both cases may
reflect the behavior of water in the absence of
crystallization.

Vitreous water, like most hyperquenched
metallic glasses, apparently remains in the
glassy state until it crystallizes (at 150 to 160
K). A possible exception is water sequestered
in nanoscopic assemblages, which may play
an important role in biophysical systems.

—_
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High Geothermal Heat Flow,
Basal Melt, and the Origin of
Rapid Ice Flow in Central
Greenland

Mark Fahnestock,” Waleed Abdalati,? lan jJoughin,?
John Brozena,* Prasad Goginenis

Age-depth relations from internal layering reveal a large region of rapid basal
melting in Greenland. Melt is localized at the onset of rapid ice flow in the large
ice stream that drains north off the summit dome and other areas in the
northeast quadrant of the ice sheet. Locally, high melt rates indicate geothermal
fluxes 15 to 30 times continental background. The southern limit of melt
coincides with magnetic anomalies and topography that suggest a volcanic

origin.

Basal melt and meltwater exert a strong in-
fluence on ice flow (/—4). Our limited knowl-
edge of basal melt is derived from models
and sparse observations of bed properties (5—

Earth System Science Interdisciplinary Center, Uni-
versity of Maryland, College Park, MD 20742, USA.
2NASA Headquarters, Washington, DC 20546, USA.
3Jet Propulsion Laboratory, Mail Stop 300-235, 4800
Oak Grove Drive, Pasadena, CA 91109, USA. “Naval
Research Laboratory, Washington, DC 20375, USA.
SRemote Sensing Laboratory, University of Kansas,
Lawrence, KS 66045, USA.

7). Here we introduce a technique that allows
us to determine the extent and rate of basal
melting for a large portion of the Greenland
Ice Sheet using data from airborne ice-pene-
trating radar, and we relate that melting to ice
flow patterns in the interior.

Radar soundings reveal internal layering
(8—11) largely due to changes in electrical
conductivity from inhomogeneous impurity
concentrations within the ice. The impurities
(e.g., dust from volcanic eruptions) are intro-
duced from the atmosphere, forming layers
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that represent constant time horizons across
the ice sheet. Advances in radar sounders,
satellite-based navigation, and the dating of
the deep ice cores in central Greenland (/2—
14) have improved our ability to interpret the
accumulation and flow histories recorded by
this layering.

Fahnestock and others (/5) have traced
numerous internal layers along a single flight
track flown by a NASA P-3 Aircraft carrying
a University of Kansas ice-penetrating radar
(9) and a NASA laser altimeter (/6). The
flight passed over ice core sites in central
Greenland so that layers could be dated and
an age-versus-depth relation could be estab-
lished. Through layer tracing, this relation is
extended along the entire flight line. The
long-term [~8 thousand years (ky)] accumu-
lation rate can be estimated by fitting a sim-
ple model of ice flow, which earlier studies
used to determine the age-depth function for
ice cores, to the data. Here this analysis is
extended to additional flight lines and is mod-
ified to deal with anomalous layering patterns
and age-depth relations that occur at sever-
al locations. Although the disturbances in

internal layering appear complicated, they

can be explained with a simple addition to
the technique of Fahnestock and others that
incorporates basal melting.

In a steady state ice sheet, the age-depth
relation is determined by the balance between

REPORTS

surface accumulation of snow and thinning of
ice due to horizontal gradients in flow speed.
Simple models that estimate vertical strain
rates using surface accumulation estimates
and ice thickness are used to provide provi-
sional timescales for paleoclimate records in
ice cores. Nye (I7) proposed a model using a
constant vertical strain rate to balance local
accumulation. The vertical strain rate, Enyer is
equal to the ice-equivalent accumulation rate,
A, divided by ice thickness H [notation fol-
lows Dansgaard and Johnsen (/8)]: &y, =
A\, /H. A constant strain rate with depth im-
plies that the thinning is produced by gradi-
ents in sliding velocity at the bed, with a
vertical column of ice remaining vertical
through the deformation. Dansgaard and
Johnsen (/8) proposed a more complex mod-
el, based on a fit of two linear functions to
variations in horizontal ice flow speed with
depth, which produces better results in areas
where the ice is frozen to the bed. In this
model, the ice above a basal shearing section
deforms in the same way as the Nye model
(constant strain rate with depth) at a maxi-
mum strain rate € = €, ;. In the shearing
section (below a height / above the bed), the
vertical strain rate drops off linearly to zero to
accommodate the no-slip boundary condi-
tion: € = (z/h) €,_; (0=z=h, where z is the
vertical coordinate measured upward from
the bed). The models are equivalent when

Fig. 1. Accumulation
rate for the interior of
the Greenland Ice Sheet,
derived from fitting in-

Accumulation Rate (m/a ice-equivalent)

temal layers younger
than 9000 years, plotted

over the surface topog-

raphy of the ice sheet
(39). The accumulation
rate is used to determine
both the color and the
size of the plotted filled
circles. The data have
not been smoothed. This
long-term accumulation
rate should be the best
available for driving ice-
flow models that are at-
tempting to simulate
present conditions for
this part of the ice sheet.
The topographic control
on accumulation is
clearly evident, as dis-
cussed in the text. Boxes
locate the areas shown
in Figs. 2 and 4.
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h = 0 (basal sliding); the Dansgaard-Johnsen
model with # > 0 produces a more rapid
increase in ice age with depth near the surface
than does the Nye model, resulting in older
ice higher in the column (/9).

In ice-penetrating radar records from
Greenland, there are areas where the Dans-
gaard-Johnsen and Nye models do not fit the
age-depth relations from internal layer trac-
ing. In these areas, a simple modification to
the continuum represented by these models
produces an acceptable fit. We modify the

Basal Melt Rate (m/a)

Fig. 2. Basal melt rate and rapid ice flow. Basal
melt rate along the flight lines shown in Fig. 1.
The color and size of the circles plotted along
flight are both a function of the basal melt rate.
Nonmelting areas and areas where the melt
rate is < 1 cm/a of ice are shown as thin black
lines. The region of high basal melt rates cor-
responds spatially with the onset of rapid ice
flow measured by interferometric techniques.
Interferometric ice flow speed data are avail-
able in the grey regions, which depict ERS SAR
satellite coverage. The black speed contours
have a 10 m/a interval from 10 to 90 m/a; the
blue contours cover 5, 15, 25, 35, and 45 m/a;
and the red contours have a 100 m/a interval
starting at 100 m/a. The segment of flight
shown in Fig. 3 is indicated by the gray arrows.
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Nye model to accommodate excess heat at
the bed by allowing melting of basal ice (20).
The vertical strain rate in steady state will be
less than € . because the ice lost at the bed
reduces the need to thin the ice by flow. The
new vertical strain rate €__, is equal to the
. difference between the surface accumulation
rate and the basal melt rate (#7) divided by the
ice thickness (27)
Agp—m . m
emell_T_éNyc—H (1)
In this model, an annual layer of ice will thin
more slowly with depth than in either the
Dansgaard-Johnsen or Nye models (22). Be-
cause of melting, the predicted age of ice at
the bed is no longer infinite, as is the case in
the other approaches.

We have traced internal layers, dated at
ice core sites, within and between flight
lines over the dry snow zone of the Green-
land Ice Sheet using methods previously
described (15). We performed inversions to
determine best-fit accumulation rate and
shear layer thickness for a Dansgaard-
Johnsen age-depth model. This was accom-
plished with the use of a two-dimensional
minimization of misfit between the func-
tion f(\,,, &) and the dated layers in a radar
profile with ages ¢, and depths d; (23). The
fits were performed using only layers
younger than 9000 years, chosen to coin-
cide with the most recent interval when
accumulation in central Greenland was
nearly constant (14, 24, 25).

In areas where internal layering ap-
peared disturbed, the minimization returned
a negative value for h. This nonphysical
result indicates that the thinning observed
is slower than would be required to balance
accumulation. In locations where the initial
fit returned /2 < 0, the misfit for the Dans-
gaard-Johnsen model was recalculated with
h = 0 (basal sliding case) and the modified
Nye model was constrained with a misfit
function f(\,, ), providing estimates of
accumulation rate and basal melt rate (26).
In all cases where the Dansgaard-Johnsen
model initially indicated # < 0, the modi-
fied Nye model yielded an improved fit to
the observed age-depth pairs.

The pattern of ~8 ky average accumula-
tion rate (Fig. 1) determined from this set of
techniques shows large gradients across flow
divides, indicating that orographic controls
on precipitation are strong. Movement of air
masses up from the west leads to high accu-
mulation along this coast, whereas the de-
scent of these air masses just past the ice
divide limits accumulation in the northeast
quadrant of the ice sheet. The spatial coher-
ence of the accumulation signal demonstrates
the effectiveness of the techniques we have
used (27).

A map of basal melt rate along the same

REPORTS

flight tracks (Fig. 2) shows no melt in many
areas (thin black lines) and very high rates of
melting on the northern flank of the summit
dome. The high melt rates coincide with the
disturbed topography (Fig. 2) associated with
rapid flow that begins in this region (28, 29).
Much of the low-accumulation northeastern
quadrant of the ice sheet shows more limited
melting at the bed. This is consistent with
theory because the temperature gradient in
the basal ice is lower in low-accumulation
regions due to lowered rates of downward
advection of cold ice, allowing the bed to be
warmed to the melting point by geothermal
heat (30).

Disturbance to internal layering caused by
basal melting is visible in individual radar
profiles (Fig. 3). The radar data re-mapped
onto an age axis (Fig. 3) show the success of
the model fits and the self-similarity of the
layering along flight. The thinning rate expe-
rienced by the upper layers is higher than
would be produced by sliding on the left end
of the profile, but in the right half of the
figure there are areas where the basal melt
rate approaches the surface accumulation rate

Original radar data (May 14, 1999)
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and the thinning rate approaches zero. Flow
in these areas produces no net thinning of the
ice, which is lost only to melting. The shear
layer thickness 4 drops off as melt areas are
approached. Low values of % are observed to
coincide with visible disturbance of internal
layers near the bed; the disturbance becomes
more pronounced and affects layers farther
up in the column as melt (and sliding) begins.

A basal melt rate of 0.1 m/a over a sub-
stantial area requires a regional geothermal
heat flux of 970 mW m™2, which is 17 times
higher than the continental background of
56.5 mW m™2 (31). This does not account for
heat conducted through the ice. For most of
the ice sheet, the heat conducted through the
ice is close to the background geothermal
heat flux. It can be lower in low-accumula-
tion regions because the thermal gradient in
the basal ice is lower. The volume of melt-
water being produced in the areas of high
basal melt is of the order of one cubic kilo-
meter per year. This water and warm basal ice
are responsible for the onset of rapid ice flow
in the large ice stream that drains the north
side of the summit dome. The locations of

Fig. 3. Northwest ridge
radar profiles, and the
same data mapped versus
a “standard” age-depth
function using the derived
age-depth function at
each profile. The horizon-
tal character of the layers
mapped by age shows the
effectiveness of the layer
tracing and model fits;
the self-similarity of the
layer patterns along the
radar profiles displayed in
this manner demon-
strates their isochronous
nature. The quantities
plotted include the de-
rived basal melt rate, ice
thickness H and shear lay-
er thickness h, misfit
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rapid basal melting correspond well with the
onset of rapid ice flow (Fig. 2). The con-
toured ice flow speeds are measured using
interferometric techniques (28). Comparison
of maps of basal melt rate and topography
suggests that the ice stream has its origins
directly under the ice divide, at the break in
slope along the northwest ridge. This break in
slope, with no corresponding change in bed
topography, can now be interpreted as the
place where extending ice flow along the
ridge slows down as thinning rates drop in
response to rapid basal melting. The initial
sliding of the ice over its bed occurs in this
area. The “southern tributary” (marked “A”
in Fig. 2) discussed by Joughin and others
(28) and Fahnestock and others (29) has its
origins in basal melting as well. In addition,
the step-out of the northwestern margin of the
ice stream at the start of the wedge-shaped
section is related to an increase in basal melt
rate (location “B” in Fig. 2).

The region of rapid basal melting corre-
sponds closely (Fig. 4) with a low in the
free-air gravity measured as part of the
Greenland Aerogeophysics Program (GAP)
(32-34). At the southern limit of rapid basal
melt, there is a gravity high, a local strong
normally magnetized area (32), and a coinci-
dent topographic edifice in the bed (“M” in
Fig. 4). Radio-echo sounding reveals a

Fig. 4. Relation between air-
borne gravity measurements
and basal melt rate. Contour
interval 10 mgal, (red = 20
mgal, black = 30 mgal). Note
the strong correspondence be-
tween the 30 to 50 mgal low in
the free-air gravity data and
the area of rapid basal melting.
The bottom plot is the radar
profile along the (A-B-C) black
section of flight line (round
black distance marks), which
crosses several GAP flights. The
radar profile shows several
mountains that rise abruptly
from the bed in this area; most
notably the one labeled M (lo-
cated at the gravity high in the
area) and the next edifice to
the north. Both of these fea-
tures show rougher bed topog-
raphy than anything else ob-
served along this or most of
the other profiles. This sug-
gests a poorly eroded feature
that is likely younger than its
surroundings.

l 100 km l

Depth below surface (m)
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1000-m topographic high that shows a dra-
matic increase in bed roughness, suggesting it
has undergone less erosion and may be
younger than the surrounding bed. We cannot
be certain of the presence of volcanic fea-
tures; however, the mass deficit in the gravity
and the corresponding area of high conduc-
tive heat flux are comparable in magnitude
and spatial extent to the Yellowstone caldera
(35), and the localized peaks in gravity and
rough-surfaced bed topography suggest local
extrusive structures.

We use models that assume a local steady
state, implying that the ice at a point is neither
thickening nor thinning and that the accumu-
lation rate and basal melt rate are constant
over the interval considered. Before the last
9000 years, accumulation rates were substan-
tially lower (14, 24, 25). The ice sheet thick-
ness should respond to the increase with a
characteristic time of the order of several
millennia (30), thickening rapidly at first in
response to the increase in accumulation rate,
but then more slowly as the ice flow adjusted
(36).

Present measurements of thickening and
thinning in the high interior of the ice sheet
indicate stability at the few-centimeter-per-
year level (16, 37, 38). Perhaps more impor-
tant is the fact that these measurements do not
show large gradients in thickness changes on

Original radar data
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the 100-km scale of our determinations of
basal melting. Rather, they show only longer
wavelength variations of small amplitude.
This suggests the present ice sheet is close to
being in balance with the patterns of basal
melting that we present here.

We assume that the basal melt rate is
constant over the interval considered. We do

- not include the possibility that some of the

heating is a more recent phenomenon. If the
melt was initiated only a few hundred years
ago, the initial age-depth relation would have
reflected a more rapid thinning rate based on
the Dansgaard-Johnsen model. It would be
this age-depth relation that would be the start-
ing point for the slower thinning under a
Nye-with-melt regime. This would result in a
best-fit solution that would under-predict the
actual melt rate.

Within these limits, we have identified
rapid and extensive basal melting in Green-
land that has a direct effect on ice flow. The
source of the high heat flow is not well
constrained, but limited geophysical evidence
suggests the presence of a caldera structure.
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where t,., is the model age of ice at a depthd = (H -2).
If the melt rate exceeds the surface accumulation
rate, the thickness of an annual layer actually increas-
es with age and depth in the ice (which is equivalent
to saying that there is net convergence of flow in the
horizontal plane or a slow-down along flow in a
flow-line model). This situation occurs in several
areas in northeast Greenland. The thinning rate can
be expressed with a thinning rate factor

tm(z) = —

éDAJ .melt _

h>0;f =2 1-2h=0
Enye’ T Enpe A

f=

which is the ratio of the strain rate required by the
best-fit age-depth relation divided by the Nye strain
rate. It is greater than 1 for a Dansgaard-Johnsen fit,
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A New Global Mode of Earth
Deformation: Seasonal Cycle
Detected

Geoffrey Blewitt,">* David Lavallée," Peter Clarke,?
Konstantin Nurutdinov?

We have detected a global mode of Earth deformation that is predicted by
theory. Precise positioning of Global Positioning System sites distributed world-
wide reveals that during February to March, the Northern Hemisphere com-
presses (and the Southern Hemisphere expands), such that sites near the North
Pole move downward by 3.0 millimeters, and sites near the equator are pulled
northward by 1.5 millimeters. The opposite pattern of deformation occurs
during August to September. We identify this pattern as the degree-one spher-
ical harmonic response of an elastic Earth to increased winter loading of soil
moisture, snow cover, and atmosphere. Data inversion shows the load mo-
ment’s trajectory as a great circle traversing the continents, peaking at 6.9 X
1022 kilogram meters near the North Pole in winter, indicating interhemispheric
mass exchange of 1.0 X 107¢ * 0.2 X 107¢ kilograms.

Redistribution of mass over Earth’s surface
generates changes in gravitational and sur-
face forces that produce a stress response in
the solid Earth, accompanied by characteris-
tic patterns of surface deformation (/-3).
Here, we search for global deformation re-
sulting from Earth’s elastic response to a
change in the “load moment” (a dipole mo-
ment), defined as the load center of mass
vector multiplied by the load mass. This pre-
dicted degree-one spherical harmonic mode
(1, 4) has unique characteristics that distin-
guish it from tidal deformation. Our calcula-
tions predict that the known seasonal ex-
change of water and air between the Northern
and Southern hemispheres (5-7) is of suffi-
cient magnitude to force such a mode with
annual period at the several-millimeter level,
which ought to be detectable by modern geo-
detic techniques. Monitoring this mode
should enable global characterization of the
hydrological cycle through direct inversion of
geodetic data, and enable determination of
mechanical properties of Earth on the global
scale.

Previous investigations in space-based ge-
odesy have detected displacements of surface
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height at the 10-mm level in response to
variation in atmospheric pressure (8) and
large-scale terrestrial water storage (9). Such
results show statistically significant correla-
tion between observed site position variations
and model predictions. Although promising,
the residual discrepancies between data and
models remain at least as large as the predict-
ed signal. Apart from current uncertainties in
modeling groundwater storage, another limi-
tation is the level of noise in globally refer-
enced site position data (9). We mitigate
these problems by seeking a deformation
mode with a theoretical functional form (al-
lowing for inversion) and large-scale spatio-
temporal coherence (enhancing the signal-to-
noise ratio).

The change in Earth’s shape due to the
gravitational and pressure stresses of surface
loading is theoretically characterized by
spherical harmonic potential perturbations
and load Love numbers (2). Load Love num-
ber theory is fundamental to the Green’s
function approach to loading models (),
which has facilitated numerical computation
of Earth deformation due to arbitrary load
distributions (3). Unlike tidal theory, loading
theory includes a degree-one deformation
generated by movement of the load center of
mass with respect to the solid Earth center of
mass (1, 4, 10).

Let us define CM as the center of mass of
the solid Earth plus the load, and CE as the
center of mass of the solid Earth only. CM
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