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A New Global Mode of
Earth Deformation:

Seasonal Cycle Detected

Geoffrey Blewitt,l* David Lavallée,1 Peter Clarke,2 Konstantin Nurutdinov’

We have detected a global mode of Earth deformation that is predicted by theory. Precise
positioning of GPS sites distributed worldwide reveals that in February to March the northern
hemisphere compresses (and the southern hemisphere expands), such that sites near the North
Pole move downward by 3.0 mm, and sites near the equator are pulled northwards by 1.5 mm.
The opposite pattern of deformation occurs in August to September. We identify this pattern as
the degree-one spherical harmonic response of an elastic Earth to increased winter loading of soil
moisture, snow cover, and atmosphere. Data inversion shows the load moment’s trajectory as a
great circle traversing the continents, peaking at 6.9x10%* kg m near the North Pole in winter,

indicating inter-hemispheric mass exchange of 1.0+0.2 x10'°kg.
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Redistribution of mass over Earth’s surface generates changes in gravitational and surface forces
that produces a stress response in the solid Earth, accompanied by characteristic patterns of
surface deformation (/-3). Here we search for global deformation resulting from Earth’s elastic
response to a change in the “load moment” (a dipole moment), defined as the load center of mass
vector multiplied by the load mass. This predicted degree-one spherical harmonic mode (/,4)
has unique characteristics that distinguish it from tidal deformation. Our calculations predict that
the known seasonal exchange of water and air between the northern and southern hemispheres
(5-7) is of sufficient magnitude to force such a mode with annual period at the several-millimeter
level, which ought to be detectable by modern geodetic 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 geodesy have detected 10-mm level displacement of
surface height in response to variation in atmospheric pressure (8) and large-scale terrestrial
water storage (9). Such results show statistically significant correlation between observed site
position variations with model predictions. While promising, the residual discrepancies between
data and models remain at least as large as the predicted signal. Apart from current uncertainties
in modeling ground water storage, another limitation is the level of noise in globally referenced
site position data (9). We mitigate these problems by seeking a deformation mode with a
theoretical functional form (allowing for inversion) and large-scale spatio-temporal coherence
(enhancing the signal to noise).
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
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numbers (2). Load Love number 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 (/,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 moves undisturbed in inertial space as the load is
redistributed. Conservation of linear momentum requires that redistribution of surface mass
displaces CE with respect to CM by the amount (4):

Arcg =—M AT /Mo =—m/M g (1)
where Mg =6.0><1024kg is Earth system’s mass, M; is net mass of load that has been
transported over Earth’s surface, and Arg is the change in center of mass of the transported load
in the CE frame. We define the “load moment” vector m =M Ar; to emphasize the
characteristic of the load that forces this mode of deformation (and to which the data are
sensitive). To first order, the displacement of CE creates a tide-raising potential V;(¢,A)in the
CE frame at latitude ¢ and longitude A:

Vi(9,A) = —gh.Arcg = gham/M o 2)
where ﬁ(q),l) is the unit vector pointing locally upwards, 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 (/7). Solutions for surface displacements in the CE
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frame have been derived in complex spherical harmonic form (4), however we have derived

solutions in concise vector form:

As, =hV;/g = hih.m/M ¢

’3 ’3 (3)
AS,=1VV, /g =1{1.m/M ¢

where As, is upward displacement, As, is displacement in any lateral direction 1, and surface
gradient operator V =@d, + ):(1/ cos@)d,. We use load Love numbers modeled by Farrell (1),

hi =—0.290 and I; = 0.113, which are specified 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 identical diameter. The surface everywhere stretches
laterally towards the pole of the load moment. We have 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 underscores
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 3-D surface displacement field. This is an appropriate frame to describe
deformations because only relative surface displacement data contribute to the solution, the CE
frame is not directly observable, and the CM frame accuracy is limited by model errors in non-
gravitational satellite accelerations (/2). Transformation to the CF frame is accomplished by
subtracting from the displacement field the average displacement Arcg in the CE frame (4),

which is derived by surface integration of equation (3)

Afcp =1 (h{ +21{)m/M ¢ 4
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where Arcg is CF variation in the CE frame. The vector form of equation (3) readily allows us
to express displacements in the CF frame:

AS), = A, —h.AFer = —2(1] — b )h.m/M g

R R 5)
As; =As; =LA =+ %(l{ — i )l.m/M

Thus, by analogy with equation (2), Farrell’s load Love numbers in the CF frame are

I = %(lf —h{)=0.134 and hf =21 =—-0.268. Hence, we can express site displacements in the

CF frame AS = (AS,,A5S,,AS.)" by the matrix equation:

AS =[G diag[+1,+1,-2]Gm/M e (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 invert equation (6) to solve
for the components of load moment m = (mx,my,mZ )T. Alternatively, if the load variation is

assumed or known from some independent data source or model, then inverting (6) for the
degree one load Love number can test Earth’s mechanical properties.

We applied this theory to 5 years of GPS data, acquired by 66 stations of the International
GPS Service (IGS) network (/3). 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 (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 annual oscillations, especially in the z (polar)

direction, corresponding to net seasonal mass transport between the northern and southern
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hemispheres. The maximum downward deformation (Fig. 2) of 3.0 mm points close to the North
Pole during February to March, and the South Pole during August to September. Corresponding
lateral deformation of 1.5 mm is observed near the equator at these times. The load moment
migrates through the year, following the approximate surface trajectory of a great circle (Fig. 3).
The maximum load moment is 6.9x10*kgm in the February to March period. The minimum
load is observed when it rapidly crosses the equator southwards during May over South America,
and northwards during November over Indonesia. We used our load moment time series to
produce an empirical seasonal model, estimating amplitudes and phases of annual and semi-

annual load moment variations (Table 1, Figs 1 and 3). The annual z component of the load

moment peaks at 6.6x10?? kgm towards the end of February and August. The empirical
seasonal model and equation (6) comprise a predictive calibration model to reduce annual signals
in geodetic data (/5), say for plate tectonics (although more regional effects 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 3.6x10** kgm (1 standard deviation).

Our results provide constraints on models of mass redistribution. Taking extreme

examples, a load moment of 6.6x10* kgm would be produced by net transport of (1)
0.5%10'°kg from the South Pole to the North Pole; (2) 1.4x10'®kg uniformly distributed from
one hemisphere to the other; or (3) 1.1x10'°kg from the oceans to land at high latitudes. We
suggest that any reasonable model should therefore have a total seasonal transported mass within
40% of 1.0><1016kg. Secondly, models should predict that the load peaks near the poles in their
respective late-winter seasons. Thirdly, models should predict that the load’s trajectory follows

an approximate great circle over the continents (Fig. 3).



Science Manuscript # 1065328 (Blewitt et al.). Revised Submission. 7

From remote sensing it is known that the mass of snow in the northern hemisphere peaks
during February to March at 0.3x1016kg (5, 16). Recent analysis in atmospheric research (6)
confirms earlier interpretations (7) on the existence of inter-hemispheric oscillations in
atmospheric mass at the level of 0.4x10'®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 pattern of deformation is dominated by winter ground water
storage enhanced by atmospheric pressure. Assuming an upper bound on the net redistributed
mass at 1.4x10'°kg, we infer the non-snow component of winter ground water to be
<0.7x10"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
equilibrium). An interesting feature of the load moment time series is the asymmetric pattern of
z oscillations (Fig. 1) and the rapid southward equatorial crossing of mass (Fig. 3) in May. This
is consistent with rapid water runoff, which is known to peak during late springtime in the
northern hemisphere (/8). A small y component of load moment also appears during the
transition seasons traversing regions of known intense hydrological loading (9) in south-east
Asia and South America (Fig. 2). An anomaly in the +y direction is apparent during 1996/1997,
immediately preceding the 1997/1998 El Nifio event. Possible mechanisms that might enhance
the y component include an equatorial oscillation in (non-steric) sea level across the Pacific
(driven by wind stress), and anomalous monsoon precipitation over land.

To conclude, we have 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
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moment. This mode compresses one hemisphere, and expands the opposite hemisphere in such a
manner that it does not change Earth’s overall shape, but nevertheless stretches its surface and so
affects site coordinates. In Earth’s center of figure frame, the poles appear to be displaced
downwards by 3.0 mm during their respective winters, and the equator appears to move towards

the winter pole by 1.5 mm. Our novel inversion procedure produces a load moment time series
with an annual signal in Earth’s polar direction with amplitude 6.6x10** kgm. Stacking reveals
the load moment following the approximate trajectory of a great circle traversing the continents,
peaking at 6.9x10%* kgm near the North Pole in winter. These results are consistent with

seasonal loading of land surfaces by fluids, corresponding to an annual mass exchange of

1.0+0.2 x10'® kg between the hemispheres.
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Table 1 Empirical seasonal load moment model. Amplitude and phases are defined by

A; cos[2nf; (r — o) — ;| where 1y is 1 January and f; is frequency. All parameter values were
derived by weighted least squares using the load moment time series (Fig. 1). The 1-standard
deviation uncertainties are propagated from scaled coordinate errors (/4), but do not account for

inadequacies of the empirical model, for example, due to inter-annual variability.

Annual Annual Semi-Annual Semi-Annual
Amplitude A, Phase &, Amplitude A, Phase &,
(1022 kg m) (degrees) (1022 kg m) (degrees)

m, 20+0.2 86+3 0.7+0.2 69 +13

my 29+0.2 345 +£3 0.6+0.2 301 £13

m, 6.6 0.1 S6+1 1.5+0.1 207 +£5
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Fig. 1. Estimates of load moment components. Weekly estimates (red) are for (A) x direction
towards the intersection of the Greenwich meridian and the equator, (B) y direction, and (C) z
direction towards the North Pole. Superimposed is the empirical model (blue) given by Table 1.
The weighted root mean square of the time series before/after subtracting the empirical model
are (in 10% kgm) 3.9/3.7,4.2/3.4, and 5.5/2.9, corresponding to square root variance reductions

of 1.2,2.5,and 4.7.

Fig. 2. Observed seasonal variation in Earth deformation. The degree-one surface deformation
field uses two-month stacked solutions for (top to bottom) December-January, February-March,
April-May, June-July, August-September, and October-November. The left panel refers to
vertical deformation, and the right panel to the magnitude of horizontal deformation. Horizontal

displacements always point towards the location of maximum downward displacement.

Fig. 3. Trajectory of the load moment as it travels through the year. Each load moment (solid
red) is the two-monthly weighted-average of the weekly load moments, stacked over 5 years.
The radius of each symbol is proportional to the magnitude. The maximum load moment is

6.9x10** kg m in February-March. The empirical seasonal model (open blue, Table 1) is also

plotted for each week.
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For www.science.org:
Supplementary Table.

Global GPS station network used for this analysis.

A total of 66 stations are listed, with their latitude,
longitude, data span analyzed (start date, end date, and
span in years), and the percentage of potential data
during the span that were collected, analyzed, and
accepted. The following criteria were applied to select
these stations: (1) at least 104 weekly solutions,

(2) analyzed by at least 3 IGS Analysis Centers,

(3) time span of at least 2.5 years, and (4) no step
functions in the time series related to egquipment
changes. Finally, a convenient 5-year window of

1996.0 to 2001.0 was selected for the final results,
which ensured that no week had a less than 30
contributing stations (see note 11).

Station Lat Lon Start End Span Percent
ALBH 48.390 236.513 1995.872 2001.008 5.14 97
ALGO 45.956 281.929 1995.642 2001.046 5.40 90
AREQ -16.466 288.507 1995.642 2001.046 5.40 92
ASC1 -7.951 345.588 1996.389 2000.932 4.54 97
AUCK -36.603 174.834 1996.044 2001.046 5.00 97
BAHR 26.209 50.608 1996.600 2001.046 4.45 90
BOGT 4.640 285.919 1995.661 1999.935 4.27 56
BOR1 52.277 17.073 1995.834 2001.046 5.21 56
BRMU 32.370 295.304 1995.642 2001.046 5.40 97
BRUS 50.798 4.359 1995.910 2000.989 5.08 40
CASl -66.283 110.520 1995.661 2001.046 5.39 71
CHAT -43.956 183.434 1995.949 2001.046 5.10 99
CHUR 58.759 265.911 1996.754 2001.046 4.29 50
CRO1 17.757 295.416 1996.351 2001.046 4.70 85
DAV1 -68.577 77.973 1995.661 2001.046 5.39 78
DGAR =7.270 72.370 1996.907 2001.046 4.14 96
DRAO 49.323 240.375 1995.642 2001.046 5.40 98
EISL -27.148 250.617 1995.680 2001.046 5.37 72
FORT -3.877 321.574 1995.642 2001.046 5.40 98
GALA -0.743 269.696 1997.789 2001.046 3.26 64
GODE 39.022 283.173 1998.153 2001.046 2.89 96
GOL2 35.425 243.111 1997.290 2001.046 3.76 76
GOLD 35.425 243.111 1995.642 1999.494 3.85 98
GUAM 13.589 144.868 1995.642 2001.046 5.40 95
HOB2 -42.805 147.439 1995.757 2001.046 5.29 84
HRAO -25.890 27.687 1996.869 2001.046 4.18 65
IIsSC 13.021 77.570 1995.853 2001.046 5.19 81
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