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1 INTRODUCTION

SUMMARY

The change in the rate of the Earth’s rotation, length-of-day (LOD), is principally the result
of movement and redistribution of mass in the Earth’s atmosphere, oceans and hydrosphere.
Numerous studies on the LOD excitations have been made from climatological/hydrological
assimilation systems and models of the general circulation of the ocean. However, quanti-
tative assessment and understanding of the contributions to the LOD remain unclear due
mainly to the lack of direct global observations. In this paper, the total Earth’s surface flu-
ids mass excitations to the LOD at seasonal and intraseasonal timescales are investigated
from the Jet Propulsion Laboratory Estimating Circulation and Climate of the Ocean (ECCO)
model, the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis and the European Center for Medium-Range Weather
Forecasts (ECMWF) Re-analysis (ERA)-Interim, GRACE-derived surface fluids mass and the
spherical harmonics coefficient Cyy from the satellite laser ranging (SLR) as well as com-
bined GRACE+SLR solutions, respectively. Results show that the GRACE and the combined
GRACE and SLR solutions better explain the geodetic residual LOD excitations at annual and
semi-annual timescales. For less than 1 yr timescales, GRACE-derived mass is worse to ex-
plain the geodetic residuals, whereas SLR agrees better with the geodetic residuals. However,
the combined GRACE and SLR results are much improved in explaining the geodetic residual
excitations at intraseasonal scales.

Key words: Time series analysis; Satellite geodesy; Time variable gravity; Earth rotation
variations.

as well (Hopfner 1998; Gross et al. 2004). Therefore, interpre-
tation of the LOD change is sensitive to the used climatological
model.

The rate of Earth’s rotation, that is, the length-of-day (LOD), is
varying with up to a millisecond (ms) per day at the timescales
from days to decades (Munk & MacDonald 1960). This change
in the rate of the Earth’s rotation is mainly driven by fluids mass
redistribution and movements within the Earth system, including
the atmosphere, ocean, hydrosphere, cryosphere and solid Earth.
With the advent and improvements of climatological/hydrological
assimilation systems and models of the general circulation of the
ocean, it has provided an opportunity to investigate the excita-
tions of the LOD variations (e.g. Barnes et al. 1983; Wahr 1983).
The atmospheric angular momentum (AAM) from climatological
assimilation models, for example, the products of the National Cen-
ters for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis, was a dominant contributor
to the LOD variation (e.g. Eubanks et al. 1988). In particular, the
zonal wind variations in atmospheric general circulation models
are responsible for about 90 per cent of observed LOD variability,
while atmospheric pressure also provides important contributions
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Additional variability in LOD arises from variations in oceanic
angular momentum (OAM) and hydrological angular momentum
(HAM). The OAM, including ocean bottom pressure (OBP) and
currents terms, provides a significant part of the non-atmospheric
LOD excitations based on studies from Ocean General Circulation
Models (OGCMs), for example, the parallel ocean climate model
(POCM), the Estimating Circulation and Climate of the Ocean
(ECCO) non-data-assimilating model (ECCO-NDA), the ECCO
data-assimilating model (ECCO-DA) and a number of barotropic
ocean models (BOMs) (Wahr 1983; Marcus et al. 1998; Johnson
et al. 1999; Gross et al. 2004). Results from the models studies
show that ocean mass redistribution and circulation explain most of
the residual of LOD excitations that has not been accounted for by
the atmosphere (Marcus et al. 1998; Chen et al. 2000; Gross et al.
2004). Unfortunately, these results rely on ocean models that have
relatively few observational data as input. Therefore, fully under-
standing oceanic effects on the LOD remains a challenging issue.
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The main limitation is the lack of global oceanic observation data.
The remaining LOD residuals after removing the atmospheric and
oceanic contributions are believed to be excited by the terrestrial
water storage (TWS), including changes of soil water, snow and
ice sheets and ground water. The hydrological excitation has been
traditionally studied and estimated from global hydrological mod-
els. However, various models give significantly different results in
LOD amplitudes and phases at the seasonal timescales and one
conclusion drawn from this is that they may not represent the com-
plete hydrological variation (Chen et al. 2000). Furthermore, the
TWS has not been adequately measured at the continental scale
(Lettenmaier & Famiglietti 2006), primarily due to the lack of a
comprehensive global network for routine hydrological parameters
monitoring.

The Gravity Recovery and Climate Experiment (GRACE) mis-
sion, launched in 2002 March, provides a unique opportunity to
estimate global mass distribution within the Earth system, for ex-
ample, terrestrial water storage (TWS; Syed et al. 2008) and ocean
bottom pressure (OBP; Boning e al. 2008; Chambers & Willis
2008). More importantly, the GRACE measurements are the first
global direct observations of TWS and OBP variation, rather than
the output or simulation from a model. In this paper, we assess the
total Earth’s surface fluids mass contributions to the LOD at seasonal
and intraseasonal timescales for period longer than 1 month from
GRACE and the Jet Propulsion Laboratory (JPL) ECCO model,
the NCEP/NCAR reanalysis products and the European Center for
Medium-Range Weather Forecasts (ECMWF) Re-analysis (ERA)-
Interim data. In addition, as the total mass excitations of the LOD
are related to the spherical harmonics coefficient Cy of the geopo-
tential (Wahr et al. 1998), the mass contributions to the LOD are
also estimated from the satellite laser ranging (SLR) that has been
an effective technique for measuring the lowest degree even-zonal
harmonics (especially Cyg, also called Earth oblateness J, in the
literature) (e.g. Yoder e al. 1983, Rubincam 1984, Cheng & Tapley
2004). In the following discussion, the mass excitations of the LOD
are further compared with the combined solution from GRACE and
SLR.

2 LOD EXCITATION

The relationship between the observed LOD and its excitation can
be mathematically expressed by complex notation in an earth-fixed
coordinate system. The response to the LOD excitation is approxi-
mately expressed as (Munk & MacDonald 1960; Lamkeck 1980)

m3 = —X3, (1

where m; = ALOD/LOD, LOD is the nominal length of day of
86400 s, and 3 is so-called LOD excitation, including surface mass
load change term (x3"**) and atmospheric winds or ocean currents
term ()3"°°"). In a given gridpoint (latitude ¢, longitude A and time
1), the LOD excitations (x3"*** and X;“"“"“) can be written as follows
(e.g. Eubanks 1993):

0.753R*
X;nass — Cig // P Cos3 g[)d)\dgl), (2)
, 0.998R?
oton — e /// U cos” pdpdidg, 3

where R and  are the mean radius and mean rotation rate of the
Earth, respectively, g is the gravitational acceleration on the Earth
surface, C,, is the principal inertia moments of the Earth’s mantle,

and P and U are the surface pressure (mass term) and the zonal
velocity (e.g. wind or ocean currents), respectively.

As surface mass change can be represented by the spherical har-
monics coefficient of the geopotential (e.g. Chao & Gross 1987;
Wahr et al. 1998), one can derive the following relationship be-
tween surface mass excitation (x3'*°) and the degree 2 and 0 zonal
spherical harmonics (mass decomposition), C, and Cy as (Bourda
2008; Chen & Wilson 2008):

mass | 0.753R*M 2

X3 = 1+ ké)cm : 3(ACOO «/gAczo), 4
where M is mass of the Earth, k&) = —0.301 is the degree-2 load
Love number and ACy, represents the total mass change AM/]%
The mass is usually not conserved in individual component of the
Earth system, for example, the atmosphere, although its effect is
small. Therefore, the ACy in eq. (4) is not zero as the total mass
of that component will change. However, for global mass loads in
which the total mass is conserved, therefore ACy is assumed to be
zero.

3 DATA AND MODELS

3.1 LOD excitations from models

The AAM variations are responsible for the dominated contribution
to the LOD excitations (Eubanks ez al. 1988; Gross et al. 2004; Zhou
et al. 2006). The atmospheric contributions are well estimated from
six hourly excitation series based on the NCEP/NCAR reanalysis
(e.g. Salstein 1993). The daily averaged products are obtained from
the IERS Special Bureau for the Atmosphere (SBA), a joint effort of
Atmospheric and Environmental Research, Inc. (AER) and the U.S.
NCERP (http://www.aer.com/scienceResearch/diag/sb.html), includ-
ing atmospheric winds angular momentum (AAMw) and atmo-
spheric pressure angular momentum (AAMp) computed from the
surface to the top of the model at 10 hPa. The angular momen-
tum due to surface pressure variations is used by assuming that the
oceans respond as an inverted barometer to the overlying surface
pressure variations.

The ocean excitations to the LOD include contributions from
ocean currents and OBP variations. Recent advancements in data-
assimilating OGCMs have improved studies of oceanic effects on
polar motion and LOD (e.g. Gross et al. 2004). The model used in
many of these studies is the ECCO data-assimilating model (ECCO-
DA) run by Jet Propulsion Laboratory (e.g. Fukumori et al. 2000).
The JPL ECCO-DA is based on the Massachusetts Institute of Tech-
nology general circulation model (Marshall et al. 1997; Gross et al.
2004) and assimilates TOPEX/Poseidon and Jason-1 sea surface
height observations as well as in situ temperature and salinity mea-
surements. The model is forced by 12 hr surface wind stresses and
daily surface heat/freshwater fluxes and evaporation—precipitation
fields from the NCEP/NCAR reanalysis products (Fukumori et al.
2000). The coverage is nearly global from 80.0°S to 80.0°N latitude
with a latitudinal spacing ranging between 1/3 degree at equator
to 1 degree at high latitudes and a longitudinal resolution of 1°.
The model has 46 levels ranging in thickness from 10 m at the
surface to 400 m at depth (Gross 2009). In this study, the OAM,
including ocean bottom pressure term (OAM,) and ocean current
term (OAM,), are determined from the daily averaged values of the
ECCO model kf066b provided by the IERS Special Bureau for the
Oceans (http://euler.jpl.nasa.gov/sbo/), where the ECCO model is
not forced by atmospheric pressure variations.
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The hydrological excitations (HAM) of the LOD have been es-
timated from the new global hydrological land surface discharge
model (LSDM) with near real-time input data of daily Precip-
itation, Evaporation and Temperature from the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) Re-analysis
(ERA)-Interim (6h ECMWF operational) (Dill & Walter 2008).
The ECMWF interim reanalysis system has been developed with
an improved assimilation background model and additional obser-
vation data, including considering local effects from swamps and
flooded regions like the anthropogenic influences such as dams and
irrigation. Thus, the total surface mass excitations to the LOD can
be obtained from the models, including atmospheric pressure mo-
mentum (AAM,), ocean bottom pressure momentum (OAM,;,) and
HAM, that is, AAM,+OAM,+HAM (AOH).

3.2 Geodetic LOD excitations

With large improvements in geodetic models and processing strate-
gies, the precise Earth Orientation Parameters (EOPs) have been
produced from geodetic techniques, including Global Positioning
System (GPS), SLR, Doppler Orbitography and Radioposition-
ing Integrated by Satellite (DORIS), lunar laser ranging (LLR)
and Very Long Baseline Interferometry (VLBI). Here the re-
cent International Earth Rotation and Reference systems Service
(IERS) EOP time-series (IERS C04) are used with improved al-
gorithms from the combination of individual EOP series derived
from VLBI, GPS and SLR, fully consistent with the International
Terrestrial Reference Frame (ITRF) 2005 [http://hpiers.obspm.
fr/iers/eop/eopc04_05/C04_05.guide.pdf]. The full geodetic LOD
excitation y3, that is, geodetic angular momentum (GAM), is de-
rived from geodetic observations of the LOD. We then compute the
LOD residual excitations by the Earth’s surface fluids mass after
removing the atmospheric wind and ocean currents contributions
from the full geodetic observation, that is, GAM-AAM,,—OAM..

Understanding of length-of-day variations 653
Decadal LOD variations, presumed to be related to core—mantle
coupling, and a strong 5.6 yr oscillation (Chen et al. 2000) were
removed via a high-pass filter with cut-off frequency at one cycle
in 4yr. Fig. 1(a) shows the geodetic observed residuals of non-
wind/currents excitations, that is, GAM-AAM,—OAM. (GWC),
where the thick curve represents the low-frequency signals esti-
mated from a low-pass filter with a cut-off frequency at one cycle
in 4yr, and Fig. 1(b) is geodetic observed LOD residuals of non-
low-frequency signals.

3.3 Mass excitation from GRACE

The total mass excitations to the LOD can be estimated from the
spherical harmonics coefficient C,, of the geopotential. Since the
GRACE is not sensitive to Cy, the original degree-2 coefficient
Cyo from GRACE is not used for LOD excitation computation.
While it is determined using the GRACE-derived gridded mass
values from the latest full gravity field coefficients (Release-04)
with degree and order of up to 60, such as TWS and ocean mass
change estimates (Bingham & Hughes 2006; Chambers & Willis
2008; Syed et al. 2008), which are available from the GRACE
Tellus Web site (http://gracetellus.jpl.nasa.gov/data/mass/). In this
study, the surface mass contributions to the LOD are investigated
using the latest GRACE gravity field solutions (Release-04) from
the Center for Space Research (CSR) at the University of Texas,
Austin. The data have been corrected and smoothed into monthly
maps of TWS with a 0 km Gaussian smoothing and ocean mass
with a 300 km Gaussian smoothing. We use the monthly data from
2002 August until 2008 November, except for 2003 June and 2004
January. No data were available in 2003 June for a solution, and
the 2004 January solution was based on less than 15 d of data. The
land water and sea water mass excitation to the LOD, x3, can be
calculated by using TWS and ocean mass (in appropriate units) in
place of P in eq. (2). And then the total mass excitations to the LOD
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Figure 1. Geodetic observed residuals of non-wind/currents LOD excitations (GAM-AAM,—0OAM,) (a) and non-low-frequency signals (b). The thick curve
represents the low-frequency signals estimated from a low-pass filter with a cut-off frequency at one cycle in 4 yr.
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are obtained after adding the surface atmospheric pressure portion
from the ECMWF model. Here, the total mass excitations of the
LOD are calculated using the GRACE-derived TWS estimate plus
GAC product estimate from GRACE data files (representing ocean
and atmosphere mass parts).

3.4 LOD excitation from SLR

The SLR is significantly sensitive to the gravity signal, particularly
the low degree coefficient Cyy (e.g. Yoder ef al. 1983; Rubincam
1984; Cheng & Tapley 2004), so it has been an effective technique to
measure low degree gravitational changes. The C,, time-series are
estimated from the analysis of SLR data with five geodetic satellites:
LAGEOS-1 and 2, Starlette, Stella and Ajisai (Cheng & Tapley
2004), provided by the GRACE project (courtesy of Minkang Cheng
at CSR) in which they are used to validate GRACE estimates of
degree-2 spherical harmonic coefficients. The background gravity
models used in the SLR analysis are consistent with the GRACE
Release-04 processing, including corrections from solid Earth tides
(McCarthy & Petit 2004), oceanic tides using the FES2004 model
(Lyard et al. 2006) pole tide (McCarthy & Petit 2004) and ocean
pole tide (Desai 2002). Therefore, the total mass excitations to the
LOD can be derived from the SLR C,, products based on eq. (4).

3.5 LOD excitation from combining SLR and GRACE

With improvements and updates of new background gravity models
and tide models, recent products in the GRACE ‘Release 04’ have
been greatly improved. However, the coefficient C,, obtained from
GRACE is still not good and contaminated by ocean tide model er-
rors (Chen & Wilson 2008). Although SLR is an effective technique
for measuring the lowest degree even zonal harmonics, especially
Cy (see Section 3.4), the SLR tracking network is relatively sparse,
particularly in the Southern Hemisphere. Therefore, the LAGEOS
1/2 and GRACE data are further combined to estimate the low
harmonics coefficient C».

Fig. 2 shows the flow chart of LAGEOS 1/2 and GRACE com-
bination. LAGEOS 1/2 orbits are computed with the same orbit
processing standards as those applied for GRACE. LAGEOS 1/2
SLR data are processed per 10-d arcs, while GRACE data are per
1-d arcs. The combined gravity field solutions are generated through

Ground GPS data LAGEOS 1/2
GRACE GPS-SST SLR data
GRACE K-band range rate
GRACE orbits & normal
equations (n=m=1, 50)
LAGEOS 1/2
+ orbits & normal
Combination of normal | equations
equations (n=m=1, 30)
Combined gravity field
solutions

Figure 2. Flow chart of LAGEOS 1/2 and GRACE combination.

combining normal equation from LAGEOS and GRACE. Here the
10-d combined solutions provided by GRGS (Groupe de Recherche
de Géeodéesie Spatiale, Toulouse, France) are used, where LA-
GEOS data provide over 90 per cent of the information on the
coefficient Cy of the gravity field. More information is referred as
(Biancale et al. 2009). The gravitational variations such as solid
Earth tides (McCarthy & Petit 2004), oceanic tides using the
FES2004 model (Lyard er al. 2006), pole tide (McCarthy &
Petit 2004) and ocean pole tide (Desai 2002) have been taken into
account in the processing of the data, similar with the CSR GRACE
Release-04 processing. The combined SLR and GRACE C5 prod-
ucts are used to estimate the total mass excitations to the LOD based
on eq. (4).

4 RESULTS AND DISCUSSIONS

The geodetic LOD residuals (GAM-AAM,,—OAM,) and models’
excitations AOH (AAM,+0OAM,+HAM) are normally given at a
sampling of 1 day, while GRACE presents a monthly solution and
the combined SLR and GRACE solutions are given at approxi-
mately 10-d sampling. These time-series are smoothed by a 30-
d sliding window, and resampled at the same 1-month interval as
GRACE results. Fig. 3 shows the monthly Earth’s surface mass exci-
tation time-series of the LOD (2002 August—2008 November). The
blue line stands for the geodetic residual LOD of non-atmospheric
wind/currents excitations (GAM—-AAM,,—OAM.), the black line is
the models’ estimate AOH (AAM,+OAM,+HAM), the green line
is the SLR Cj estimate, the cyan line is the estimate from GRACE-
derived mass and the red line is the combined SLR and GRACE
Cy estimate. Table 1 shows the cross-correlation coefficients and
rms between geodetic residual (LOD) and excitations from models
and observations. The maximum correlation coefficients at the zero
phase lag between the geodetic residual LOD and excitations from
models and observations are nearly close, indicating a similar vari-
ation pattern in different excitation time-series with geodetic obser-
vation residual. However, the excitation from the model estimates
(AOH) has the biggest rms of 99.39 us (microsecond) with the
geodetic residual LOD, but closer to the excitations from different
observations (Table 2), while results from GRACE-derived surface
mass, SLR or combined SLR+GRACE C,, estimates, are closer to
the geodetic residuals with a smaller rms of about 70 s (Table 1),
indicating that GRACE-derived mass, SLR or SLR+GRACE com-
bined solutions better explain the geodetic residual LOD excitations.

In the following, we will investigate the LOD excitations at sea-
sonal and intraseasonal timescales and evaluate the ability of LOD
excitations from GRACE, SLR or models to close the budget of
GAM-AAM,,—OAM, = AAM,+0AM,+HAM, where the GAM
represents the full geodetic LOD excitations, AAM,, is the atmo-
spheric wind portion, OAM_ is the ocean current portion, AAM,
is the atmospheric pressure portion, OAM,, is the portion related to
OBP variations and HAM is the hydrological portion.

4.1 Seasonal LOD variations

The monthly excitation time-series of the LOD have shown clearly
a significant seasonal variation in the geodetic observation residual
and surface mass excitations from observations and models. Using
the method of least-squares fit to a bias, trend and seasonal pe-
riod sinusoids, the amplitude and phase of annual and semi-annual
variations of the LOD excitations are estimated from geodetic
observation residuals and excitation time-series (2002 August—2008
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Figure 3. Monthly Earth’s surface mass excitation time-series of the length-of-day (LOD) variations from geodetic observation residuals LOD
(GAM-AAM,,—OAM,) (blue line), models’ estimates AOH (AAM,+OAM,+HAM) (black line), SLR Cp estimates (green line), GRC mass estimates

(cyan line) and combined SLR and GRC Cyg estimates (red line).

Table 1. Cross-correlation coefficients and rms between geodetic residual
(LOD) and excitations from models and observations.

Table 3. Amplitude and phase of annual and semi-annual variations of
length-of-day excitations from observations and models.?

Intraseasonal LOD

Full LOD time-series time-series

Excitations Max. corr. rms (s) Max. corr. rms (us)
AOH 0.56 99.39 0.63 27.40
SLR 0.55 63.07 0.77 23.38
GRC mass 0.46 70.33 0.56 29.30
GRC+SLR 0.56 64.58 0.66 26.57

Table 2. Cross-correlation coefficients and rms between models excitation
(AOH) and geodetic residual (LOD) and observation estimates.

Intraseasonal AOH

Full AOH time-series time-series

Excitations Max. corr. rms (us) Max. corr. rms (us)
LOD 0.56 99.39 0.63 27.40
SLR 0.67 79.42 0.82 11.85
GRC mass 0.59 63.91 0.71 17.03
GRC+SLR 0.59 78.89 0.81 15.75

November). Table 3 lists the amplitude and phase of annual and
semi-annual variations with their uncertainties for the LOD excita-
tions from observations and models. For the annual period, the am-
plitudes and phases from SLR, GRACE and SLR+GRACE excita-
tions are nearly close to the geodetic residuals of non-wind/currents
excitations, excluding a little small amplitude from GRACE mass
estimates, while the models’ estimate (AOH) is worse to explain
the geodetic residuals with a larger phase shift. The better agree-
ment with the observed residuals is the estimate from combined
GRACE and SLR Cy in phase and in the amplitude. However,
agreement at the semi-annual period is relatively poorer, particu-
larly in the phase. The GRACE or the combined GRACE and SLR
Cy estimate is closer to the LOD residuals in the phase and others
are a bit less or larger in the amplitude or phase. The amplitude

© 2011 The Authors, GJI, 184, 651-660
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Annual Semi-annual
Amp (us) Phase (°) Amp (us) Phase (°)
LOD 647+17 —1020+14 278+17 —1043+33
LOD (all 719 + 1.7 —864+12 425+1.7 —63.6 £2.2
winds)
AOH 672+ 1.5 —383+13 237+£1.5 —30.6 £3.7
SLR 689+07 —1265+0.6 13.1+0.7 —1.7+£33
GRC mass 422 +0.9 —8l14+1.1 622+09 —62.3+0.8

GRC4+SLR 71.0+1.0 —1203+£08 229+1.0 —589+25

“The amplitude c and phase ¢ are defined as csin(27 (¢ —to)/p +¢) from
monthly time-series, where f is January 1 and p is the period. Amp is
amplitude, us is microsecond, LOD is geodetic observation residual of
non-wind/currents excitations (GAM—AAM,,—OAM.), LOD (all winds) is
geodetic observation residual of non-wind/currents excitations with
removing all winds’ contributions, including upper winds from 10 hPa to
0.3 hPa, AOH is the total excitation of atmospheric pressure from the
NCEP-NCAR reanalysis (AAMp), ocean bottom pressure from the ECCO
model (OAM,;) and hydrology from the ECMWF Re-analysis
(ERA)-Interim, SLR is total mass excitation from SLR C5, GRC mass is
total mass excitation from GRACE-derived mass loads and GRC+SLR is
total mass excitation from combined GRACE+SLR C».

from GRACE-derived mass excitation is a little smaller than from
geodetic residual at annual scale, but much larger at semi-annual
scale. This may be the hydrology estimate from GRACE-processing
strategies or more contaminated by aliases as the TWS tends to have
much larger amplitude over smaller areas.

Furthermore, we analyse the LOD excitations and geodetic resid-
uals of non-wind/current excitations time-series using an N-point
FFT to obtain power spectral densities (PSD) (Fig. 4). A Hanning
window is used for the FFT analysis to reduce the errors in the
PSD. There is an interesting relationship in the PSDs at the annual
and semi-annual periods. Excitations from observations or models
have similar energy to the geodetic residuals at the annual period,
but the combined GRACE and SLR excitation has closer energy to
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Figure 4. Power spectrum density (us? cycles per year) of the geodetic
residual LOD (blue line) and other excitations from observations and mod-
els’ estimates. The two vertical dashed lines are at periods of 1 and 0.5 yr,
respectively.

the geodetic residuals at semi-annual period. These again indicate
that the combined GRACE and SLR estimate explains better the
observed residuals at seasonal timescales.

In addition, the errors in numerical model wind fields also affect
the geodetic residuals of LOD since the winds cause about 90 per
cent of LOD variations at seasonal timescales. The atmospheric
wind field contributions to the LOD are estimated using the recent
NCEP/NCAR model. The mass excitations from the SLR, GRC
mass and GRC+SLR observations have the better agreement at
annual scale with the geodetic residual LOD of non-wind/currents
excitations (Fig. 5a), indicating that the wind field variations at an-
nual timescales are well represented in the NCEP/NCAR model.
However, poorer agreements with geodetic residual LOD at the
semi-annual period are found (Fig. 5b), showing that the wind field
variations at the semi-annual scale are relatively worse determined
in the NCEP/NCAR model. Although the recent wind field of the
NCEP/NCAR model has made great progresses by adding details
of the evolution of tropical and extratropical cyclone wind field fea-
ture, winds from pressure levels above 10 hPa are not included in the
NCEP/NCAR reanalysis model. In this region it has only 1 per cent
of the atmospheric mass, while the strength of the zonal winds is
notable enough to affect seasonal LOD variations (Rosen & Salstein
1985). The upper wind fields from 10 hPa to 0.3 hPa (1992-2000)
are used to test from the results of Gross ef al. (2004) using data
from the United Kingdom Meteorological Office (UKMO). Table 3
lists the amplitude and phase of annual and semi-annual variations
of geodetic residual LOD (all winds), removing all winds contribu-
tions from ground to 0.3 hPa. It has shown that the excitations from
the GRACE and the combined GRACE and SLR are closer to the
geodetic residual LOD with removing all winds’ contributions at
seasonal timescales, particularly agreeing better at the semi-annual
excitation (Fig. 5). In the future, when more precise upper atmo-
spheric wind fields are available, it will further improve the winds
contribution and understanding in the LOD excitations.

4.2 Intraseasonal LOD variations

The intraseasonal LOD variations with period greater than 1 month
are further examined after removing the annual and semi-annual
signals as well as over 1yr period terms using a high-pass filter
with a cut-off frequency of 1 cycle yr ! from all LOD excitations
time-series. Fig. 6 is the intraseasonal LOD variation time-series

(a) Annual LOD variations
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Figure 5. Phasor plots of annual (a) and semi-annual (b) variations for
LOD of geodetic observation residuals, LOD (all winds) with removing all
winds’ contributions, including upper winds from 10 hPa to 0.3 hPa, AOH
from models’ estimates, SLR from SLR C5( estimates, GRC mass from
GRACE mass estimates and GRC+SLR from combined SLR and GRC Cpg
estimates.

from geodetic observation residuals LOD (blue line), models’ es-
timates AOH (black line), SLR C,, estimates (green line), GRC
mass estimates (cyan line) and combined SLR and GRC C5 esti-
mates (red line), showing large intraseasonal variability. To quan-
tify which excitations agree better with geodetic residual LOD
(GAM-AAM,,—OAM.,) at intraseasonal scales, we have computed
cross-correlation coefficients (Fig. 7), where the dashed lines repre-
sents the 99 per cent confidence levels calculated from the upper 1
per cent point of the F-distribution. The maximum correlation coef-
ficient at the zero phase lag between the SLR estimate and geodetic
residual LOD is significantly higher than those from models and
GRACE excitations with geodetic residual LOD. Meanwhile, the
rms after of the residuals (LOD minus SLR excitation) are also
smallest (Table 3). It has indicated that the SLR estimate agrees
better with geodetic residual LOD at intraseasonal scales. However,
results from GRACE-derived mass excitation are relatively bad in
explaining the intraseasonal LOD variations.

This appears to be due to the larger 1-3 month period fluctuations
in 2004 and 2005 in the GRACE estimates (Fig. 6). These results
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are removed from all LOD excitations time-series.
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SLR Cy estimates (green line), GRC mass estimates (black line) and combined SLR and GRC Cyg estimates (red line). The horizontal dashed line represents

the 99 per cent confidence level.

indicate that the GRACE data cause high-frequency variations in
the estimated LOD excitations that are not reflected in the direct
observations or the models (Jin et al. 2009). One can also use
coherence analysis to further study excitation series in the frequency
domain (Wilson & Haubrich 1976; Kuehne & Wilson 1991). The
estimates of the squared coherence of the various excitation time-
series are shown in Fig. 8. It is clear to see that the coherence
between SLR and geodetic residuals (LOD) is significantly larger
than that for the model estimates at frequencies lower than about
three cycles per year (cpy), while the results from GRACE-derived

© 2011 The Authors, GJI, 184, 651-660
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mass excitations are relatively lower than the model estimates at
most frequencies.

On one hand, although the latest GRACE gravity field solutions
(Release-04) from the CSR at the University of Texas at Austin
improved the tide model using the FES2004 (Lyard et al. 2006) and
other geophysical models, errors in these geophysical models used
in GRACE data processing might still contaminate gravity field
coefficients, aliasing at certain periods, such as the S, tide with a
period of 161 d (Seo et al. 2008). In addition, Schrama & Visser
(2007) estimated aliasing errors through simulated GRACE data and
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Figure 8. Magnitude and phase of the squared coherence for excitations from observations and models with geodetic observation residuals LOD. Annual,
semi-annual and over 1 yr period terms have been removed from all time-series by least-squares fitting and high-pass filter. The mean and trend are also

removed.

showed that signals at periods shorter than 3 months were not well
retrieved due to errors in geophysical background models. These
aliasing errors may degrade the explaining in the intraseasonal LOD
excitations from GRACE estimate.

On the other hand, the different high-frequency signals may be
related to the fact that while the GRACE coefficients are computed
monthly, they do not represent the same average as a monthly mean
of global daily variations (Jin et al. 2009). Local large fluctuations
in GRACE-derived mass loads when GRACE overflies the region
once during the month, may alias into a larger or smaller monthly
solution than a complete averaging of daily observations will give.
The combination of GRACE and other data may help explain the
low-frequency variations in LOD excitations, for example, combin-
ing with SLR. The maximum cross-correlation coefficient from the
combined GRACE and SLR C, estimate is much improved, larger
than from models or GRACE data alone, but still smaller than from
SLR data alone (Table 1). Meanwhile the rms of the residual (LOD
minus GRC+SLR excitation) is reduced, and the squared coherence
is improved at almost all frequencies (Fig. 8). Therefore, the LOD
excitation from combining GRACE and SLR Cy estimate is better
than models or GRACE data alone to explain the intraseasonal LOD
variations, while it is still not better than SLR alone. In addition,
the SLR estimate agrees best with the models in explaining the in-
traseasonal variations (Table 2), while combining GRACE and SLR
Cy estimate is better than GRACE data alone at most frequencies

(Fig. 9).

5 CONCLUSION

The total Earth’s surface mass excitations to the LOD at sea-
sonal and intraseasonal timescales are investigated and compared

with the GRACE-derived surface mass, the JPL ECCO model,
the NCEP/NCAR reanalysis products and the European Center for
Medium-Range Weather Forecasts (ECMWF) Re-analysis (ERA)-
Interim and spherical harmonics coefficient C; from SLR as well as
their combined GRACE+SLR estimates. For the annual period, the
excitations from GRACE and SLR observations are better than mod-
els’ estimates to explain the geodetic residuals of non-wind/currents
excitations, while the excitation from combined GRACE and SLR
Cy is much improved in explaining geodetic residual LOD. How-
ever, the semi-annual excitations are relatively poorer agreement
with geodetic residuals. This is due mainly to the effect of the up-
per atmospheric winds above 10 hPa. After removing all winds’
contributions from ground to 0.3 hPa, the excitations from the
GRACE or the combined GRACE and SLR data agree better with
the geodetic residual LOD at seasonal timescales, particularly at the
semi-annual excitation. For the periods less than 1 yr, results from
GRACE-derived mass excitations are worse in explaining the in-
traseasonal LOD variations, while the SLR solutions better explain
the intraseasonal residual of the LOD excitation. However, the com-
bined GRACE and SLR are better than GRACE alone in explaining
the geodetic residuals at intraseasonal timescales, but still not better
than SLR alone.
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