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Abstract. We estimate the degree 2 long-wavelength gravitational variations
C51, So1, and Cyy using Earth rotational changes, caused by mass redistribution
and movement within the Earth system. These rotation changes are accurately
measured by space geodetic techniques. Wind and oceanic current effects are
removed from the Earth rotation series using atmospheric and oceanic circulation
data-assimilating models. The results are compared with LAGEOS Satellite Laser
Ranging (SLR) determinations and also with geophysical contributions estimated
from atmospheric surface pressure, continental water storage, and nonsteric sea
level changes. Our conjecture is that using Earth rotational changes to infer
long-wavelength gravitational variations has the potential to be more accurate
than satellite-based techniques in some cases. Consistent with this, we find that
Co1 and Ss; variations from this study are in better agreement with geophysical
observations than LAGEOS SLR determinations of Cy; and S3;. However, the
Earth rotation-derived estimate of Cog variation is probably less accurate than
the LAGEOS-derived result owing to the large atmospheric wind contribution to
length-of-day variation which must first be removed and the natural sensitivity of

LAGEOS to Cyy changes via precession of the satellite node.

1. Introduction

Earth rotational variations, including polar motion
and length-of-day (LOD) variations, are introduced by
mass redistribution and movement within the Earth
system and angular momentum exchange between the
solid Earth and the atmosphere, oceans, and hydro-
sphere. Excitations of polar motion and LOD changes
due to air and water consist of two kinds of contribu-
tions. One is from surface mass load variations due
to changes of atmospheric surface pressure, continen-
tal water storage, and ocean bottom pressure, and the
other is from horizontal surface stress changes (torques)
associated with angular momentum exchange between
the solid Earth and the surrounding fluids, e.g., wind
and ocean current variations.
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Earth rotational theory (i.e., the Liouville equation)
indicates that excitation of polar motion (X, Y) and
LOD due to surface mass load variations is proportional
to spherical harmonic degree 2 gravitational changes
[Lambeck, 1980; Barnes et al., 1983; Eubanks, 1993],

as

X = —1.098 AgﬁR% Car,
YYo= —1.098]\5’3}% Son, (1)
wor = —omsstielig,
where, X o, VX s, and YEOD are the excitations (due

to mass redistribution) of X, Y, and LOD, respectively
[Lambeck, 1980]. Mg and Rg are the mass and mean
radius, and C and A are the two principal inertia mo-
ments of the Earth. Csy, Sa1, and Csg are the degree 2
order 1 and zonal Stokes coefficients, representing three
of the five degree 2 gravitational variations. Elastic de-
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formational effects are included in the above equations
in the numerical factors 1.098 and 0.755, assuming that
the core does not participate in the Earth rotational
changes at seasonal or shorter periods [Barnes et al.,
1983; Eubanks, 1993].

This relationship provides a means to infer long-
wavelength gravitational variations from accurately de-
termined Earth rotational changes, provided that we
can effectively estimate and subtract excitations due to
winds and ocean currents. It also provides an opportu-
nity to compare LAGEOS satellite laser ranging (SLR)
determination of gravitational changes with those es-
timated from Earth rotational variations. In addition,
the Earth rotation-derived results may strengthen grav-
ity field solution from the future Gravity Recovery And
Climate Experiment (GRACE) mission, supplementing
the LAGEOS SLR measurements. Another significance
of this approach is that it will provide a chance to de-
tect high-frequency (e.g., submonthly) variations in the
degree 2 gravity fields, which are not detectable from
either LAGEOS SLR data [Eanes et al., 1997] or the
GRACE observation (with a repeat cycle of 2-3 weeks)
[Tapley and Reigber, 1998].

In this paper, we estimate C;, So1, and Cy varia-
tions using polar motion (X, Y) and LOD variations de-
termined by modern space geodetic techniques, includ-
ing very long baseline interferometry (VLBI), Global
Positioning System (GPS), SLR, and lunar laser rang-
ing (LLR). Atmospheric wind excitations are removed
from observed X, Y, and LOD excitations using atmo-
spheric angular momentum (AAM) estimates by Sal-
stein and Rosen [1997] based on the National Centers
for Environmental Prediction (NCEP) atmospheric as-
similation reanalysis system. Excitations from ocean
currents are subtracted from X, Y, and LOD observa-
tions using results by Johnson et al. [1999] based on the
Parallel Ocean Climate Model (POCM) [D. Stammer et
al., unpublished manuscript, 1998]. These geodetic es-
timates are compared with predicted Ca1, Sa1, and Cao
changes derived from assimilated atmospheric and hy-
drological models and TOPEX /Poseidon satellite radar
altimeter observation.

2. Data and Computations
2.1. Excitations of X, Y, and LOD

The X, Y, and LOD time series are from SPACE97
[Gross, 1996], which is obtained from various space
geodetic observations (VLBI, GPS, SLR, and LLR)
through a Kalman filter combination [Eubanks, 1988].
The data cover the period September 1976 through Jan-
uary 1998, with daily temporal sampling. Tidal correc-
tions have been removed from the time series.

The observed excitations of X and Y are convention-
ally estimated on the basis of following discrete linear
polar motion filter developed by Wilson [1985]:

CHEN ET AL.: ASSESSMENT OF LONG-WAVELENGTH GRAVITATIONAL VARIATIONS

iexp —inF,T
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where, ¥ = X + i1)Y is the complex excitation func-
tion of X and Y, m = X -tY is the complex location
of the rotation pole in the terrestrial reference system
(the negative sign comes from the left-handed coordi-
nate system used in the polar motion data), X and
Y are the polar motion series from SPACE97, o, =
2 F.(1 +14/2Q) is the complex Chandler frequency, F,
is 0.843 cycles/yr, @ is the quality factor, estimated
to be 175 [Wilson and Vicente, 1990], and T is the
sampling interval.

The LOD excitations are simply defined as the nor-
malized (dimensionless) LOD variations as
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Plate 1. Comparisons of three estimates of the Cbi,
S51, and Cyg variations based on SPACE97 X, Y, and
LOD, LAGEOS 1/2 SLR data, and geophysical models.
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YLOP = ALOD/A,, (3)

where ALOD is from SPACE97 and A, = 86,400,000
millisecond(ms), the nominal length of the day.

After subtracting wind and ocean current contribu-
tions from observed excitations (4%, ¥, and $OP) us-
ing NCEP reanalysis AAM [Salstein and Rosen, 1997)
and POCM results [Johnson et al., 1999], we use the
residual excitations (YX,c, Yhass, and YLID) to esti-
mate Cai, So1, and Coy variations (called C5PACEYT,
SSPACEIT - and CSFACEOT hereafter) using (1). Wind
excitations are computed from the surface to the top
of the NCEP reanalysis model, i.e., 10 mb, and the
second-order motion terms are neglected [Barnes et al.,
1983]. Ocean current excitations are relatively less well
determined owing to limitations from model develop-
ment. Even though wind effects dominate LOD vari-
ation, ocean current contribution to LOD is, however,
much smaller and only accounts for a few percent of
wind excitation [Johnson et al., 1999]. Both winds and
ocean currents are not a dominant contributor to polar
motion excitation.

2.2. LAGEOS SLR Determination

SLR tracking data of LAGEOS 1 and LAGEOS 2
have been used to determine time series of gravitational
field harmonics up to degree 5 [Eanes et al., 1997].
Tracking data from the two satellites are able to iso-
late the degree two harmonics of the mass distribution
from the higher degree harmonics with reasonable accu-
racy. 021, 521, and Cgo (called CQS%‘R, S;{‘R, and CQSOLR
hereafter) time series used in this study span the period
October 1992 (when LAGEOS 2 was launched) to Oc-
tober 1998. C5FR and SSIR series are sampled about

every 12 days, and the C5¢® series is sampled every 3
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days. These time series show significant seasonal and
intraseasonal variability, which are not well understood
because of the lack of independent techniques to confirm
them.

Polar motion and the degree 2 order 1 gravitational
change (Cs; and Ss;1) cannot be simultaneously solved
using either LAGEOS 1 or LAGEOS 2 alone. However,
because polar motion effects on satellite orbital per-
turbation are dependent on satellite inclination [Kaula,
1966], when combining the two satellites’ observations,
both polar motion and C2; and Ss; can be solved [Eanes
et al., 1997].

2.3. Geophysical Model Predictions

In addition to the Earth rotational observations and
LAGEOS SLR tracking data, the Cs1, Sa1, and Cyg
variations are also estimated from mass load variations
due to atmospheric pressure, continental water stor-
age, and nonsteric sea level changes (called C52°P:
SSEoPhY- - and Coe°PMY hereafter). The atmospheric
data are from the NCEP reanalysis [Kalnay et al., 1996]
surface pressure field, with 6-hourly time sample and
a 2.5° x 2.5° spatial resolution for the period Jan-
uary 1973 to April 1998. Continental water storage
changes are estimated from the soil moisture and snow
fields from NCEP Climate Data Assimilation System 1
(CDAS-1) [Kalnay et al., 1996]. The soil moisture and
snow data are given monthly on a Gaussian grid span-
ning the period January 1958 to September 1998. The
soil moisture estimates are for two layers, surface to 10
cm depth and 10-200 cm depth.

Oceanic contributions are computed from nonsteric
sea level changes using TOPEX/Poseidon satellite al-
timeter data and a steric sea surface height model
[Chen et al., 2000]. The TOPEX/Poseidon sea sur-

Table 1. The Amplitude and Phase of Annual and Semiannual Variations of Cay,
Ss1, and Cso Estimated Using the Least Squared Fit for the Results Derived from
SPACE97 X, Y, and LOD Time Series, LAGEOS 1/2 SLR Tracking Data, and

Geophysical Models

Sources Annual Semiannual
Amp Phase, Amp Phase,

(x1071%) deg (x10719) deg
C21 SPACE97 0.20 125 0.12 98
Ca LAGEOS 1/2 SLR 0.35 59 0.17 160
Ca Geophysical Models 0.25 192 0.31 33
S21 SPACE97 0.50 125 0.23 265
S21 LAGEOS 1/2 SLR 0.53 65 0.15 206
S21 Geophysical Models 1.2 68 0.23 234
C20 SPACE97 0.37 54 0.80 54
Ca0 LAGEOS 1/2 SLR 1.1 35 0.40 130
C2o Geophysical Models 1.5 43 0.22 108

The phase ¢ is defined as sin(27 ft + ¢), and the epoch ¢ is referred to January 1, 0000

UT.
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face anomaly data include cycles 10 - 221 (Decem-
ber 1992 to September 1998, 10-day repeat cycle) and
are averaged into a 1° x 1° grid [Tapley et al., 1994].
The C5eoP™ | SGeOPRY: and CSe°PYY: are computed us-
ing a very s1m11ar approach described by Chen et al.
[1999]. An inverted barometer (IB) correction, assum-
ing a constant reference sea surface pressure, has been
applied to both atmospheric surface pressure data and
TOPEX/Poseidon data [Callahan, 1993].

3. Result and Comparison

3.1. Seasonal Variability

SPACE97 SPACE9QT7 SPACE97
C2 1 ) S 21 020

, and variations esti-
mated from observed X, Y, and LOD excitations are
shown by blue curves in Plate la, 1b, and 1lc, respec-
tively, superimposed by corresponding estimates from
LAGEOS SLR tracking data (shown by green curves)
and geophysical models (shown by red curves). A 12-
day moving average filter was applied to CypACE7,
SSPACEST - (xGeophy. - and SSEOPRY series, and a 3-day
moving average filter was applied to C5¢ACE97 and
CGe°phy’ series. This gives them approximately the
same bandwidth as the CSL'® and S5F® estimates that.
sampled every 12 days and the C’SLR series sampled ev-
ery 3 days. The amplitude and phase of annual and
semiannual variations of Ca;, Ss1, and Cy are esti-
mated by the least squares and listed in Table 1.

Some reasonable agreements appear among the esti-
mates from three different approaches at a broad band
of frequencies, especially among the seasonal variations
of So1 and Cyp. The Cy; variations show a relatively
poorer agreement with each other (see Table 1), which
is likely due to the weaker seasonal variability of Cy;
(30-50% of those of Cyp and Sa1). The relatively weaker
Cb; variations, corresponding to the mass-induced ex-
citations of polar motion X, are generally attributed
to the geographic distribution of the continents, which
are more close to the Y axis. Therefore the So; vari-
ations (or Y excitations) are relatively more sensitive
to the strong seasonal variations over the continents,
including atmospheric surface pressure and continental
water storage changes. The pressure variations over the
oceans are more or less canceled out by the IB effects,
although the mechanism of IB effects are still not com-
pletely understood.

The strong seasonal variability in the zonal Cy varia-
tions is due to the well-known large-scale zonal patterns
in atmospheric, oceanic, and hydrologic general circula-
tion systems. The C’SLR estimate agrees better with the
geophysical model predictions in both amplitudes and
phases compared to the LOD-derived results (Table 1).
The better performance of LAGEOS SLR tracking data
in determining the degree 2 zonal term, i.e., Cqg, is not
surprising. This is because, first, the Cy (also com-
monly expressed as J2 by a scale factor) variations are
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the best determined gravitational changes by LAGEOS
SLR data [e.g., Yoder et al., 1983; Gutierrez and Wil-
son, 1987; Cheng et al., 1989; Nerem et al., 1993; Gegout
and Cazenave, 1993; Chao and Eanes, 1995; Dong et al.,
1996;] owing to the natural sensitivity of LAGEOS to
Cso changes via precession of the satellite node, and sec-
ond, the wind effects are very dominant in driving LOD
variations and must first be removed from the observed
LOD variations. The latter makes the Cyy estimates
less accurate than the LAGEOS SLR determinations.
Therefore the CSFR should be more accurate and pre-
ferred.
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Plate 2. The comparisons of intraseasonal Cs;, So1,
and Cyp variations based on SPACE97 X, Y, and LOD,
LAGEOS 1/2 SLR data, and geophysical models. An-
nual and semiannual (or longer periods) variations are
removed from all time series.
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3.2. Intraseasonal Variability

Nonseasonal variations are shown in Plate 2 after
annual and semiannual variations in Table 1 are sub-
tracted from all time series. Visual inspection of Plate
2 suggests some degree of correlation among the series.
Figure 1 shows cross correlations between the SPACE97
estimates and geophysical model predictions and also
between the LAGEOS SLR solutions and geophysical
model predictions for intraseasonal Cs;, S21, and Cog
variations. The peak correlation coefficients at zero
phase lag are estimated from the cross-correlation time
series and listed in Table 2.
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Figure 1. Cross-correlation analysis for intraseasonal
Cs1, Sao1, and Cog variations between SPACE97 esti-
mates and geophysical model predictions (solid curves)
and also between LAGEOS 1/2 SLR solutions and geo-
physical model predictions (dashed curves) in units of
decibel (dB).
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It is quite evident from Plate 2 and Table 2 that there
is strong peak (a correlation coefficient estimate of 0.42)
at zero phase lag between CSPACEIT and CS°PY: | while
there is no notable peak between CSFR and CoeoP-.
The peak correlation coefficient between SSFACEST and
SSe°PY- is as large as 0.82 compared with the peak value
0.28 between SSLR and SSE°P™:. Both CSPACEST apd
CSFR are strongly correlated with Co®™: (see Plate
2 and Table 2). However, C5-F has a larger peak cor-
relation coefficient (0.69) than that of CSFACET (0.54),
indicating a consistent better performance of LAGEOS
SLR tracking data in determining the Csq variations at
both seasonal and intraseasonal timescales.

3.3. Power Spectral Analysis

We compute power spectral density of the three kinds
of estimates of Ca1, S21, and Cyg using Welch’s aver-
aged periodogram method with the results in Figure 2a,
2b, and 2c, respectively. Power spectral comparisons,
again, indicate that the CSPACET and SSPACEST egti-
mates are in considerably better agreement with geo-
physical model predictions in most of the frequencies
we examined (from annual or 1 cycle/yr to 15 cycles/yr;
see Figure 2). The C5LR and S5%°PYY: estimates show
higher annual amplitudes (Figure 2a and 2b) than the
others, as indicated in Table 1. The C5y® estimate
yields more similar power spectral features to Cay°P™:
(Figure 2c), which is consistent with what we have seen
from the above cross-correlation analysis.

4. Discussion

This study is a new attempt to estimate the degree
2 gravitational variations Cs1, S21, and Cg using the
Earth rotational observations, provided that the wind
and ocean current excitations can be effectively modeled
and removed from the observed X, Y, and LOD obser-
vations. This approach provides an independent means
to study these long-wavelength gravitational variations,
in addition to LAGEOS (or multisatellite) SLR, track-
ing and geophysical modeling, and takes the advantages
of the accurately determined X, Y, and LOD variations
and the dense sampling rate of these time series. The re-
sults from this study indicate that polar motion Xand Y
have the potentials to be more accurate than LAGEOS
SLR tracking in determining Cs; and Ss; variations,
especially at intraseasonal timescales. The LAGEOS
SLR tracking has been demonstrated to be more reli-
able than the LOD measurements in deriving the degree
2 zonal Csq variations.

The results and conclusions of this study may be af-
fected by many effects. The first and also the most
important one is the modeling of wind and ocean cur-
rent excitations. Although the atmospheric wind ef-
fects are fairly well understood and modeled in the at-
mospheric models [Dickey, 1993; Salstein and Rosen,
1997], the ocean current excitations are not quite well



16,276

Table 2. The Peak Correlation Coeflicients at Zero
Phase Lag Between SPACE97 Estimates and Geophys-
ical Model Predictions and Between LAGEOS SLR So-
lution and Geophysical Model Predictions

Sources Ca1 Sa1 Cao
SPACE97-Geophy. 0.42 0.82 0.54
SLR-Geophy. 0.09 0.28 0.69

understood because of the relatively less observational
constraints in ocean general circulation models [Semi-
ner and Chervin, 1992; D. Stammer et al., unpublished
manuscript, 1998]. However, because ocean currents
are not a significant contributor to X, Y, and LOD ex-
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Figure 2. Power spectral density for (a) Ca1, (b) So1,
and (c) Co variations estimated from SPACE97 (solid
curves), LAGEOS 1/2 SLR (solid curves with circles),
and geophysical models (dashed curves).
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citations [Marcus et al., 1998; Johnson et al., 1999], the
errors introduced by using POCM ocean current exci-
tations should be relatively small. This assumption is
supported by the good agreements between SPACE9T7-
derived (', and S; variations and geophysical model
predictions.

Despite the good agreements and correlations for par-
ticular frequencies and terms some discrepancies are
obvious between the three independent estimates of
C1, So1, and Cyo variations, especially at seasonal
timescales. Any of these three estimates, SPACE97
estimates, LAGEOS SLR solutions, and geophysical
model predictions could be responsible for the discrep-
ancies. However, the LAGEOS SLR solutions and geo-
physical model predictions may be a bigger contribu-
tor for the errors in Cy; and So; variations, especially
the geophysical model predictions. Except for atmo-
spheric surface pressure contributions, the continental
water and oceanic mass redistributions are all among
the least known processes in the Earth system. The
major discrepancy in Cyo estimates is that the LOD-
derived seasonal amplitude is too small (0.4 x 10710)
compared to the LAGEOS SLR solution (1.1 x 10710)
and geophysical model prediction (1.5 x 10719), even
though the phases agree quite well (see Table 1). This
is more likely due to the LOD estimates because of the
difficulties in removing the strong and dominant wind
effects in LOD variations.

A better estimation of these geodetic quantities may
rely on the improvements of LAGEOS (or other satel-
lites) SLR techniques and also on the improvements of
geophysical modeling of the atmosphere, hydrosphere,
and oceans, especially the outputs from some new data-
assimilating systems for the hydrosphere and the oceans,
e.g., a new ocean general circulation model assimilat-
ing TOPEX/Poseidon satellite altimeter data. An-
other vital opportunity, which will dramatically im-
prove our knowledge of these gravitational changes,
is the observations from future gravity missions, e.g.
GRACE, which will lead to revolutionary improvements
on modeling mass redistribution and movement in at-
mospheric, hydrologic, and oceanic models. However,
at very long wavelength (or very low degree) the accu-
racy of GRACE data is very close to that of the LA-
GEOS SLR tracking data [Tapley and Reigber, 1998].
Therefore the Earth rotational observations and SLR
tracking data will still play an important and unique
role in determining the very low degree gravitational
variations. The three independent estimates of Csy,
So1, and Cog variations provide a means to derive an
optimally combined solution of Cs;, Sa1, and Cap time
series in the future, which could be used as a constraint
to the GRACE measurements.
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