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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) = —

€0y
f= =
N

‘melt
lye

h>0;f= &
! ' éNye
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,
and less than 1 for a Nye-with-melting fit.

The details of this fit are covered in Fahnestock and
others (75). The misfit function is
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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 10'® + 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 (1),
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 (I, 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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moves undisturbed in inertial space as the
load is redistributed. Conservation of linear
momentum requires that redistribution of sur-
face mass displaces CE with respect to CM
by the amount (4)

ATCE=—MLAI-'L/M® = —m/M@ (l)

where Mg, = 6.0 X 10% kg is Earth system’s
mass, M; is net mass of load that has been
transported over Earth’s surface, and AF, is the
change in center of mass of the transported load
in the CE frame. We define the “load moment”
vector m = M, A¥, to emphasize the charac-
teristic of the load that forces this mode of
deformation (and to which the data are sensi-
tive). To the first order, the displacement of CE
creates a tide-raising potential V;(¢p,\) in the
CE frame at latitude ¢ and longitude A
Vo) = —gh.Aree = gh.m/Ms  (2)
where h(d,\) is the unit vector pointing lo-
cally upward, and g is acceleration due to
gravity. Equation 2 is a pure degree-one
spherical harmonic function, to which load
Love number theory is directly applicable.
We assume it is reasonable to ignore the
higher degree harmonics, because they are
orthogonal to the degree-one harmonics and
would not significantly bias the results for a
well-distributed global network (/I). Solu-
tions for surface displacements in the CE
frame have been derived in complex spheri-
cal harmonic form (4); however, we have
derived solutions in concise vector form

A5, = h{V\/g = h{h.m/Mg
A5, = 1j1.VV/g = I{1.m/Myg

where As, is upward displacement, As, is dis-
placement in any lateral direction i, and surface
gradient operator V = &3, + )\(I/cos¢)a We
use load Love numbers modeled by Farrell (Z),
R = —0.290 and [/ = 0.113, which are speci-
fied in the CE frame.

This global mode of deformation is unique,
in that it compresses the hemisphere centered
on the load moment, and expands the opposite
hemisphere, such that a perfect sphere deforms
to another perfect (but strained) sphere of iden-
tical diameter. The surface everywhere stretch-
es laterally toward the pole of the load moment.
We discovered that this mode has the peculiar
property that there exist reference frames in
which the surface deformation field is either
purely vertical or purely horizontal. Such an
extreme range of equivalent kinematics under-
scores the need for reference frame consistency
when comparing data with models.

Here, we use the center of figure frame
(CF), defined as having no-net translation with
respect to the three-dimensional surface dis-
placement field. This is an appropriate frame to
describe deformations, because only relative
surface displacement data contribute to the so-
lution; the CE frame is not directly observable,
and the CM frame accuracy is limited by model

3)
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errors in nongravitational satellite accelerations
(12). Transformation to the CF frame is accom-
plished by subtracting from the displacement
field the average displacement Ar . in the CE
frame (4), which is derived by surface integra-
tion of Eq. 3

1
At = E(hl, + 2l)m/Mg 4)

where AT, is CF variation in the CE frame. ~

The vector form of Eq. 3 readily allows us to
express displacements in the'CF frame

A 2 A
Afh = AE}, - h.Al-'CF = —§ (l]l - hll) h.m/Me
(5)
As; = A5, - L.AFG = + = (11 ) i.m/Mg

Thus, by analogy with Eq. 2, Farrell’s load Love
numbers in the CF frame are ' = ; (ll h) =
0.134 and & = -2I/ = —0.268. Hence we can
express site dlsplacements in the CF frame AS =
(A3,,A5,,A5,)T by the matrix equation

A§ = [/G"diag[+1,+1,-2]Gm/Me (6)

where G is the 3X3 matrix that rotates
geocentric into topocentric displacements
(east, north, and up). Through measurement
of site displacements globally, we can in-
vert Eq. 6 to solve for the components of
load moment m = (mx,my,mz)T. Alterna-
tively, if the load variation is assumed or
known from some independent data source
or model, then inverting Eq. 6. for the de-
gree-one load Love number can test Earth’s
mechanical properties.
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Fig. 1. Estimates of load moment components. Weekly estimates (red) are for (A) x direction
toward the intersection of the Greenwich meridian and the equator, (B) y direction, and (C) z
direction toward the North Pole. Supenmposed is the empirical model (blue) given by Table 1. The

102
2.5, and 4.7.

we|§hted root mean square of the time series before/after subtracting the empmcal model are (in
kg m) 3.9/3.7, 4.2/3.4, and 5.5/2.9, corresponding to square root variance reductions of 1.2,
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We applied this theory to 5 years of Global
Positioning System (GPS) data, acquired by 66
stations of the International GPS Service (IGS)
network (13). Every week at Newcastle’s IGS
Global Network Associate Analysis Center,
free-network solutions in the CM frame were
-analyzed to produce site coordinate time series
in the CF frame (/4). The time series were
de-trended to remove plate tectonic motion,
accounting for correlations between velocity
and annual signals (/5). The resulting time
series have a root mean square of ~3 mm

Fig. 2. Observed seasonal varia-
tion in Earth deformation. The de-
gree-one surface deformation
field uses two-month stacked so-
lutions for (top to bottom) De-.
cember-January, February-March,
April-May, June-July, August-Sep-
tember, and October-November.
The left panel refers to vertical
deformation, and the right panel
to the magnitude of horizontal de-
formation. Horizontal displace-
ments always point toward the
location of maximum downward
displacement.
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(horizontal) and ~7 mm (vertical). Equation 6
was inverted by weighted least-squares to solve
for the load moment every week.

The load moment results (Fig. 1) show an-
nual oscillations, especially in the z (polar)
direction, corresponding to net seasonal mass
transport between the Northern and Southern
hemispheres. The maximum downward defor-

. mation (Fig. 2) of 3.0 mm points close to the

North Pole during February to March, and the
South Pole during August to September. Cor-
responding lateral deformation of 1.5 mm is

=rT rtji-\ S o,

Deformation (mm)

Table 1. Empirical seasonal load moment model. Amplitude and phases are defined by A; cos[2xf (t -

to) — ] where t ;is 1 January and f; is frequency All parameter values were derived by welghted least
squares using the load moment time series (Fig. 1). The 1-standard deviation uncertainties are
propagated from scaled coordinate errors (74), but do not account for inadequacies of the empirical

model, for example, due to interannual variability.

Load Annual Arll]nual Semiannual Semiannual
moment amplitude A, P qf se amplitude A, phase @,
component (1022 kg m) ( degr;es) (1022 kg m) (degrees)
m, 20£0.2 86+ 3 0.7+0.2 69+ 13
m, 29+0.2 3453 0.6 £0.2 301 =13
m. 6.6 £0.1 56 £ 1 1.5£0.1 207 £5
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observed near the equator at these times. The
load moment migrates through the year, follow-
ing the approximate surface trajectory of a great
circle (Fig. 3). The maximum load moment is
6.9 X 10?2 kg m in the period from February to
March. The minimum load is observed when it
rapidly crosses the equator southward during
May over South America, and northward dur-
ing November over Indonesia. We used our
load moment time series to produce an empir-
ical seasonal model, estimating amplitudes and
phases of annual and semiannual load moment
variations (Table 1 and Figs. 1 and 3). The
annual z component of the load moment peaks
at 6.6 X 10?2 kg m toward the ends of February
and August. The empirical seasonal model and
Eq. 6 form a predictive calibration model to
reduce annual signals in geodetic data (15), say,
for plate tectonics (although more regional ef-
fects may dominate individual site time series).
The statistics from fitting the time series (Fig. 1)
indicate that the precision of our weekly load
moment estimates is 3.6 X 10?2 kg m (1 stan-
dard deviation).

Our results provide constraints on models
of mass redistribution. Taking extreme exam-
ples, a load moment of 6.6 X 10?2 kg m
would be produced by net transport of (i)
0.5 X 106 kg from the South Pole to the

AU

150°  120° 90° 60° 30°
Fig. 3. Trajectory of the load moment as it
travels through the year. Each load moment
(solid red) is the two-monthly weighted aver-
age of the weekly load moments, stacked over
5 years. The radius of each symbol is propor-
tional to the magnitude. The maximum load
moment is 6.9 X 10?2 kg m in February-March.
The empirical seasonal model (open circles; see
Table 1) is also plotted for each week.
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North Pole; (i) 1.4 X 10'® kg uniformly
distributed from one hemisphere to the other;
or (iii) 1.1 X 10'6 kg from the oceans to land
at high latitudes. We suggest that any reason-
able model should therefore have a total sea-
sonal transported mass within 40% of 1.0° X
10'¢ kg. Secondly, models should predict that
the load peaks near the poles in their respec-
tive late-winter seasons. Thirdly, models
should predict that the load’s trajectory fol-
lows an approximate great circle over the
continents (Fig. 3).

From remote sensing, it is known that the
mass of snow in the Northern Hemisphere
peaks during February to March at 0.3 X 106
kg (5, 16). Recent analysis in atmospheric re-
search (6) confirms earlier interpretations (7)
on the existence of interhemispheric oscilla-
tions in atmospheric mass at the level of 0.4 X
106 kg, which appears to be driven in part by
anomalous cooling over snow-covered areas,
particularly over Siberia and Canada (7). Our
results therefore suggest that the observed pat-
tern of deformation is dominated by winter
groundwater storage enhanced by atmospheric
pressure. Assuming an upper bound on the net
redistributed mass at 1.4 X 10'¢ kg, we infer
the non-snow component of winter groundwa-
ter to be <0.7 X 10'¢ kg.

The load’s trajectory over the continents (in
approximately the y-z plane) is consistent with
the land’s ability to sustain loads (unlike the
ocean’s tendency to rapidly approach equilibri-
um). An interesting feature of the load moment
time series is the asymmetric pattern of z oscil-
lations (Fig. 1) and the rapid southward equa-
torial crossing of mass (Fig. 3) in May. This is
consistent with rapid water runoff, which is
known to peak during late spring in the North-
ern Hemisphere (/8). A small y component of
load moment also appears during the transition
seasons traversing regions of known intense
hydrological loading (9) in southeast Asia and
South America (Fig. 2). An anomaly in the *y
direction is apparent during 1996/1997, imme-
diately preceding the 1997/1998 El Niiio event.
Possible mechanisms that might enhance the y
component include an equatorial oscillation in
(nonsteric) sea level across the Pacific (driven
by wind stress) and anomalous monsoon pre-
cipitation over land.

To conclude, we detected a global-scale
mode of Earth deformation that we have
identified as the response of an elastic Earth
to redistribution of surface load, specifically
the degree-one spherical harmonic mode that
theoretically corresponds to change in the
load moment. This mode compresses one
hemisphere and expands the opposite hemi-
sphere in such a manner that it does not
change Earth’s overall shape, but neverthe-
less stretches its surface and so affects site
coordinates. In Earth’s center-of-figure
frame, the poles appear to be displaced down-
ward by 3.0 mm during their respective win-

www.sciencemag.org SCIENCE VOL 294 14 DECEMBER 2001

REPORTS

ters, and the equator appears to move toward
the winter pole by 1.5 mm. Our inversion
procedure produces a load moment time
series with an annual signal in Earth’s polar
direction with amplitude 6.6 X 10?2 kg m.
Stacking reveals that the load moment fol-
lows the approximate trajectory of a great
circle traversing the continents, peaking at
6.9 X 10?2 kg m near the North Pole in winter.
These results are consistent with seasonal load-
ing of land surfaces by fluids, corresponding to
an annual mass exchange of 1.0 = 0.2 X 106
kg between the hemispheres.
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A High-Resolution
Absolute-Dated Late
Pleistocene Monsoon Record

from Hulu Cave, China

Y. ). Wang,"® H. Cheng,2 R. L. Edwards,?* Z. S. An,2 J. Y. Wu,*
C.-C. Shen,® J. A. Dorale®

Oxygen isotope records of five stalagmites from Hulu Cave near Nanjing bear
a remarkable resemblance to oxygen isotope records from Greenland ice cores,
suggesting that East Asian Monsoon intensity changed in concert with Green-
land temperature between 11,000 and 75,000 years before the present (yr. B.P.).
Between 11,000 and 30,000 yr. B.P., the timing of changes in the monsoon, as
established with 23°Th dates, generally agrees with the timing of temperature
changes from the Greenland Ice Sheet Project Two (GISP2) core, which supports
GISP2's chronology in this interval. Our record links North Atlantic climate with
the meridional transport of heat and moisture from the warmest part of the
ocean where the summer East Asian Monsoon originates.

The Asian and Australian Monsoons are im-
portant because they transport heat and mois-
ture from the warmest part of the tropical
ocean (the West Pacific Warm Pool) across
the equator and to higher latitudes. The East
Asian Monsoon, a sub-system of the Asian
Monsoon, affects an area east of the Bay of
Bengal and the Tibetan Plateau (!). Spring
heating of Asia initiates the summer mon-
soon, which transports northward moisture
and heat from north of Australia across the
Warm Pool, as far as northern China. The
winter monsoon is characterized by cold, dry

Siberian air flowing southward across eastern
China, ultimately contributing to the Austra-
lian summer monsoon (/).

Plausible factors affecting the monsoon
are orbitally controlled changes in insolation
(2, 3), shifts in sea level causing changes in
Warm Pool surface area (4), and circulation
changes internal to the climate system (5).
Loess records (6, 7) show clear evidence for
monsoon changes (/) that are possibly linked
to global climate (7) and Heinrich Events (5).
However, resolution and dating problems
limit the loess work. We reconstruct mon-
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