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native to making indentations in a
plastic film is to record data by chang-
ing the structural phase of a small re-
gion of material. At Hewlett-Packard’s
Information Access Lab in Palo Alto,
California, for example, researchers
are planning to write using the field
emission of electrons from a scanning
probe tip; the heat imparted by the
electrons can change an underlying
region from crystalline to amorphous
and vice versa. HP’s Chuck More-
house, who heads this “atomic resolu-
tion storage” project, said his team
has developed a micromotor for the
array and is making progress on other
components.

Groups at the University of Twente
and at Carnegie Mellon University,
who cooperate with one another, have
chosen a more traditional and proven
route to store data: writing magnetic
bits. Arthur Davidson, of CMU’s cen-
ter for highly integrated information

processing and storage systems, ex-
plained that researchers there are de-
signing a cantilever array that’s com-
patible with the standard CMOS
fabrication process.4 They will operate
the tips in a noncontact mode, which
avoids wear on the tips but requires
the control of each tip with a servo and
feedback loop. Twente’s Cock Lodder
said that he and his colleagues are
working on the components for what
they call a micro scanning probe
array. They are exploring probe tips
for two modes of reading: one based on
magnetic force and the other on mag-
netoresistance.5

Aside from the IBM work, the
probe-storage research reported to
date is at the individual component
level. However, Hideki Kawakatsu
and his colleagues from the Univer-
sity of Tokyo have provided a vision of
how far probe storage might go: The
team used anisotropic etching of sili-

con to show that one can make an
array of millions of fairly uniform
cantilevers, with densities of a mil-
lion per square centimeter.6 The
Tokyo group envisions applications to
microscopy and lithography, as well
as probe storage.

Barry Schechtman, executive di-
rector emeritus of the Information
Storage Industry Consortium (INSIC),7
observed that members of the infor-
mation-storage community now seem
to agree that probe storage is a tech-
nology whose time has come. They are
starting to focus on the common ele-
ments of probe-storage systems and
the technical issues that must be
solved to bring a product to market. 
At a November workshop at CMU,
jointly hosted with INSIC, one topic of
discussion will be the formation of a
worldwide probe-storage consortium
for the growing number of researchers
interested in this area.
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FIGURE 2. WRITTEN AND ERASED BITS are seen in these topographic images, made
with Millipede, using the same method by which it reads bits. (a) A pattern of pits
(bits) having constant spacing in the horizontal direction and variable spacing in the
vertical direction. (b) Same pattern after most of the bits in two columns have been
erased. (Adapted from ref. 1.)
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Axial rotation causes Earth to pro-
trude slightly at its midsection.

While scientists have long known the
magnitude of Earth’s oblateness, only
since the 1970s have they been able to
monitor minute changes in it, thanks
to the global view provided by satel-
lites. Such changes in the equatorial
bulge reflect large-scale redistribu-
tions of mass. For example, the satel-
lite measurements can detect such
small effects as the seasonal move-
ments of air masses in the atmos-
phere and the transport of water
among oceans, atmosphere, and land. 

On top of seasonal signals, the
measured oblateness has shown a
slight downward trend over the years,
amounting each year to a few tens of
parts per billion. Geophysicists at-

tribute the decrease principally to
postglacial rebound: Since the polar
ice sheets melted away at the end of
the last ice age about 10 000 years
ago, the underlying mantle has been
springing back up in a process that
continues today. Postglacial rebound
is slowly restoring Earth to a more
spherical mass distribution. 

The tidy picture has now changed
with the recent observation that,
sometime around 1998, Earth’s

oblateness reversed its downward
slide and began to increase, as seen in
the figure on page 18. “That was
something we didn’t expect,” com-
mented geophysicist Bruce Buffett of
the University of British Columbia.
Christopher Cox and Benjamin F.
Chao of NASA’s Goddard Space Flight
Center reported the surprising be-
havior in a recent paper.1 Several
other groups, using different analyses
of the same data, have also seen indi-
cations of the same effect.

What mass movement could cause
so abrupt an effect? That question has
sent geophysicists rushing to their
computers and databases. In their
paper, Cox and Chao surveyed some
possibilities: melting of polar ice or
mountain glaciers, global sea level

A Puzzling Increase in Earth’s Oblateness

�Geophysicists and oceanographers
are scrambling to explain why the

slight bulge around Earth’s equator,
which had been slowly shrinking
since 1979, abruptly reversed that
trend four years ago.
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rise and mass movements
within the oceans, and even
material flows within Earth’s
fluid outer core. They dis-
cussed the evidence for and
against each. Various re-
searchers are now exploring
some of these scenarios, and a
few are coming up with new
ideas. Undoubtedly, many of
these scenarios will be aired in
journal articles and conference
reports in the near future.

Inferring Earth’s shape
Qualitatively, oblateness de-
scribes the deviation of the
gravity field from that of a
perfect sphere. Quantita-
tively, it is a dimensionless
number that’s proportional to
the difference between the
moment of inertia about
Earth’s rotational axis and
the average moment of inertia
about equatorial axes. For
Earth, the mean, tide-free
oblateness, designated as J2,
is 1.082627 × 10⊗3.

To measure J2 by a tech-
nique known as satellite laser
ranging, researchers send a
laser pulse from one of several
dozen ground stations worldwide to-
ward one of a number of passive, ded-
icated satellites with retroreflectors.
The time for the laser beam to bounce
back to the station determines the
range of the satellite. From a large
collection of such data points, one can
determine the exact orbits of each of
the satellites, and from those orbits,
one can in turn extract the spherical
harmonic components of Earth’s grav-
ity field. J2 is the coefficient of the
largest nonspherical term. Higher-
degree terms give more details about
the mass distribution but are also
more difficult to determine.

The figure shows the trend in
oblateness measured since 1979. The
mean value has been subtracted, as
have seasonal, most tidal, and atmos-
pheric effects. Clearly, something
happened around 1998 to disrupt the
downward trend. It may be the start
of an upward slope, or it could be just
a bump. Chao said he and his col-
leagues are eager to see the next few
years of data points. 

Possible causes
Any scenario to explain the recent in-
crease in J2 must involve a transport
of mass from high to low latitudes. For
example, the melting of Antarctic and
Greenland ice would carry mass from
high latitudes to the ocean at lower
latitudes. The shrinking of mountain

glaciers, which has been accelerating
in recent years, might have a similar
effect. In either case, one can estimate
the amount of ice that would have to
melt to produce the observed redistri-
bution and the rise in global sea level
that would result, assuming that the
melted water, to first approximation,
spread uniformly. In their paper, Cox
and Chao concluded that the two sce-
narios were inconsistent with the
changes in sea level and ice height
that have been observed by satellites.
However, sea-level changes are domi-
nated by thermal expansion at most
locations, and other effects might well
be camouflaged. 

Another possible cause of in-
creased oblateness might be the re-
distribution of water mass within the
ocean. This scenario demands a close
examination of data gathered by
oceanographers. Interestingly, re-
marked Victor Zlotnicki of NASA’s Jet
Propulsion Laboratory, oceanogra-
phers have not traditionally been
concerned with Earth’s mass distri-
bution, so this is a new question for
them. A number of researchers are
now taking a different look at the sea-
level heights that have been moni-
tored by the US–French TOPEX/Po-
seidon satellite and at the numerical
models that assimilate these and
other oceanographic data; the scien-
tists are trying to remove the effect 

of thermal expansion and ex-
amine the changes in mass 
distributions.

Still another possibility is
that geomagnetic processes
could have driven a flow of
mass in Earth’s fluid outer
core. But geophysicists such as
Buffett suspect that the flow
would have to be unrealisti-
cally large to produce a notice-
able flattening of Earth.

Other influences?
Could the oblateness increase
have anything to do with the El
Niño of 1997–98, which was
the strongest one of the 20th
century? As Cox and Chao
point out, the possibility is in-
triguing, but arguing against it
is the longevity of the oblate-
ness anomaly compared to the
more transient time scale of El
Niño. Also, El Niño primarily
transports water mass in the
east–west, rather than north–
south, direction. 

R. Steven Nerem of the
University of Colorado, Boul-
der, and his collaborators are
looking at the possible role
played by another recurring

meteorological pattern known as the
Pacific Decadal Oscillation.

One can’t overlook the possibility
that the increase in oblateness is an
artifact introduced by the data analy-
sis, warns Byron Tapley of the Uni-
versity of Texas, Austin. Do the mod-
els, for example, properly treat the
inelasticity of Earth and hence the
shape of the deformation caused by
tidal pulls?

More light will certainly be shed
on this puzzle in the next year as
data come in from the Gravity Re-
covery and Climate Experiment
(GRACE), a five-year mission co-
sponsored by NASA and the German
Aerospace Research Center (DLR);
Tapley is the principal investigator.
The two GRACE satellites launched
last March will map variations in
Earth’s gravity field with an ex-
pected spatial resolution that’s three
orders of magnitude better than
those provided by satellite laser
ranging. The mission should enable
far more accurate measurements of
the higher-degree spherical har-
monic coefficients (J3, J4, and so
forth), to provide more details about
Earth’s mass distribution. 

BARBARA GOSS LEVI

Reference
1. C. M. Cox, B. F. Chao, Science 297, 831

(2002).   �

9

6

3

0

–3

–6

–9

D
10

J 2
10

×

1979 1983 1987 1991 1995 1999 2003
YEAR

CHANGES IN EARTH’S OBLATENESS since 1979. DJ2 is
the oblateness after subtraction of the mean, tide-free
value and removal of atmospheric and seasonal effects.
The downward slope of 2.8 × 10⊗11 per year was inter-
rupted around 1998 by an abrupt increase. The thin red
line connects the monthly data points, and the thick 
red line is a running average. The black line shows a
weighted fit to the data before 1997. The offset green
curve is the value of DJ2 estimated to be caused by polar-
ice melting, as inferred from satellite altimetry data. The
blue and purple curves depict values of DJ2 expected to
result from ocean redistributions, as inferred from sea-
level change that is either uniform (blue) or geographi-
cally distributed (purple), but not corrected for thermal
expansion. (Adapted from ref. 1.)


