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Detection of a Large-Scale Mass
Redistribution in the Terrestrial
System Since 1998

Christopher M. Cox'* and Benjamin F. Chao?

Earth’s dynamic oblateness (/,) had been undergoing a decrease, according to
space geodetic observations over the past 25 years, until around 1998, when
it switched quite suddenly to an increasing trend that has continued to the
present. The secular decrease in J, resulted primarily from the postglacial
rebound in the mantle. The present increase, whose geophysical cause(s) are
uncertain, thus signifies a large change in global mass distribution with a J,
effect that considerably overshadows that of mantle rebound.

Earth’s mean tide-free dynamic oblateness
(J,)=[C - (4 + B)2J/MR* = 1.082627 X
1073, where C > B = A are Earth’s mean
principal moments of inertia and M and R are
the mean mass and radius, respectively. Sat-
ellite laser ranging (SLR) has yielded precise
determination of the temporal variation in the
low-degree spherical harmonic components
of Earth’s gravity field, beginning with the
initial observations of J, change made by
observing Lagoes-1 satellite orbital node ac-
celerations (I, 2). More recent studies have
extended the knowledge to higher degree
zonals and examined the annual signals in the
low-degree geopotential (3—5). The estimated
values of the J, rate have ranged from -2.5 X
107" year™! to -3 X 10~"! year™%.

The extension of comprehensive solutions
for low-degree geopotential zonal, static, an-
nual, and rate terms and the 9.3- and 18.6-
year ocean tide amplitudes to include data
since 1997 has resulted in increasingly sig-
nificant changes in the estimated J, rate and
18.6-year tide amplitude (4). These changes
implied that the models for these terms were
not accommodating the observed signal.
Consequently, we estimated a time series of
low-degree (maximum degree of 4) static
geopotential solutions using SLR observa-
tions of 10 satellites over the period from
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1979 to 2002. The inclusion of multiple or-
bital inclinations improves separation of the
higher degree zonal components and allows
recovery of the gravity coefficients over
shorter time periods. All processing used the
same algorithms used to develop the
EGM96S satellite—only gravity model and to
calibrate that model’s covariance (5). The
18.6-year and much smaller 9.3-year tide am-
plitudes were set to the values estimated in
the comprehensive solution with data from
1979 through 1997 (4). The applied 18.6-
year tide amplitude of 1.41 cm has the equiv-
alent J, amplitude of 1.67 X 107'°. The
18.6-year tide—/, effect is minimized (that is,
the geopotential is less oblate) when the lunar
node is 0 degrees, which occurred in mid-
October 1987.

Shown in Fig. 1 is the estimated J, as a
function of time, J,(f). Lageos-1 data are
present throughout, and Starlette data are
present from January 1980 onward. Data
completeness issues precluded the use of the
earlier Starlette and Lageos-1 data. Other sat-
ellites were added when launched: Ajisai
from August 1986 and Lageos-2 and several
other satellites from 1992 onward. TOPEX/
POSEIDON (T/P), which is also tracked by
the Détermination d’Orbite et Radioposition-
nement Intégrés par Satellite system, was
added in January 1993. The formal uncertain-
ties shown reflect the SLR data weights de-
rived from the calibration of the comprehen-
sive 19-year solution and should be realistic
().

Dominant in J,(f) is a seasonal signal of
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amplitude 3.2 X 10719 which is driven by
meteorologic mass redistribution in the atmo-
sphere-hydrosphere-cryosphere system (7—10).
Also plotted in Fig. 1 is the atmospheric con-
tribution calculated according to the National
Center for Environmental Prediction (NCEP)
reanalysis data (//), including the inverted-
barometer (IB) correction (/2). Subtraction of
this signal and further empirical removal of the
residual seasonal signals (which are attributable
to the poorly known seasonal mass redistribu-
tion in the oceans and land hydrology) result in
a nonatmospheric and nonseasonal J,(f) (Fig.
2).

A linear fit to the observed J, through
1996 shows a decrease in J, of 2.8 X 107!!
year~! (Fig. 2). For this period, the uncer-
tainty for the J, rate in the comprehensive
solution (which considers the correlation with
the 18.6-year tide) is 0.4 X 107! year™!.
Despite the lack of data before 1979, the
results are in excellent agreement with esti-
mates of the J, rate that included those data
(2). The secular drift results primarily from
postglacial rebound (PGR) (2, 13, 14) in the
mantle, plus various secondary contributions
of climatic and anthropogenic origin (for ex-
ample, reservoirs, which are an order of mag-
nitude too small to explain the recent obser-
vations) (4, 15, 16). At some time during
1997 or 1998, the trend reversed. The post-
1996 points have deviated from the pre-1997
slope by about six times the uncertainties, on
average, over that period. A linear fit from
1997 onward yields a rate of +2.2 X 107!
year—!. On the basis of the comprehensive
solutions, the uncertainty for this rate is
~0.7 X 107! year™!; however, because of
the nonlinearity in J,(#), the slope can vary by
more than the uncertainty value, depending
on the period fitted. Another departure may
exist around 1980, but excepting a few data
points the deviation is only one to two times
the uncertainties, making the importance un-
clear.

An increase in J, means a net transport of
mass from high to low latitude (the nodal
lines of J, are * 35.3° latitude). Transport of
terrestrial water and/or ice mass to the oceans
is one likely cause, because most of the ice
mass resides in high-latitude polar caps and
glaciers. As an example of the mass flux
involved, imagine one fictitious scenario that
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would increase J,: a uniform melting of the
Greenland ice sheet, resulting in an eustatic
global sea level (GSL) rise. For every 107!
increase of J, the required loss of Greenland
mass as the water volume equivalent is 102
km?, accompanied by a 0.28-mm increase in
GSL (I5). To overshadow PGR and produce
a change comparable to that in the observed
J, rates, nearly five times as much water mass
is necessary, amounting to ~1.4 mm year™!
in additional GSL rise. This is a global
change of huge proportions that has not been
observed in modern times (/7).

Ice height changes over Greenland have
been observed with radar and laser altimetry
(18, 19). However, the net ice height and
implied GSL changes (about * 0.2 mm
year™!) are too small to explain the changes
in the observed J,. We calculated the J,(f) for
the Greenland plus West Antarctica ice
height estimates using ERS-1 and -2 satellite
altimetry data (19) up to 81.4°N and S (Fig.
2). Again, the magnitude is too small; and if
anything, the ice height variation implies a
mass transport that is opposite of the ob-
served anomaly.

Recent studies indicated an acceleration
of the mass wastage of mountain glaciers (20,
21). The average loss rate for the subpolar
glaciers had been ~100 km® of water per
year before 1997, with accelerated rates in the

Fig. 1. J, variation ob- 5
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past decade (21). For the observed J, rate
change to be explained by additional glacier
mass loss, an additional water mass loss of
~700 km? per year would be required. The
resultant GSL increase of 2.0 mm/year over
the pre-1998 rate has not been observed (22).
It is unlikely that transport of terrestrial water
mass to the oceans can explain the J, chang-
es; however, more recent glacier and ice
height data are needed to definitively rule this
out.

Mass redistribution within the oceans
could cause a net J, change with little or no
GSL signature. The calculated J,(f) due to the
apparent GSL variation within * 66° latitude
according to the T/P GSL data (23), assuming
geographically uniform mass addition, is giv-
en in Fig. 2. This calculation overestimates
the J, effect because much of the observed
GSL variation is steric (24, 25), especially at
low latitudes. Even so, the change in the
GSL-implied J, before and after the strong
1997-98 El Nifio is too small to account for
the J, observations. Also shown is the J,
signature calculated from the actual geo-
graphic distribution of the sea surface height
changes (23) (again assuming no steric con-
tributions) after removal of an empirical an-
nual term. The slope after 1999, when the sea
surface temperature had retumed to normal
after the 1997-98 El Nifio, is consistent and

20

served by SLR as com-
pared with the IB-correct-
ed NCEP atmospheric J/,.
The atmospheric series
(top) is on the left scale,
and the observed series
(bottom) is on the right
scale. Sampling intervals
are 90 days in 1979, 60
days from 1980 through
1991, and 30 days after-
ward. No detrending has
been performed. Units

A Jx1010

-25%4 t

'l i

are X 1071,

Fig. 2. Observed J,, after
subtraction of the 1B-cor-
rected atmospheric signal
and an empirical annual
term before (thin red line)
and after (heavy red line)
an annual filter has been
applied. Error bars are the
observed /, uncertainties.
The black line is a weight-
ed fit to the (unfiltered)
pre-1997 data. The slope
is =28 X 107" year .

A 4,x1010

1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003

H-10

Year

The offset green line is -9
the J, implied by the
Greenland plus West Ant-

1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003

Year

arctic ice heights derived from ERS-1 and ERS-2 altimetry data. Also shown are the J, value implied
by the T/P uniform GSL change (blue, offset) and the J, value when the geographic distribution of
the sea height changes is considered (purple, offset). Neither sea height—derived estimate includes
steric effects. Units and sampling intervals are as in Fig. 1.

comparable with the observed J,, suggesting
that oceanic mass transport could be respon-
sible without having a substantial signature in
GSL. Further research is needed and in
progress. It is intriguing to consider the pos-
sibility of a different climatic mass distribu-
tion state (/7) triggered by the strong 1997-
98 El Nifio event. For example, the melting of
polar sea ice, which has no direct effect on J,,
can cause as-yet-unknown changes in the
thermohaline circulation and structure, and
therefore indirectly J,, as a result of the melt-
ing of the insulating freshwater sea ice layer
over the Arctic Ocean (7).

So far J,(¢) is the only gravity-time record
in which we have found unequivocal evi-
dence for the anomalous mass redistribution.
The higher degree zonals, such as J,(¢) (figs.
S1 and S2) and J,(?) (figs. S3 and S4), do
show interannual fluctuations, but it is un-
clear whether these data show similar system-
atic change. A lack of change in J, would
mean that there was no net north-south mass
redistribution. Earth rotation records, both
length-of-day and polar motion, are potential-
ly useful for delineating global mass trans-
ports. However, interpretation of these
records is complicated by the interannual sig-
nals, which are dominated by dynamic pro-
cesses within Earth’s core.

Judging from the large magnitude and
relatively rapid evolution of the observed J,
changes, one possible cause could be net
material flow driven by the geodynamo in the
fluid outer core and along the core-mantle
boundary. There is evidence of a substantial
geomagnetic jerk in 1999. Such jerks have
been associated with flow acceleration in the
top of the core (26, 27), in addition to long-
term magnetic dipole changes. Could they be
related? To date, no correlation has been
demonstrated between the geomagnetic ob-
servations and the observed J,(f). However, a
review of geodynamo simulation results (28)
indicates that the core models can possibly
explain J, changes at the level of 0.1 X 107!
year~! t0 0.5 X 107!! year™!, depending on
the modeling assumptions.

In principle, climatic general circulation
models (GCMs), especially models cou-
pling the atmosphere-ocean-cryosphere
with land hydrology, can help to explain
the J, changes. Indeed, some secondary
interannual variability in J, is presumably
climatic (Fig. 1). However, traditional
GCMs simply do not have sufficient phys-
ics or knowledge built into their climatic
feedback mechanisms to anticipate sudden
changes (17) such as the recent observed J,
changes. Further, GCMs are almost invari-
ably too conservative and tend to underes-
timate the climatic variability when com-
pared with in situ and ground truth data,
because of insufficient resolution in the
numerical computation (17, 29-31).
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Foraminiferal Calcification
Response to Glacial-Interglacial
Changes in Atmospheric CO,

Stephen Barker* and Henry Elderfield

A record of foraminiferal shell weight across glacial-interglacial Termination |
shows a response related to seawater carbonate ion concentration and allows
reconstruction of a record of carbon dioxide in surface seawater that matches
the atmospheric record. The results support suggestions that higher atmo-
spheric carbon dioxide directly affects marine calcification, an effect that may
be of global importance to past and future changes in atmospheric CO,. The
process provides negative feedback to the influence of marine calcification on
atmospheric carbon dioxide and is of practical importance to the application of

paleoceanographic proxies.

Higher concentrations of carbon dioxide in
the atmosphere cause surface seawater to be-
come more acidic and lower the calcium
carbonate saturation state through the conse-
quent decrease in [CO,27], the carbonate ion
concentration (/). Predictions suggest that the
carbonate saturation state will be reduced by
30% relative to the preindustrial level by the
middle of the 21st century (/, 2). This has
raised concern because of evidence that car-
bonate saturation is correlated with the rate of
production of marine calcium carbonate and
because of studies showing that coral reefs
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and some species of coccolithophorids (major
producers of marine carbonate) are sensitive
to elevated CO, pressure (PCO,) (3-7). The
hypothesis that growth rate is a function of
[CO,>7] is also consistent with inorganic
studies (8, 9).

If marine calcification is sensitive to the
concentration of atmospheric carbon dioxide,
its effect should be reflected in the pale-
oceanographic record as a response to gla-
cial-interglacial fluctuations in PCO,. Fora-
minifera constitute an important fraction of
marine plankton and play a significant role in
the carbon cycle through the production of
shell calcite. Increased carbonate ion concen-
trations in culturing experiments using the
planktonic foraminifer Orbulina universa
have been shown to produce higher shell
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weights in similarly sized organisms, inter-
preted as a consequence of thicker shell walls
resulting from higher rates of calcification
(10, 11). We have found that shell weights of
several species of planktonic foraminifera
from core top sediments vary systematically
as a function of latitude in the North Atlantic.
By combining these findings with a record of
shell weight across glacial-interglacial Ter-
mination I, we demonstrate that the changes
are as a result of ambient [CO,*"] changes
rather than calcification temperature and are
consistent with known changes in atmospher-
ic PCO,. The link between marine calcifica-
tion and [CO,7] provides a negative feed-
back to changes in atmospheric PCO,. This
observation is also of practical importance in
paleoceanography because shell weight is
used as an index of carbonate dissolution at
the seafloor and, thus, of past changes in
deep-sea [CO,%7] (12).

Measured weights of several planktonic
foraminiferal species (picked from narrow
size fractions) from a North Atlantic latitudi-
nal transect (/3) increase by a factor of about
2 between 60° and 30°N (Fig. 1A). Due to the
strong temperature dependence of CO, solu-
bility in seawater, and the subsequent disso-
ciation of CO,,,, into HCO,~ and CO,>",
modern open ocean surface water [CO,%7]
varies as a function of temperature. Thus, the
observed trend in shell weight would fit with
a [CO;?7] control as well as a temperature
control. An offset in the shell weights of
Pulleniatina obliquiloculata and Neoglobo-
quadrina dutertrei has been reported between
the tropical Atlantic, Indian, and Pacific
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