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Extended Abstract

Wobble and length of day (LOD) change are known as variations in the Barth rotation. The
wobble are dominated by two periodic circular motion: the Chandler wobble that is Earth’s
free motion with a period of about 14 month, and the annual wobble that is forced motion
with a period of one year. The wobble and LOD change are observed with a high accuracy
by space geodetic techniques for over two decades. On the other liand, those variations
perturb the Eartl’s gravitational potential that aflects surface gravity measurements. Such
surface gravity change is detected by the superconducting gravimeter (SG) which has very
high sensitivity and long-term stability. Precise ineasurements of wobble, LOD change and
gravity changes can provide us valuable information about a dynamies of the whole Larth.

The major dynamical processes causing the wobble and LLOD change are mass redistri-
bution and motion of the geophysical fluids on Earth’s surface (i.e. the atinosphere, ocean,
and hydrosphere), by which angular momentum exchanges arise between the fluids and the
solid Earth (the crust and mantle). Seasonal variations in LOD are almost explained by
atmospheric contributions, but excitation sources of the annual wobble and the Chandler
wobble also remains uncertain. One of this reason is little knowledge about the wind contri-
butions, comparing o those about the pressure contribution. The almospheric contributions
Lave been discussed through the atmospheric angular momentum (AAM) functions that con-
sist of effects of mass redistribution (pressure contribution) and relative angular momentum
(wind contribution), which are calculated from the global objective analysis data in four
dimensional data assimilation (4DDA) system for numerical weather prediction.

The solid Farth is deformed by responding to variations in the centrifugal force due
to the wobble. This response of the Earth is observed through the gravity change, which
is referred to as a gravity response. The gravity response 1s generally represented by the
gravimetric factor and phase, which imply the physical properties of Earth’s interior. These
parameters concerning the Chandler and annual wobbles are important to investigate Earth’s
dynamical response to the long-term forcing {several months to years). The surface gravity

change, however, contains the gravimetric effects of other dynamical processes besides the
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gravity response to the wobble. For the purpose of evaluating the gravity response to the
wobble, it is required to separate these effects from the observed gravity change, although
there are little knowledge about the gravimetric effects of the geophysical fluids at periods
from several months to a few years.

Thus we examine (1) atmospheric excitation of the wobble and (2) gravity response to
the wobble, in an attempt to discuss the relationship of ”cause and effect” about the wobble
from a self-consistent viewpoint of the Earth system dynamucs.

At first (in chapter 2), we discuss the atmospheric contributions to the annual wobble
examining the angular momentum budget for the atmosplere - mantle system. The data
used here are EQOPC04 for wobble data and two AAM functions which are calculated from
the operational objective analysis data of the Japan Meteorological Agency (JMA) and
the reanalysis data of the National Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) dwing 1983 - 1998, The two equatorial AAM
functions show different wind contributions to the observed annual wobble each other. Thus
we precisely calculate the wind contributions to the annual wobble, dividing wind AAM
functions into two wind contributions from zonal and meridional winds. It is discovered
that the wind contribution depends upon is corresponding difference between the large
zonal and meridional wind contributions, which have almost the same amplitudes but with
out-of-phase relationship. We further find that the different wind contributions between
JMA and NCEP/NCAR arise [rom the different regional meridional winds in troposphere
associated with the Asian monsoon that shows the most remarkable seasonal signal over the
world. Since JMA is thought to have a responsibility of forecasting the Asian monsooun, we
consider the wind contribution based on JMA to show a better agreement with the function
inferred from the annual wobble. It is found that the atmospheric variations have power
cnough to excite the Chandler wobble. The AAM function around the Chandler frequency
vaties with time having a similar amplitude and phase lead within 30° with respect to those
in the function inferred [rom the observed wobble during 1987 - 1995, and there are good
agreements in the aniplitude with zero phase dillerence between both functions in 1989
and 1991. Though the wind contribution dominates over the pressure contribution to the
Chandler wobble, the wind and pressure contributions vary with time to complement each
other, so that the atimospheric excitation power can have almost same power as that from
the observed wobble. Therefore we confirm that the atmosphere has enough power to excite
the Chandler wobble.

At second (in chapter 3), we study the Farth’s gravity response to the Chandler and

annual wobbles, using the EOPC04 for wobble, and three SG data observed at Esashi in



Japan (1580 days from Jan. 2, 1995), Canberra in Australia (300 days from Jau. 28, 1997),
and Syowa station in Antarctica (1740 days from Mar. 23, 1993). We first separate the tidal
components (1/3 day to 31 days), atmospheric gravimetric effect, and step-like perturbations
caused by the ea:rthqua.kes and the maintenance of SG, from the SG data sets, for the purpose
of examining long-period gravity changes with periods from 6 to 14 months. It is indicated
that the observed annual gravity change corrected for atmospheric gravimetric effect agrees
well with the predicted one within a discrepancy of 0.25 uGeal (1pGal = | x 1073m/5?)
at each observation site, applying five gravimetric eflects connected with the solid tide, the
ocean tide, the wobble, the equilibrium pole tide, and sea surface height (SSH) variations.
It is found that SSH variation is a significant source to cause annual gravity change at each
site. T'Le observed gravity respouse to the wobble, which is extracted by removing the four
gravimetric effects (solid tide, ocean tide, pole tide, and SSH) from the observed annual
gravily change, agrees roughly with theoretical elastic response. Comparing the nonseasonal
observed gravity change with that predicted from the nonseasonal wobble, we determine the
gravimetric factor and phase difference for the Chandler wobble at each observation site.
The results show the phase difference of about 10°, which is too large to be explained not
only by the effect of mantle anelasticity but also by the gravimetric effect of equilibrium pole
tide. We suggest a possibility that the SG observes the gravity change around thie Chandler
period arising from geodynamical phenomena accompanying with mass redistribution i the
ocean and the fluid core.

We discussed the excitation of the wobble and the gravity response to the wobble. On the
annual wobble, the remaining angular momentum budget for atmosphere - mantle system
would probably be expected to be explained by a contribution of SSH variation. This is
because the observed annual gravity change agree well with the predicted model in the
case of adding its gravimetric eflect with a large amplitude. On the Chandler wobble, it is
found that the atmospheric excitation power excessively supplies cuough energy to excite
the Chandler wobble, wliere the excess excitation power mentioned above is found to have
correlation with the activily ol 15l Nino, suggesting an oceanic coutribution to the Chandler
wobble. On the other hand, large phase difference for gravity response to the Chandler
wobble may be explaincd by gravimetric eflects ol such oceanic phenomena. All these {acts
suggest that dynanics of atmospheric excitation of the Chandler wobble link with whole
phenomena in the Earth system dynamics. The SG data in combination with satellite
gravily mission such as GRACE (Gravity Recovery and Climate Experiment) scheduled for
launch in 2001, is expected to monitor the mass transports in Earth system and provide

useful information about the dynamics of Ilarth system.
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Chapter 1

Introduction

1.1 Earth’s Wobble and Earth System Dynamics

Observed variations in Bartl’s rotation are defined as three phenomena: (1) the precession
and nutation, (2) wobble or polar motion, and (3) change in the length of day (LOD).
The precession and nutation are changes in an instantancous rotational axis of the Farth
with respect to the space, which are caused by Luni-Solar altractions on Earth’s equatorial
bulge. On the other hand, the wobble or polar motion is the variation in an orientation of
instantaneous rotational axis of the Earth with respect to its figure axis. The LOD change
is connected to the change in the rotational speed ol the Earth.

Among them, both the wobble and LOD change are described by variable components
of the instantaneous angular velocity vector of the mantle as defined in Figure 1.1. Namely,
the LOD change corresponds to its axial component, while the wobble corresponds to its two
equatorial components. By virtue of precise space geodetic techuiques sucli as VLBI (Very
long Base-line Interferometer), SLR(Satellite Laser Ranging), aud GPS (Global Positioning
System), these variable components are determined with an accuracy better than 1 milliarc-
second (mas) for the wobble and 0.1 milliseconds (ms) for the LOD change [see Smitle and
Turcotle, 1993, for a review], and they are published as Earth orientation parameters (12OP)
from the International arth Rotation Service (IERS).

The wobble and LOD change are recognized to be as oue of the global changes, and they
are tightly connected with dynamical processes within the whole Earth, such as elastic or
anelastic deformations of the mantle and irregular motions of geophysical fluids {i.e., atmo-
splere, ocean, hydrosphere, cryosphere, and fluid core) [ for a review, Munk and MacDonald,
1960; Lambeck, 1980]). The major dynamical processes causing the wobble and LOD change

are exchanges ol angular momentum between the mantle and the geophysical fluids, under
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the conservation of total angular momentun of the whole Earth. These exchanges are due to
mass redistribution on/within the Earth (including the mantle delormation) through inertia
products of the whole Earth and to relative angular momentuin of the geophysical fluids to
the mantle in the absence of external torques. We can identify the source to maintain the
wobble and LOD change through axial and equatorial angular momentum budgets between
the geophysical fluids and the mantle, in whiclh the angular momentum of the mantle 1s
inferred by deconvolving EOP. Fortunately, the recent precise measurements of the wobble
and LOD change enable to discuss these dynainical processes.

In general, non-tidal variations in the LOD are decomposed into long period, interannual,
seasonal, and high frequency variations. The seasonal and high frequency variations in the
LOD are attributed primarily to the exchange of angular momentum between the atimosphere
and the mantle, and contributions from other geophysical luids are not signilicantly larger
than an uncertainties in the observalion [Hide and Dickey, 1991; Dickey, 1993, for a review].
Although the interannual variations (fluctuations on time scales between one and five years)
in the LOD are maintained mostly by atmospheric variations, they are also reliably connected
with El Nino/Southern Oscillation and/or Quasi-Biennial Oscillation (QBO) [Chao, 1989;
Dickey et al., 1994]. The long period variations in the LOD are considered to be caused
mainly by tidal dissipation and post-glacial rebound for secular varations, and by core-
mantle interactions for decade variations [Eubanks, 1993, for a review]. Thus we may have
sufficient knowledge about excitation sources of the LOD changes.

The wobble is dominated by the Chandler wobble, a {ree oscillation of the Earth, with
a period of about 14 months and the annual wobble, a forced motion, with a period of one
year. The Chandler and annual wobbles have been argued by a lot of investigators since
their discoveries by S. C. Chandler in 1891 and by Kistner it 1384, respectively. This is
because their dynamics arc of broad interests over astronomy, climatology, oceanography,
hydrology, and geophysics [Munk and MacDonald, 1960; Lambeck, 1980; Eubanks, 1993, tor a
review]. For example, the eigenfrequency of the Chandler wobble reflects physical properties
and dynamics of the Larth, such as figures and density structures within the mantle and
ocean, elasticity or anelasticity of the mantle, and dynamical interaction between the fluid
core and the mantle [e.g. Smith and Dahren, 1981]. Though both frequency and dissipation
sources (that are mantle anelasticity and ocean bottom [rictions due Lo ocean response Lo the
wobble) of the Chandler wobble are almost well understood {e.g. Smath and Dahren, 1931;
Fubanks, 1993], the excitation sources of the Chandler wobble remain a mystery [Munk and
MacDounald, 1960; Lambeck, 1930; Fubanks, 1993, for a review]. In addition, the excitation

sources of the annual wobble have not been fully accounted for [e.g., Ning and Agnew, 1991].
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On the other hand, the wobble and LOD change cause perturbations in the centrilu-
gal potential of the Earth, which deform the mantle. Then mass redistribution due to the
deformation generates additional perturbations in the gravitational potential of the Farth.
Consequently, surface gravity changes due to the wobble and LOD change (hereafter referred
to as a gravity response) involve the variation in the centrifugal force, the effect of displace-
ment of observation point, and the additional perturbations in the gravitational potential.
Observed gravity responses to the Chandler and seasonal wobbles provide us useful infor-
mation about the physical properties of Earth’s interior such as the frequency-dependent
anelastic behavior in a frequency band much lower than seismic and short-periodic tidal
bands, in which Earth’s response is rarely measured [see, Wahr and Bergen, 19386].

The surface gravity changes are alfected by other gravimetric effects which are at-
tributable to tidal response and the mass redistribution of the geophysical fluids with periods
from several months to a few years. llence, we can never examine the gravity respouse to
the wobbles without separating these gravimetric effects from the observed gravity changes.
There, however, are a little knowledge about the gravity changes caused by geophysical fluids
dynamics that has a slight possibility to excite or dissipate the wobble at such period.

The study of both excitation and gravity response to the wobble is useful in understanding
the complicated dynamics ol the wobble. As mentioned above, the excitation and gravity
response can be discussed by using the theory and data obtained from other geophysical
fields such as meteorology, oceanography, and hydrology. Thus these discussions should be

carried out from the viewpoint of the Earth system dynamics.

1.2 Atmospheric Excitations of Wobbles and Numer-
ical Weather Prediction Data

The seasonal variations in the geophysical fluids on the Earth’s surface have been considered
as presumable sources to maintain the annual wobble; these variations are mass redistribu-
tion of the atmosphere [e.g., Wilson and Haubvich, 1976; Walr, 1983] and of the land water
and snow-ice [e.g., Chao and 'Conner, 1988; Kuehne and Wilson, 1991], and fluctuations in
the ocean bottom pressure and the ocean currents [e.g., Weahr, 1983; Celaya et al., 1999;
Ponte and Stammer, 1999]. Atmosplieric pressure variation and wind are known as the typ-
ical mass redistribution and relative angular momentun, respectively, dominating in these
seasonal variations. Thus we focus on the atmospheric contribution. Though the pressure

contribution was recognized to be a significant source to maintain the annual wobble, the
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wind used Lo be considered as a slight source untit Chao and Aw [1991] found a significance
of the wind contribution. Yet there are few studies that are concerned with the wind contri-
bution after their finding. We suspect that this historical lack of attention induce the failure
in explaining the complete excitation of the annual wobble.

The sources to excite the Chandler wobble (liereafter referved to as CW source) has
still remained a mystery [Eubanks, 1993]. What have been considered as the plausible CW
source are great earthquakes [e.g., Mansinha and Smylie, 1967; Dahlen, 1973; O’Connell and
Dziewonski, 1976], atimospheric mass redistribution [e.g., Wilson and Haubrich, 1976, Wahr,
1983], and mass redistribution of land water {e.g., Hinnov and Wilson, 1987; Kuchne and
Wilson, 1991]. Both seismic energy release of the great carthquakes and the inertia products
of the mantle associated with the displacements of the faults of the great earthquakes are
found to be too small to excite the observed Chandler wobble [¢.g. Kanamort, 1977; Gross,
1986]. The contribution {rom atmospheric mass redistribution is largest among them but
it gives only 20 - 30% of a necessary power as the CW source [Wilson and Haubrich, 1976,
Wahr, 1983]. Recently, Furuya et al. [1996, 1997] pointed out the possibility that the wind
contribution plays a major roles in the CW source.

['or a quantitative discussion on the atmospheric contributions to the wobble in these
decades, global objective analysis data in four-dimensional data assimilation (4DDA) system
for numerical weather prediction liave been employed as spatiatly homogeneous meteorolog-
ical data over the world. The atmospheric contributions based on the 4DDA data set are
referred to as the atmospheric angular momentum (AAM) function {Barnes et al., 1933].

The AAM functions have been computed lrom the global analysis data produced at
several world meteorological centers. They have been known to show different behavior in
equatorial wind contribution, despite that these metcorological centers all use essentially
the same meteorological data as inpul to their 4DDA system [e.g., [Fubanks ef al., 1938;
Gross and Lindquwister, 1992]. On the time scale of about 14 months, the equatorial wind
contributions based on the Japan Meteorological Agency (JMA) and the National Centers
for Environmental Prediction (NCEP) were also found to excite the Chandler wobble to a
different extent [Furuya et «l., 1996]. These differences are probably in the way of evaluating
the wind contribution to the Chandler and annual wobbles.

In order to clarify the atmospheric excitations of the Chandler aud annual wobbles, it is
important to solve the cause of the different hehavior in equatorial wind contributions and
to evaluate precise wind contributions using the AAM function computed from the glohal

analysis data.
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1.3 Earth’s Responses to the Wobbles and Supercon-

ducting Gravimeter Measurements

In general, the gravity response to the wobble is represented by the amplitude ratio (hereafter
referred to as the gravimetric factor) and phase difference between the observed gravity
change and that predicted from EOP archived in [ERS on the assumption of purely rigid
Earth {Loyer et al., 1999]. If the Earth is elastic, the gravity factor is considered to be 1.155
with zero phase difference at long period [Dehant et al., 1999].

A maximum amplitude of the predicted gravity change is about 4pGal(107%m/s?) at 14-
month periods. Such small and long period gravity change can be detected by a supercon-
ducting gravimeter (SG), which is superior 1o the classical spring gravimeters in sensitivity
and long-term stability [e.g., Richler, 1983, 1990; ftichter el al., 1995; Sato et al., 1997a;
Loyer et al., 1999]. The high sensitive property of SG, however, prevents simply nterpret-
ing the observed gravity changes, because SG can delect simultancously other gravimetric
effects assoclated with mass redistribution of the geophysical fluids through Newtonian at-
traction and surface loading effects. Atmospheric gravimetric effect has been argued by a
lot of investigators and is evaluated at the accuracy of the order of 0.1pGal despite that its
maximum amplitude exceeds 10uGal le.g., Mukai et al., 1995]. On the other hand, little
is known about oceanic gravimetric effect due to non-tidal sea surface height variations at
seasonal period.

The annual signal obtained from SG is demonstrated in previous studies, although its
dynamical interpretation is insuflicient [see, Richter, 1983, 1990;. On the other hand, SG
data provides the gravimetric factor and phase for the gravity response to the Chandler
wobble, and in consequence a considerable phase lag of about 20 days has been observed
[Sato et al., 1997h; Loyer i ol., 1999]. However, the geoplysical meaning of this phase lag
have never yet been explained.

Under the Global Geodynamics Project (GGP), a global network of SG has set up in
1997, and measurements will be continued until 2003 [Crossley et al., 1999]. Unfortunately,
there has never been any reports that make a comparison between the SG data sets obtained

from the GGP network in order Lo discuss the gravity response to the wobble.
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1.4 Purposes and Constructions of Thesis

Purposes of Thesis

The goal of this thesis is to investigate the dynamic structures of the Chandler and annual
wobbles through two studies: (1) precise examination into the atmospheric excitation of
both wobbles and (2) the evaluation of gravity response to both wobbles. Since those two
studies cannot be discussed without the understanding of the geophysical fluids dynamics
besides solid dynamics, they are argued from a sell-consistent viewpoint of the Earth system
dynamics.

The major purpose of (1) is to confirm the sources to excite the Chandler and annual
wobbles. For this purpose we reveal the cause of the difference in the wind contribution
between JMA and NCEP AAM functions and select the adequate one for the excitation
source of the wobbles. (2) aims at geophysical interpretation of the gravity changes with
period between 12 and 14 months observed by SG and at estimation of the Earth’s responses
to the wobbles in order Lo give the geophysical meaning of the considerable phase lag pointed

out by previous studies.

Constructions of Thesis

In Chapter 2, we discuss the atmospheric contributions to the Chandler and seasonal (annual
and semiannual) wobbles through the angular momentum budgets [or the atmosphere-mantle
system. [irst its axial and equatorial angular momentum budgets in seasonal variations
hased on the observed LOD change and wobble aud the JMA and NCEP AAM functions
during 1988-1997 arc illustrated. Subsequently, we present regional and partial contributions
from zonal and meridional winds in the troposphere and the stratosphere and describe a
precise evaluation of the wind contribution to the annual wobble. Finally, the atmospheric
contributions to the excitation of the Chandler wobble that has been a longstanding 1ssue
are discussed.

In Chapter 3, we analyze the SG data obtained at Esashi in Japan, Canberra in Australia,
and Syowa station in Autarctica, in order to rescarch long peviod gravity changes (with
period from 6 1o 14 mnonths). First, it is described that the observed annual gravity cliange
is accounted for by several gravimetric eflects due to the mass redistribution of geophysical
fluids. Subsequently, we discuss the geophysical meaning of the gravity responses to the

Chandler and annual wobbles obtained from the SG data.
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Figure 1.1: [llustrating components of the instantaneous angular velocity vector and the
reference frame. Detailed descriptions about the excitation function and mi; are shown in
Chapter 2 or Appendix A.



Chapter 2

Atmospheric Excitations of the
Wobbles

2.1 Abstract

The atmospheric contributions to the seasonal and the Chandler wobbles are discussed
through the angular momentum budgets for the atmosphere-mantle system. The data sets
used here are SPACEIT and EOPCO04 for length of day (LOD) and wobble, respectively.
The two atmospheric angular momentum (AAM) functions are calculated from the opera-
tional objective analysis data of the Japan Meteorological Agency (JMA) and the reanalysis
data of the National Centers for Environmental Prediction/Nationa! Center for Atmospheric
Research‘(NCEP/NCAR). First axial and equatorial angnlar momentum budgets for the
atmosphere-mantle system in seasonal (annual and semiannual) variations are reexamined
for the period 1988-1997. Subscquently a precise evaluation of the wind contribution to
the annual wobble are performed by using regional and partial contributions from zonal
and meridional winds in the tropospliere and stratosplere. Finally, the excitation of the
Cliandler wobble by atmosplieric wind and pressure variations is discussed for the period
1983-1998.

Both axial AAM functions based on the JMA and the NCEP/NCAR agree well in annual
variation and roughly in semiannual variation with the function inferred from the observed
LOD. The two equatorial AAM [unctions show the different wind coutributions to the func-
tion inferred from the observed wobble, in both annual and semianuual variations. The AAM
function based on the JMA gives a better agreement with the functions inferred from the ob-

served annual wobble. Since there are large discrepancy between the AAM functions and the
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function inferred from the semiannual wobble, it is required to consider other contributions
such as those from the ocean and land water plus snow-ice.

The equatorial wind contributions in annual variation depend upon its corresponding
difference between the large zonal and meridional wind contributions, which have almost
the same amplitudes with out-of-phase relationship. On Lhe other hand, the two reasons
for the different wind wind contributions to the annual wobble between the JMA and the
NCEP/NCAR are verified as follow. Since the NCEP/NCAR AAM function is computed by
integrating winds without regard to the surface topography, its wind term is much affected by
the spurious winds blowing inside the real mountains, while the JMA AAM function reflects
no such spurious winds because its winds are integrated over the real surface topography.
Additionally, there is difference in the analysis data themselves, showing the different wind
contribution arising from different regional winds in the troposphere associated mostly with
the Asian wonsoon. As a vesult, the wind contribution based on JMA, showing a better
agreement with functions inferred from the observed annual wobble, is considered to be a
more natural one, because the JMA is thought to have a responsibility of forecasting the
Asian monsoon.

In the vicinity of the Chandler frequency (0.347 cycle per year), the JMA AAM function
has remarkable spectral peak with a litile dominant amplitude and about 30° advauce in
phase to those iuferred from the observed wobble, in which their coherence exceeds 95%
confidence threshold. In addition, the temporal variation in the Chandler wobble excitation
calculated from the shifted eight years data of the AAM function is found to show almost
the same pattern as that inferred from the observed wobble, in which the wind and inverted-
barometer (IB) pressure contributions complementarily vary with time each other. These
reveal that the atmospheric wind and IB pressure variations by themselves maintain the

observed Chandler wobble during the analysis period.

2.2 I.ntroduction

The Eartl’s rotational variations have been observed with a high accuracy by space geodetic
techniques for over two decades and are described by variable components of an tnstantancous
angular velocity vector of the mantle [see Smith and Turcotte, 1993, for a review]. Namely,
the LOD change corresponds o its axial component, while the wobble corresponds to its
two equatorial components. The LOD change and wobble are recognized to be as one of
the global changes, so that they provide valuable information about physical properties

and dynamics ol the whole Iarth, such as Earth’s figures and densily structures, elasticity
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or anelasticity of the mantle, and dynamics of geophysical fluids {i.e., atmosphere, ocean,
hydrosphere, cryosphere, and {luid core), which are useful in understanding the dynamics of
the Earth systen.

Under the conservation of total angular momentum of the Earth, the LOD change and
wobble are caused by exchanges of angular momentum between the mantle and geophysi-
cal fluids and variations in Earth’s inertia tensor due to the mantle deformations. These
exchanges are due to mass redistribution on/within the Earth through inertia products of
the whole Earth aund to relative angular momentum of the geophysical fluids to the mantle.
Namely the LOD changes and wobbles are the result of excitations that are specitied by vari-
ations of the angular momentum of the geoplhysical fluids. Therelore, axial and equatorial
angular momentum budgets of the whole Earth provide us information about the source to
maintain the LOD change and wobble.

The wobble is dominated by the Chandler wobble, a free oscillation of the [Zarth, with
a period of about t4 months and the annual wobble with a period of oue year. On the
other hand, non-tidal variations in the LOD are generally decomposed into long period,
interannual, seasoual, and high {requency variations. In this thesis, we focus the Chandler
wobble and the seasonal LOD chianges and wobbles. The excitation source of the Chandler
wobble (hereafter referred to as CW source) has remained a mystery since the discovery of
CW by S. C. Chandler in 1891 [Munk end MacDonald, 1960; Lambeck, 1980, for a review].
The major excitation sources for the seasonal LOD changes and wobbles, are believed to be
the seasonal mass transport in the geophysical fluids on the LEarth’s surface (except for the
fluid core inside the mantle). The seasonal LOD change has been confirmed to be mainly
caused by changes in the atmospheric relative angular momentum, due to zonal wind [Rosen
and Salstein, 1985; Naito and Nikuchi, 1990; etc.]. Tle seasonal wobble has long been
considered to be excited with those in redistribution ol atmospheric mass and land water,
but no complete understanding has been obtained so far [sce Eubanks, 1993 and Dickey,
1993, for a review|.

There have been many studies for the annual wobble since it discovered by Kistuer in
1884. Wilson and Haubrich {1976] argued that much of the annual wobble could be accounted
for by the redistribution of atmospheric mass and land water. [n addition to the atmospheric
mass contribution, Wahr [1982] estimated that the contribution of the atmospheric relative
angular momentumn (that is, the wind contribution) amounts to 10-50% of the atmospheric
mass contribution. Chao and O'Conner [1988] pointed out the overestimation of the land
water contribution in the previous estimates. Cheo and Aw [1991] noticed that the wind

contribution has a comparable order with the land water contribution. The wind contribution
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is one of the major sources Lo be studied for the annual wobble.

For a more quantitative discussion on the atmospheric contributions to the Earth’s ro-
tational variations iu these decades, global objective analysis data in four-dimensional data
assimilation (4DDA) system for numerical weather prediction have been employed as spa-
tially homogeneous meteorological data over the world. The atmospheric contributions based
on the 4DDA data set are referred to as the atmospheric angular momentum (AAM) function
[Barnes et al., 1983]. The AAM function has three components: one axial component excit-
ing LOD change and two equatorial components exciting wobble. Jach component consists
of pressure and wind terms, corresponding to the atmospheric mass redistribution and the at-
mospheric relative angular momentum, respectively. They have been calculated twice a day
and archived in the Sub-Bureau for AAM (SBAAM) (presently the Special Bureau for the
Atmosphere in the Globat Geophysical Fluids Center) of the International Barth Rotation
Service (IERS) [Salstein et al., 1993] based on the world’s four meteorological centers.

These AAM functions have been known to show different behavior, despite that the world
meteorological centers all use essentially the same meteorological data as input to their dDDA
(for a comparison studies of axial atmospheric angular momentum [luctuations simulated by
global circulation models, see Hide et al. [1997]). Fubanks el al. [1988], for example, found
that the two pressure terms in Lhe equatorial AAM funciions from the National Center
for Environmental Prediction (NCEP) and the Japan Meteorological Agency (JMA) have a
higher correlation than 0.9, but their wind terms have a correlation of less than 0.4, Sunilar
differences were found in the high-frequency changes from a few weeks, to a few months,
between the wind terms from the United Kingdom Meteorological Office (UKMO), NCEP,
and JMA [Gross and Lindquwister, 1992]. These disagreements in the wind terms of the
equatorial AAM functions are considered lo be caused in part by lack of data in sparse
regions, such as the Soutl Pacilic [Bubanks et al., 1938], and are also partly attributed to
different methods in the 4DDA systems of the meteorological centers being responsible for
different forecasting arcas [[Eubanks, 1993]. As a result, these equatorial wind AAM functions
on a timescale of about 14 mouths were found to excite the Chandler wobble to a different
extent [Furuya et al., 1996, 1997].

There have been differences in the vertical integration method for the AAM functions
between NCEP and JMA. The NCEP wind terms are computed by integrating wind {rom
the bottom pressure level (1000 hPa) to the Lop pressure level {Rosen and Salsten, 1985]. The
JMA wind terms arc obtained by integrating wind from surface pressures on real mountains
to the top (10 hPa) pressure level [Nadto et al., 1987]. 1L is important to assess the influences

of the dilference in the methods on the wind term in the AAM function in order to discuss
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the wind contribution to the seasonal wobble.

There have been many studies lor the Chandler wobble since the discovery of the Chandler
wobble by S. C. Chandler in 1891 [Munk and MacDonald, 1960; Lamdbeck, 1980, for a review].
Consequently, both frequency and dissipation sources of the Chandler wobble are almost well
understood [e.g. Smith and Dahven, 1981; Eubanks, 1993]. However, the excitation source
of the Chandler wobble (hereafter referred to as the CW source) has remained a mystery.

At one time the CW source was considered to be seismic energy release of great earth-
quakes or the inertia products of the mantle associated with the displacements of the faults
of the great earthquakes [e.g., Mansinha and Smylie, 1967, Dahlen, 1973; O’Connell and

ziewonski, 1976]. However, these seismic excitation were found to be too small to ex-
cite the observed Chandler wobble [e.g. Kanamori, 1977; Gross, 1986]. Based on the high
correlation between the amplitude of the Chandler wobble and the global seismic activity,
Kanamori [1977), for example, pointed out the possibility that the increase in amplitude of
the Chandler wobble triggers the seismic activity.

It has also been discussed that the CW sources are mass redistribution of atmosphere
[ Wilson and Haubrich, 1976; Wahr, 1983] and land water [Hinnov and Wilson, 1987, Kuehne
and Wilson, 1991). Wilson and Haubrich [1976] stated a significant colierence between the
contribution from the atmospheric mass redistribution and the excitation inferred from the
observed wobble data in the Internatioual Latitude Service (1LS) during 1901-1970 and con-
cluded that atinospheric pressure variations play an important role to excite CW. Wahyr
[1983] further examined the relative angular momentum contribution due to winds using
hybrid approach (combining the mountain torque approach with the angular momentum
approach), but lie failed to sufficiently estimate its contribution because of absence of the
spatially homogencous meteorological data. From these results, it is specified that the exci-
tation by the atimospheric mass redistribution supplies only 20-30% of a necessary power as
the CW source. In addition, Kuehne and Wilson [1991] stated that coubinated contributions
of the atmospheric mass redistribution and the land water storage are too small to account
for the observed Chandler wobble.

Using the AAM lunction based on the European Centre for Medium-range Weather Fore-
cast (ECMWF) data set lor the period 1980-1990, Kuchne et al. [1993] and Chao {1993] found
a significant correlation between the geodetic excitation [unction and the atmospheric con-
tribution, focusing the contribution from the atmospheric mass redistribution, and suggested
that the atmospliere plays an important role in the CW source, although its contribution by
itsell cannot completely account for the geodetic excitation.

Furuya et al. [1996] compared the amplitude of power spectrun of Lthe geodetic excitation
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function with that of the AAM functions based on the JMA and the NCEP for the period
1983-1994, and suggested that the wind plays a major role in the CW source. In addition,
they pointed out that there is a considerable difference in the wind contributions between
JMA and NCEP AAM functions, although an explanation of reason for this difference is
deferred for the future study.

In this chapter, we investigate with three subjects as following. (1) we reexamine the
axial and equatorial angular momentum budgets for the atmosphere-mantle system in annual
and semiannual variations, using the reanalysis dala set of the NCEP/National Center for
Atmosplieric Research (NCAR) [Kalnay et al., 1996] and the operational objective analysis
data set of the JIMA [JMA, 1993] during 1988-1997. (2) The wind contribution to the
annual wobble are evaluated precisely using the wind terms based on NCEP/NCAR and
JMA during 1988-1997. (3) Consequently, we evaluate the atmospheric excitation of the
Chandler wobble. In section 2.3, we describe a three dimensional angular momentum budget
model. In section 2.4, we outline data, computations, and the method of analysis used in
this chapter. In section 2.5, we discuss the three dimensional angular momentum budgets in
seasonal variations (subsection 2.5.1), the zonal and meridional wind contributions and their
regional wind contributions to the annual wobble (subsection 2.5.2), and the atmospheric

excitation of the Chandler wobble (subsection 2.5.3). A conclusion 1s given in section 2.6.

2.3 Three Dimensional Angular Momentum Budget

Models for Atmosphere-Mantle System

2.3.1 Basic Formulations

The Earth’s rotation can be described by an instantaneous angular velocity vector of the
mantle. In the absence of external torques the variation in its orientation with respect Lo the
Earth’s figure axis is associated with the polar motion or the wobble, while its axial variation
is described as the LOD change. These variations are observed by space geodetic techniques
as small dimensionless quantities, my for the axial component and m; and m,, representing
angular distance along 0°E and 90°E longitude, respectively, for the equatorial components.
The wobble is often described as complex form.of m = m; + i, in plane coordinate system.

The wobble and LLOD are basically subject to the [ollowing excitation equations for the
equatorial and axial angular velocities, respectively. Under the conservation of total angular

momentum of the Farth, with an elastic mantle decoupled to core, and with fluids on the
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Earth [Barnes el al., 1983; Fubanks, 1993],

1 din .
m+_—— =X (2.1)
o, dt
i(md-l-\/g)—(] (2.2)
dt o

In eq.(2.1) . = 2n f(1 4+ i/2Q.) is the complex Chandler {requency of the reflecting the
dissipation of the Earthh at ihe Chandler frequency, f., in terms of the quality factor, Q..
The left hand side of eq. (2.1) corresponds to the geodetic excitation function inferred from
the observed wobble, . In eq. {2.2), the geodetic excitation function inferred from the
LLOD change is described with a relation my = —AA/Ap, where Ag and AA are a standard
[.LOD and its deviation, respectively. The terms v = x; +tx2 ineq. (2.1) and x3 in eq. (2.2)
are the excitation functions for the wobble and the LOD change, representing dimensionless
angular momentuin changes due to fluctuations of inertia tensors ol the geophysical fluids
and their relative angular momentum to the mantle. Hence the equatorial and axial angular
momentum budgets of the Farth are discussed through eqs. (2.1) and (2.2), respectively
(see Appendix A for more details).
Eq.(2.1) can be expressed as follows:
(L) = et [:hu — 10, ft x(r)e % Tdr (2.3)
-0

where 17 is an arbitrary complex constant [ Munk and MacDonald, 1960; Lambeck, 1980). In
eq. (2.1), we can find the balance between the excitation function and the function inferred

fromn the observed wobble with the assumption of ..

2.3.2 Atmospheric Angular Momentum Functions

Here we use the excitation lunctions associated with atmospliere variations as \ and y3 in
order to discuss the atmospheric contribution to the excitation sources of the wobble and
1LOD change. The excitation [unctions, based on the objective analysis data in a numerical
weather prediction system, have been called the atmospheric angular momentum (AAM)
function {Barnes et al., 1983]. It consists of two terms: pressure and wind terms. The pres-
sure term describes atmospheric mass redistribution effect througl the inertia products due
to surface pressure variations, while the wind term reflects the relative angular momentum
due to wind. Their formulations are shown in Appendix B in detail.

In order to discuss the angular momentum budgets of the real LZarth, with a nonrigid
mantle, a fluid core mside the mantle, and fluids on the mantle, the transfer functions

described below should be taken into account in the AAM functions (see Appendix B).
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The transfer functions are coefficient functions of Love numbers, accounting for depar-
tures from perfect rigidity of the mantle arising from the effects of mantle deformation and
oceanic yielding due to rotation and atmospheric loading. There is a degree of coupling be-
tween the fluid core and the mantle (see Appendix A for more details). Since the core-mantle
decoupling can be assumed (o e on a timescale of less than 5 years [ Yoder et al., 1981], the
fluid core cannot respond to the seasonal LOD change. Iu such cases, the axial principal
moment of inertia and Love number for only the mantle can be used instead of those for the
whole Earth in the axial angular momentumn budget. In the equatorial angular momentum
budgets the equatorial principal moment of inertia for the whole Earth is replaced by that for
only the mantle, because the Mluid core can hardly affect the seasonal wobble [Wakr, 1982].
Therefore the transfer functions depend on the principal moments of inertia, employed for
the angular momenrtum budget model. _

This study uses thiec principal moments of inertia and the trauster functions employed
and evaluated by Fubanks [1993] based on the preliminary reference Earth model (PREM)
[Dziewonski and Anderson, 1981]. Note here that the AAM functions archived in the SBAAM
of IERS have conventionally employed the numerical values used by Barnes et al. {1933}, in
which the principal moments of mertia and transfler functions differ from those of Fubanks
[1993]. [n particular, Barnes et al. [1983] employs (C,, — A,.) in x instead of (€' — A) used

by Eubanks [1993]. These numerical values are shown in Table 2.1 for comparison.

2.4 Data, Computation, and Analysis

2.4.1 Data

LOD and Wobble Data

The axial component of the geodetic excitation functions is calculated trom the observed
LOD data given by the SPACEOT [Gross, 2000] series, in which the effects of the solid Earth
tide and the ocean tide (Mf, M{’) and Mm) on the LOD change have been removed by
using the models of Yoder ¢t al. {1981] and Desai [1996]. The equatorial components of
the geodetic excitation functions are inferred from the observed wobble data in EOPCO1 of
IERS [IERS, 1999]. For numerical differentiation of the left-hand side of (2.1}, its discrete
form of equation {2a} of Wilson [1985] is employed. In the analysis for the seasonal LOD
changes and wobbles these daily series of axial and equatorial geodetic excitation functions
arc converted into monthly series from March 1988 to December 1997 by averaging. On the

other hand, we employ the daily series of the equatorial geodetic excitation during September
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28, 1983-December 31, 1998 for evaluating the CW source.

Archived AAM Functions

Though the AAM functions from NCEP, JMA| European Centre for Medium-Range Weather
Forecasts (ECMWF), and UKMO have been archived in the

SBAAM of IERS [Salstein et al., 1993}, this analysis employs JMA and NCEP AAM func-
tions from March 1, 1988, to December 31, 1997. The NCEP AAM functions are given
four times a day, based on the reanalysis data set of NCEP/NCAR [Kalnay et al., 1996].
The JMA AAM funcilions are given twice a day, based on the operational analysis data set
[Naito et al., 1987|. In this study, these series of both the AAM functions are converted into
monthly series from March 1988 to December 1997 by averaging. Since this study employs
the transfer functions shown in Table 2.1, these archived AAM functions are adjusted to
those by Eubanks [1993]. In addition, the NCEP AAM function is also multiplied by a scale
factor of 9.81/9.80, for adjusting gravity constants.

Objective Analysis Meteorological Data

Since the wind terms i the archived NCEP and JMA AAM functious are calculated using
different vertical wind integration methods, as mentioned in section 2.2, we recompute the
AAM functions from both the NCEP/NCAR and JMA data sets for the period March
1988 to December 1997. For the NCEP/NCAR AAM function we employ the reanalysis
data mentioned above. The NCEP/NCAR reanalysis data used Lere are monthly data of
geopotential heights and eastward and northward wind velocities at 17 standard pressure
tevels from 1000 to 10 hPa and of temperatures at 1000 hPa on 2.5° x 2.5° latitude-longitude
grids, for the period March, 1988-December, 1997.

The JMA AAM function is computed from the operational objective analysis data set of
JMA starting {from September 28, 1983 [JMA, 1993]. The JMA data sct includes meteoro-
logical values of geopotential height, castward and northward wind velocities, temperature at
15 standard pressure levels from 1000 to 10 hPa (but note that the number of pressure level
was changed to 17 levels on March 1, 1996) on a spatially homogeneous latitude-lougitude
grid, where there were Lhree horizontal grid size: 2.5 x 2.5 degrees from September 23, 1933
to February 29, 1988, 1.875 x 1.875 degrees from Mavch 1, 1938 to February 29, 1996, and
1.25 x 1.25 from March 1, 1996 downward.

The original JMA data set are provided atl hall-day intervals, but they are given by daily

averaged val_ues from December 12, 1983 to June 30, 1986, We average the AAM {unction
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al 00 UTC and 12 UTC in order to avoid the influences by considerably large intraday
variations in the wind velocities which have a seasonal modulation [Bell et al., 1991]. In the
case of analysis for the seasonal LOD changes and wobbles, these data are also converted into
monthly series during March, 1988-December, 1997, by averaging. For evaluating the CW

source, we employ the daily series for the period September 238, 1983-December 31, 1993.

2.4.2 Computation

Recomputation of AAM Functions

For the recomputation of AAM functions from both the analysis data sets of JIMA and NCED,
we use the global 5 arc min gridded topography data ETOPO-5 [National Geophysical Dala
Center, 1988], ffrom which 1.25°, 1.875°, and 2.5°square grid topography data are made. Ou
the basis of these topography data, the surface pressures on real mountains are estimated
from sea level pressures and geopotential heights at standard pressure levels by a cubic
nonperiodic spline method with a hydrostatic equation [Naito et al., 1987], where the sea level
pressures are estimated {rom temperatures and geopotential hieights at 1000 hPa assuming
a liydrostatic relation.

For calculating the pressure term, the response of the occan to atmospheric pressure
loading is generally considered in terms of two extreme models. One is based on an inverted
barometer (IB) approximation thal assumes an isostatic response of oceans to the atmo-
spheric loading under conservation of total atmospheric mass over the oceans. The other is
a non-inverted barometer (NIB) approximation that assumes oceans to behave like a solid
surface.

Tt is clear that the equatorial wind term as given in eq. (B.3}) in Appendix B consists of
two wind components: the zonal and meridional winds. Tu integrating the wind, coetlicients
of the zonal and meridional winds are functions of both latitude and longitude. However, a
[unction system of their coefficients (herealter, we call 'weighting function’) differ with each
other. Thus the regional zonal and meridional winds contribute the wobble effectively i the
midlatitude and tropical regions, respectively, as shown in Figire B.2 and B.3 m Appendix
B. In addition, we discuss separaling the wind term into the troposplieric and stratospheric
wind contributions: the former is obtained by wind integration from the surface pressures
to 100 LPa and the latier is the wind contribution from 100 hP’a to 10 hPa. We also use the
regional wind contributions calculated every 7.5 degrees grid.

In the archived JMA AAM functions the wind terms are oblained by integrating winds

from surface pressure on the real mountains to 10 hPa. Also, the pressure terms are based
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on the surface pressurc on real mountains. In the archived NCEP AAM functions the wind
terms are obtained by integrating winds {rom boitom-level pressure (1000 hPa) to 10 hPa,
despite the fact that the pressure terms are based on the surface pressure on the model’s
mountains [Kalnay et al., 1996]. For recomputing the wind terms, we employ the two
methods: the surface pressure (SP) method, employed in the archived JMA AAM functions,
and the bottom-level pressure (BP’) method, employed in the archived NCEP AAM functions.
Hereinafter the AAM functions in which the wind terms are computed by the SP metliod
are labeled JMA[SP] and NCEP[SP], while those computed by the BP method are labeled
NCEP{BP}. The two methods show no remnarkable difference in the pressure terms, as is
shown in Ilig. 2.1a.

The difference in the wind terms from the two methods only arises from winds blowing
inside the real mountains. A maximum mountain height in the topography is about 5500 m
above sea level, so that the influences of the two methods on the wind terms appear in the

contributions from the lower troposphere.

2.4.3 Analysis

Excitation Domain Approach

In general, the atmospleric excitation of the wobble has been discussed by two methods:
comparing geodetic excitation lunction with the AAM function through eq. (2.1) and com-
paring the observed wobble with that calculated from the AAM function (calculated wob-
ble) through eq. (2.3). These methods are referred to as “excitation-domain approach” and
“wobble-domain approach”, respectively [e.g., Furuye et al., 1997]. The wobble-domain
approach needs careful choosing of the initial condition of the temporal convolution he-
cause of its large influence on the calculated wobble [e.g., Chao, 1985]. On the other hand,
the excitation-domain approach provide simple discussion on the excitation of the wobble
without siich attention, and then we here apply tlus approach.

The comparison bwtween the geodetic excitation and AAM fuuctions is generally made
Ly Fourier transforming {hem that provides two-sided spectra. T'lheir positive and negative
frequency bands correspond to the prograde (counterclockwise) and retrograde (clockwise)
circular components of the wobble, respectively. The seasonal LOD change and wobble,
which basically consists of annual and semiannual variations, are considered to be the forced
motions of the rotation pole, so that they are almost described by a line spectrum. lu the
analysis for seasonal variations, their annual and semiannual components are extracted by

each sinusoids using least square fitting.
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Since the Chandler wobble is a prograde normal mode [e.g., Smith and Daehlen, 1931],
it can be excited by only small background spectral powers near the CW frequency in the
AAM function. However, they have never explained the full CW source in previous studies,
except Furuya et al. {1996] who suggested that narrowband atmospheric excitation at the
CW frequency can account for the observed one. In this study, we focus the atmospheric
contributions to the geodetic excitation near the CW frequency.

The excitation of the Cliandler wobble (hereaftter referred to as CW excitation) may
not be always steady, showing time dependent power, because the Chandler wobble has
shown variable amplitude and phase [see Lambeck, 1980, for a review|. We then compute
the frequency-time spectra of the geodetic excitation and AAM fuuctions in order to see

interdependency ammong the eight sources for the CW excitation mentioned in section 2.4.2.

Least-square Fittings of Sinusoids

The seasonal variation is basically discussed with its first and second sinusoids: annual
and semiannual variations. In this analysis we determine coefficients for cos terms and sin
terms of the annual and scmiannual sinusoids of the geodetic excitation functions and the
AAM functions with their trends, using a least squares fitting, in which their phase augles
are defined to January 1, 2000, As mathematical models {or the trends, we use fourth-
order polynomial functions lor axial components (LOD) and linear functions for equatorial
components (wobble).

The equatorial components of both the geodetic excitation and AAM functions in the
seasonal variations are also separaled into their prograde and retrograde components as

follow [e.g., Wilson and Haubrich, 1976):

' A

where w, %, and ¥ are their angular frequency, the prograde and retrograde components,
respectively. A, and A, are the coclficients for cos-terms and sin-terins of the annual sinusoid

using a least square {itting, respectively.
{ g, [



CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES 20

Multitaper Spectral Analysis

In order to evaluate the CW sources the power spectra are estimated from the geodetic
excitation and AAM functions alter removing their seasonal components and linear trend
by least-square fitting. Their power spectral estimates are computed with using multi-taper
method (MTM) developed by Thomson [1982], which provides robust and minimum leakage
spectral estimates accompanicd with their confidence intervals by statistical F-test [see, Ghil
and Yiou, 1996].

Here we employ the applicalion package for the spectral analysis utilizing the MTM
approach provided by Mann and Lees [1996], and modily it to perform spectral analysis of
the complex-valued time series with the prograde and retrograde components. The coherence
and plase difference hetween the geodetic excitation and AAM functions are also estimated
using the MTM approach presented by Mann and Park [1993].

In estimaling power spectra, coherences, and phases, we adopt the seven 47 prolate
tapers for the time series. In addition, a red-noise background is assumption is used instead
of white-noise background, in order to optimize the fundamental signal-to-noise ratio with
spectral estimations ol climatic signal through M'T'M {Mann and Lees, 1996].

To obtain the temporal variations in the CW excitation, the frequency-time spectral
analysis by MTM (evolutive spectral analysis introduced by Gill and Yiou [1996}) is carried
oul using with a 3000 days (about 8 years ) sliding window, shifting 30 days. The features are
discussed with the time-varying power spectra, coherences, and phase differences of /between
geodetic excitation and AAM functions. We then define the CW excitation power and
colierence to be the mean values of power spectra and colierence between 0.8 and 0.9 cpy,
respectively, while we define the CW excitation phase difference to be a maximum value of

phase difference from 0.8 to 0.9 cpy.

2.5 Results and Discussion

2.5.1 Atmopheric Contributions to Earth’s Axial and Equatorial

Angular Momentum Budgets in Seasonal Variations

Seasonal Patterns in the AAM Functions

Figure 2.1a shows the yearly mean seasonal patterns of the NIB pressure, 1B pressure, and
wind terms of the NCEP and JMA AAM functions archived in IERS. The patterns of the

three terms, based on the two data scts, agree well each other except in the equatorial
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wind terms. Figure 2.1a shows that the pressure terms and the wind terms have out-ol-
phase relationships, except the y, based on the NCEP data. This exhibits their inphase
relationship, although the amplitude of the wind term is very small.

Since the NCEP and JMA AAM functions are known to be based on the BP and SP
methods, as mentioned in section 2.4.2) we recompute the seasonal patterns in the equatorial
wind terms from the reanalysis data of NCEP/NCAR based on the SP method, as shown in
Figure 2.1b. The two wind terms are roughly nmiphase relationships, but large disagreements
still remain. These results make us imagine that the disagreements in the equatorial wind
terms of the archived NCEP and JMA AAM functions are causcd by the differences, not
only in the calculation methods for the wind terin, but also in the analysis data themselves

between NCEDP and JMA.

Axial Angular Momentum Budget

Tables 2.2 and 2.3 show the amplitudes and phases i annual and semniannual variations,
respectively, of the geodetic excitation functions, inferred from the observed wobble and
LOD data, and of the AAM functions, recompuled by the SP and BP methods from the
reanalysis data of NCEP/NCAR and the operational analysis data of JMA. Since the oceans
are known to respond isostatically to the atmospheric pressure loading on seasonal timescales
[Trupin and Wahr, 1990; Ponte and Rosen, 1994], we employ heve the I pressure term alone.
In the following discussions on the seasonal varations, the IB pressure and wind terms are
referred to simply as the pressure and wind contributions.

On the basis of the I3 pressure and wind terms in Tables 2.2 and 2.3, the axial angular
momentum budgets for the atimosphere-mantle systen in annual and semiannual variations
are shown in Figure 2.2 in plasor plots, where the lengths of the vectors indicate the am-
plitudes and the counterclockwise angle of the vectors indicates their phases with respect
to Janua,rjr 1. For example, the directions of the JMA[SP] vectors indicate the phases near
February and May in annual and semiannual variations, respectively. Note that the vectors
of the pressure contributions in semiannual variation are too small to be displayed.

In annual variation the phasor plots reconfirm for us that the three axial budgets can
be alnost completed with the wind contributions due to zonal wind [Rosen and Salstein,
1985, 1991; Naito and Kikuchi, 1990, 1991; Hopfner, 1998;Naito et al., 2000; etc.]. The
budgets, however, indicate that the pressure contributions should never be neglected for

more completeness [Nailo and Kikuchi, 1990; Naito ¢t al., 1999]. Table 2.2 indicates that
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the amplitudes in the wind+IB pressure terms, as well as in the IB pressure terms, are
larger than their estimation errors. There are the wind contribution from 10 to 1 hPa of
2.9 x 1071 {Rosen and Salstein, 1991], the oceanic contribution of 3 — 4 x 10719 [Marcus et
al., 1998], and the land water contribution of 3.1 x 1071 [Chao and O'Connor, 1988], which
are comparable orders to the remaining budgets.

In a semiannual variation the wind contribution plays a major role in the budgets. There
are a little larger remaining budgets of (4.5 x 107'%, 217°) in JMA[SP], (5.0 x 107'°, 217°)
in NCEP[SP], and (5.0 x 107!, 217°) in NCEP[BP]. Since the semiannual variation in zonal
wind prevails in the stratosphere, a major candidate for these discrepancies can be a wind
contribution of the upper stratosphere, above 10 hPa, which is not accounted for here. l'or
example, the estimated amplitude and phase of the contribution from the upper stratosphere,
above 10 hPa, are about 3.2 x 1071% and 254°, respectively [Rosen and Salstein, 1991]. One
can easily confirm that these values well satisfy the remaining budgets, although there are
the other contributions {rom the oceans and land water of ahout 2 x 107!% [Marcus et al.,

1998] and 1.2 x 107'° [Chao and O’Connor, 1988}, respectively.

Equatorial Angular Momentum Budgets

Figure 2.3a shows the equatorial angular momentum budgets in annual variation. The
phasor plots reveal that the wind contributions, in JMA[SP], differ considerably from those in
NCEP{SP] and NCEP[BP] in both amplitude and phase. Their pressure contributions agree
very well each other. In addition, large differences are seen between the wind contributions
obtained by the different methods from the NCEP/NCAR data, which indicate contributions
from winds blowing inside real mountains. We recomputed the wind term based on JMA[BP]
and found that the direction wn its vector differs from that based on JMA[SP], suggesting that
the AAM functions based on JMA[SP] give a better agreement with the functions inferved
from the observed wobble.

It had long been thought that atmospheric pressure and land water contributions are ma-
jor sources for the budget in annual variation and that wind contributions including effects
of mountain torques are much smaller than the above contributions [Wilson and Hauwbrech,
1976; Wahr, 1983], although Wahr [1982] theorctically pointed out that an effect of atmo-
spheric relative angular momentum has a contribution of 10-50% of pressure contribution.

Chao and Aw [1991] using the ECMWI data, found that the wind contribution is greater



CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES 23

than the land water contribution. It has only 20% of the pressure contribution in the pro-
grade motion. The results shown in Figure 2.3a strongly support the importance of the wind
contributions to the annual wobble, in which case the SP imethod should be employed in
their calculations.

There are still large remaining budgets (in amplitude and phase) in annual variation,
amounting to (1.9 x 107%, 40°) for the y; component and (3.6 x 1072, 38°) for the x»
component in the case of JMA[SP], for example. These are comparable to the estimated
contributions from land water of about (1.7 x 1078, 4°) for the x, and about (2.0 x107®, 235°)
for the yy [Chao and O’Connor, 1988] and to about (2.5 x 1078, 181°) for the x, and about
(4.2 x 1078, 99°) for the x2 [Nuchne and Wilson, 1991]. Since the oceauic contributions,
based on an oceanic general circulation model (OGCM), are as large as these hydrological
contributions {Celaya et al., 1999], these estimates suggest that more sophisticated estima-
tions, including oceantc contributions, are necessary Lo complete the budget.

Figure 2.3b shows the equatorial angular momentum budgets in semiannual variation.
The phasor plots indicate that the pressure + wind contributions are too small to complete
the budgets. The pressure contributions are also dominant, but the wind contributions are
very small in contrast to those in annual variation. In addition, since the disagreements in
the wind contribuiions between JMA[SP], NCEP[SP], and NCEP[BP] are less thau their
estimation errors, as shown in Table 2.3, these wind contributions seen in Figure 2.3b are in-
significant. The other sources for the remaining budgets cannot be evaluated quantitatively;
ocean pressure and current contributions based on OGCM are considered to be large [Ponte
ef al, 1998; Ponte and Stammer, 1999], and the contribution {rom a tidal ocean current
may not be negligible. An interesting fact here is that the amplitudes and phases in the
wind+NIB pressure terms agree well with those in the function inferred from the observed
wobble, as shown in Table 2.3, suggesting occanic contribution as a source for the remaining

budget.

Prograde and Retrograde Angular Momentum Budgets

Figure 2.4 shows the prograde and retrograde budgets of the equatorial angular momentum
in annual variation. The annual prograde compouent of the geodetic excitation function las
about two times the amplitude ol the retrograde component. The amplitude of prograde
and retrograde [ pressure terns are almost equal. Botli amplitude and direction of the

wind term vector probably plays a major role Lo explain the difference in the geodetic
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excitation function between prograde and retrograde components. There is a considerable
difference in both amplitude and direction of the wind term between JMA[SP], NCEP[SP],
and NCEP{BP] in the prograde and retrograde budgets. This feature is consistent with the
results of y; and vy, components shown in Figure 2.3a. Pigure 2.4 suggests that the AAN
function based on JMA[SP] provides a better agreement with the function inferred from the
observed annual wobble in the prograde and retrograde components,

Chao and Au [1991] pointed out the impotance of the wind contribution to the wobble
based on the ECMWTI data, because the wind coutribution was greater than the land water
contribution and it has 20% of amplitude of the pressure contribution in the prograde motion.
The ampulitudes of the wind contribution based on JMA[SP] in the prograde and retrograde
motions are 26% and 38% of those of pressure comtribution, respectively. Though Chao and
Aw [1991] pointed out that the phase gap hetween the geodetic excitation and AAM function
is aboul 40° in the prograde compouent, our results shows that the phase gaps in the prograde
and retrograde components based on JMA[SP] are within 18° and 20°, respectively.

Tliere are remaining budgets (in amplitude and phase), amounting to (2.0 x 1078, 24 °)
for the prograde component and (2.1 x 107%, 100°) for the retrograde component in the case
of JMA[SP], for example. The hydrogical contribution is (0.9 x 107%, 286°) for the prograde
component and (1.6 x 1075, 29°) for the retrograde one [Chao and O’Connor, 1988 and
(0.9 x 1078, -23°) for the prograde one and (3.3 x 107%, 175°) for retrograde one [Kuehne
and Wilson, 1991]. Celaya el el [1999] computed the atmospheric, oceanic, and hydrogical
contributions to the prograde annual wobble, using data generated by a coupled climate
system model in the NCAR. Their estimations ol hydrogical (laud water and river dischage)
and oceanic (ocean bottom pressure and ocean currents) contributions are (2.85 x 1072, 83°)
and (1.7 x 1078, 5°), respectively. Combining JMA[SP] with them, the remaining budget
vector in the prograde component becomes (1.1 x 1078, -101°). This value is smaller than
2.85 x 107% of discrepancy estimated by Celaya et al. [199Y)].

For the retrograde component, the AAM function based on JMA[SP] provides a better
agreement with the geodetic excitation function. Its discrepancy is much smaller than that
estimated by the previous studies [see King and Agnew, 1991]. Though it has cousidered
that the retrograde component of [unction inferred from observed annual wobble might not
be sufliciently accurate [e.g., Chao and Au, 1991; King and Agnew, 1991], the atmospheric
contribution can account for the observed retrograde annual wobble as shown in Figure 2.4
We suggest that the retrograde annual wobble excilation can be evaluated by recent accurate

data of fluids on the Earth.
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2.5.2 Zonal and Meridional Wind Contributions to the Seasonal
Wobble

Zonal and Meridional Wind Contributions

Figure 2.5 shows the eastward (zonal) and northward (meridional) wind contributions to the
annual wobble. It turns out from the phasor plots in Figure 2.5 that each wind contribution,
based on JMA[SP], NCEP[SP], and NCEP[BP| shown in Iigure 2.3a, depends upon its
corresponding difference between the large zonal and meridional wind contributions having
vectors with almost the same amplitudes, but with almost inverse phases to each other.

Iu addition, we find that the zonal wind contribution vectors based on JMA[SP} and
NCEP[SP] have comparable direction and length, but their meridional wind contribution
vectors are different {rom each other in lengtl. Their disagreement m zonal wind contribu-
tion is 0.89 x 1073 for v, and .00 x 1073 for y,, while that in meridional wind contribution
is 2.45 x 107® for v, and 1.36 x 107® for ;. In the case of disagreement between NCEP[SD]
and NCEP[BP], its magnitude is 1.13 x 107% for y, and 1.08 x 1072 for x», respectively, in
the zonal wind contribution and 0.74 x 107% for v, and 0.54 x 107% for ys, respectively, in
the meridional one. Ou the zonal wind contribution, the disagreement arising from different
calculation methods in the wind term agrees rouglly with that attributed to difference i
meteorological data between NCEP/NCAR and JMA. On the meridional wind contribution,
the influence of the different meteorological data is 20% larger than that of the different cal-
culation method. These results suggest that the disagreement in the equatorial wind terms
of the archived NCEP and JMA AAM functions is caused mainly by the different meridional

wind in their meteorological data.

Tropospheric and Stratospheric Wind Contributions

In order to investigate the sources causing the large discrepancies between the JMA and
NCEP wind contributions to the annual wobble as mentioned in section 2.5.1, we show
the tropospheric and stratospheric wind contiibutions to the axial and equatorial angular
momentum budgets in annual variations based on JMA[SP], NCEP[SP], and NCEP[BP] in
Figure 2.6. The figure clearly shows that there is no discrepancy tu the phasor plots, not
only between NCEP{SP] and NCEP[BP], but also between NCEP[SP] and JMA[SP] in the
v3 component, suggesting that the annual LOD change are maintained by zonal winds above
500 hPa [also see Hide and Dickey, 1991].
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In x; and y, components, on the other hand, Figure 2.6 shows that the troposplieric wind
contributions are considerably different and that the stratospheric wind contributions are al-
most the same in both direction and length of the vector between the three estinates. The
difference between NCEP[SP] and NCEP [BP] can basically be attributed to the winds blow-
ing inside the real mountains, below about 500 hI’a. Between the results based on JMA[SP]
and NCEP[SP], however, there is still a large difference. The difference in meteorological
data sets is about 20% larger than that in the calculation method.

Figures 2.7a and 2.7h show the tropospheric and stratospheric contributions, separated
from zonal and meridional wind contributions of Figure 2.5, respectively. Figure 2.7a reveals
that tropospheric zonal wind contribution has a same amplitude of stratospheric one with
out-of-phase relationship for y; and in-phase relationship for xa. These features arve also
found in meridional wind contributions as shown in Figure 2.7b.

The disagreement in both zonal and meridional wind terms between NCEP[SP] and
NCEP[BP] shown in Figure 2.5 is aitributed to only the different contribution from the
tropospheric wind. It is clear that the disagreement between JMA{SP} and NCEP[SP] is
mainly caused by different meridional wind in the troposphere. These results make us imag-
ine that the difference between the wind contributions, based on JMA[SP] and NCEP([SP),

is a reflection of differences iu their regional wind contributions in the troposphere.

Regional Wind Contributions to Annual Wobble

Figures 2.8 show the regional contributions to annual wobble from the zonal and meridional
winds based on JMA[SP] in x, and x, components in 7.5° square grids. In these figures, the
latitude and longitude belt contributions, aud their total vectors are also shown. All vectors
are displayed by the plasor plot in the same manner as in Mgure 220 The latitude and
longitude belt contributions express the sum of regional vectors along longitude and latitude
lines, respectively. ach total vector is equal to the corresponding wind contribution based
on JMA[SP] shown in Figures 2.5, 2.7a, and 2.7b.

Figure 2.8a shows the regional contributions from the zonal wind and reveals that their
remarkable contributions, for both y, and y,, distribute symmetrically about the equa-
tor dominating around prevailing westerly zone at mid-latitude on northern and southern
hemisphere. Though these regional contributions have a large amplitude, longitude Lelt
contributions exhibit that most of them cancelled out, and their residual corresponds to the

global (total) coutribution from the zonal wind. T'here 1s noteworthy vectors of latitude bel
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contribution for y, around 30°AN, which have comparable amplitude and phase to the total
vector. These latitude belt contributions appear o reflect the regional zonal wind blowing
around southern margin of Eurasia continent. Figure 2.8l shows the regional contributions
from the meridional wind and is clear that their remarkable contributions distribute on the
continents for x; and over the oceans for y, in the northern hemisphere. The regional and
latitude belt contributions from the meridional wind having a significant amplitude are found
only it the northern hiemisphere.

Figure 2.8¢ shows the regional contributions from the tropospheric zonal wind. This
figure reveals that distributions of their remarkable contributions are basically arranged with
north and south symmetry. The longitude belt contributions from the tropospheric zonal
wind are also cancelled out, being similar to Figure 2.8a. The latitude belt contributions
having comparable amplitude and phase to the total vector are found at 30°V in both v, and
Y2 components of tropospheric zonal wind contribution. These belt contributions suggest
that global contributions [rom the tropospheric zonal wind in yx, and x2, shown in Figure
2.7a, are much affected by the zonal wind blowing over the north Pacific ocean and around
southern margin of Eurasia continent, respectively.

Figure 2.8d shows the regional contributions from the tropospheric meridional wind and
reveals that their latitude belt contributions are synunetric about the equator and their direc-
tions are reversed al the order of 0 —30°, 30 —60°, and 60 —90°. Such reciprocal feature may
be characterized by Hadley, Ferrel, and Polar circulations of atmospheric mass. The latitude
belt contributions within Ferrel circulation zone in northern and southern hemisphere have
same direction to the global contribution from the tropospheric meridional wind. Therefore,
we suggest that the tropospheric meridional wind contribution links to global atmospheric
circulation in the troposphere, arising from the heat transport from the tropics to the polar
region.

Figures 2.8e and Figure 2.8f show the regional contributions from the zonal and merid-
ional winds in the stratosphere, respectively. Each regional contribution vector in the strato-
sphere has less amplitude than that in the tropospliere. Tlie amphtude of their total vector,
however, agrees roughly with that iu the tropospliere, because latitude belt contributions in
the stratosphere arc not cancelled out in being different from that in the troposphere. This
characteristic is counsidered to arise from monotonous stratospheric wind: eastward wind in
summer hemisphere and westward wind in winter hemisphere. When the westward wind
blows in the stratosphere, the planetary waves, generated by collisions between tropospheric
winds and mountains, can be propagated up to the stratosphere. We suggest that the re-

gional contributions of stratospheric meridional wind, locating on the continents in northern
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hemisphere, are related to these phenomena. It is also necessary to consider the dypamics

of stratosphere in order to clarily the excitation mechanism of the annual wobble in detail.

Prograde and Retrograde Wind Contributions to Annual Wobble

Figure 2.9 shows zonal and meridional wind contributions to the prograde and retrograde
annual wobble, separated from the wind contributions shown in Figure 2.4. It 1s clear [rom
ghe phasor plots that each wind contribution, based on JMA[SP], NCEP[SP], and NCEP[BP]
shown in Figure 2.4, depends upon its corresponding difference hetween the large zonal
and meridional wind contributions having vectors with almost the same amplitudes, but
with almost inverse phases to each other. This figure indicates that disagreements between
NCEP[SP’] and NCEP[BP], and between JMA[SP] and NCEP[SP] arise mainly from the
meridional wind contribution.

Figures 2.10a and 2.10b display the tropospheric and stratospheric wind contributions,
separated from zonal and meridional wind contributions of Figure 2.9, respectively. The
different properties from those of y; and \, components shown in Figures 2.7 are both zonal
and meridional wind contributions in the troposphere are larger for prograde component
and smaller for retrograde component than those in the stratosphere. There are insignificant
disagreements in the zonal wind contribution in the troposphere and the stratosphere be-
tween JMA[SP], NCEP[SP], and NCEP[BP] as shown in Figure 2.10a. On the other hand,
the meridional wind contributions in the stratosphere based on three AAM functions agree
with each other, but considerable disagreements appear in those in the troposphere. The
agreement in prograde and retrograde components of meridional wind contribution in the
troposphere are agreeable to those found in x; and y,.

Figures 2.11 show regional contributions in prograde and retrograde components instead
of x1 and ys as shown in Figures 2.8. The remarkable regional contributions from the
zonal wind in prograde and retrograde components exhibit same features in xy and y» as
shown in Figure 2.8a, except for north and south asymmetry. Comparing total vector with
vectors of latitude and longitude belt contributions in Figure 2.11a, the global contribution
of zonal wind in prograde and retrograde components as shown in Figure 2.9 are affected by
regional zonal winds blowing around Southeast Asia in which the Asian Monsoon, showing
the most remarkable scasonal signals over the world, is dominant. The distributions of
regional contributions from the meridional wind in prograde and retrograde components
equal to those in x; and x2 as shown in Figure 2.8b.

Figure 2.11c shows that regional contributions from the tropospheric zonal wind in the




CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES 24

prevailing westerly zone in northern hemisphere are predominant with large amplitudes
and phases offset each other. The latitude belt contributions {rom the tropospheric zonal
wind around 30°N characterize its global contribution. IFigure 2.11d shows that latitude
belt contributions of tropospheric meridional wind in prograde and retrograde components
correspond to Hadley, Ferrel, and Polar atmospheric circulations. This feature is consistent
with that in y; and y. as shown in IMigure 2.8d.

The distributions of regional contributions from zonal and meridional winds in the strato-
sphere for prograde and retrograde components, shown in Figures 2.1le and 2.11{, respec-
tively, resemble those for y; and x; as shown in Figures 2.8¢ and 2.8[. The different features
between Figures 2.7 and Figures 2.10 are caused mainly by the regional contributions from
the stratosplieric wind as follow: latitude hell contribution from the stratospheric zonal wind
from 30°5 to 60°5 and latitude belt contributions from the stratosphertc meridional wind at
high latitude in southerns hemispliere. 1t is suggested that the regional stratospheric wind at
high latitude in southiern hemispliere involves with the global contributions of stratospheric

wind in prograde and retrograde components.

Regional Wind Differences Between thie Two Data Sets in Annual Variation

In order to identify the sources for the large difference in wind term between NCEP and
JMA AAM functions, we display the differences between the regional wind contributions in
annual variation based on JMA[SP] and NCEP[SP] in x; and x2 components in 7.5° square
grids. The diflerence between two AAM [unctions are caused primary by the difference in the

meridional wind in the troposphere between NCEP reanalysis and JMA objective analysis

as shown in Iigure 2.7, Figures 2.12e and 2.12f actually show that the regional contribution
of the zonal and meridional wind i the stratosphere based on NCEP[SP] hardly difiers
from that based on JMA[SP]. The regional difference in entire wind contributions shown
in [igures 2.12a and 2.12b agrees roughly with that in tropospheric wind contributions in
Figures 2.12¢ and 2.12d.

Figure 2.12¢ shows the differences between the regional contributions of the zonal winds
in annual variation based on JMA[SP] and NCEP[SP] in y, and y, components, and Figure
2.12d shiows those for the tropospheric meridional winds. In the two figures the latitude
and longitude belt contributions and their total vectors are also shown. Each total vector
is equal to the difference between each tropospheric wind contribution based on JMA[SP]

and NCEP[SP]. The total vectors in these ligures reveal that the dilferences between the
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meridional wind contributions in the troposphiere based on JMA[SP] and NCEP|SP] shown
in Figures 2.7 are 2.76 and 1.36 times as large as those in the zonal wind contributions in
the vy and y2 components, respectively.

In the case of the regional contributions of the zonal winds in Figure 2.12¢, major dil-
ferences between JMA[SP]| and NCEP[SP] appear around the Antarctic continent, and in
the South Pacific and Indian occans. In the case ol the meridional winds in Figure 2.12d,
large difterences appear almost throughout the world, except in regions of the North Pacific
and North Atlantic Oceans, North America, and Europe. This suggests that the diflerences
depend strongly upon spatial density of meteorological observations, which might affect the
difference in the two analysis data sets through the 4DDA system in numerical weather
prediction [also see Bubanks et al., 1988; Gross and Lindqwister, 1992; Eubanks, 1993].

Since each total vector in the two figures can be constdered o reflect the regional vector
with the same direction as that in the total vector, the other regional vectors are cancelled out
(see latitude and longitude belt contributions). The most effective area to view the dilferences
between the tropospheric wind terms based on JMA[SP] and NCEP[SP}, which affect the
equatorial angular momentum budget in annual variation (that is, the annual wobble), is
lound to be the so-called Asian Monsoon region, which shows the most remarkable seasonal
signals throughout the world. For example, the sum of the regional contribution vectors of
the meridional wind in the tropospliere in Asian Monsoon region (that is specified by range
from G0°E to 160°E longitude and {rom 0°to 30°N latitude) for y; has 92% amplitude of the
total vector with 4° phase difference, while the sum of other regional contributions has 13%
amplitude of the total vector with 96° phase dilference. Therefore the wind terms in the AAM
functions in annual variation would strongly reflect the meridional winds in these regions, if
the wind terms based on JMA[SP], which show a better agreement with functions inferred
from the observed annual wobble, were a more natural one. In addition such meridional
winds can be expected to excite the different Chandler wobbles, as mentioned in section 2.1
[see Furuya et al., 199G, 1997]. These features will be clarified by sophisticated studies using
a simulation model of the global atmosphere in the near future.

Figure 2.12g shows the differences between the regional contributions ol the zonal winds
in annual variation based on NCEP[SP] and NCEP[BP] in y; and y; compouents, and Figure
2.12h shows those for the troposplieric meridional winds. The regional differences arising
from calculating method of the wind terms appear in high mountains: Himalaya mountains
and Antarctic plateau. These components i Figures 2.12g and 2.12h mean the "spurious”
wind contributions included in the archived NCEP AAM function.

[igures 2.13 show the differences in the regional wind contributions to the prograde and
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retrograde annual wobble in order to identify the differcnce between NCEP and JMA AAM
functions archived in IERS. These results equal to the features of y; and Yy, components as

shown in Figures 2.12.

2.5.3 Atmospheric Excitation of the Chandler Wobble

Power Spectra, Coherences, and Phases

[t is evident from the section 2.5.1 that the JMA AAM function (that is, JMA[SP]} shows
better agreement with the geodetic excitation than the NCEP AAM function (that is,
NCEP[BP]). Thereiore, we evaluate the atmopheric excitation of the Chandler wobble using
JMA[SP].

Figures 2.14a, 2.14D, and 2.14¢ show power spectra, squared coherences, and phase differ-
ences of /hetween the geodctic excitation and the contribution from wind+1B pressure, wind,
and IB pressure, respectively, at {requency bands from -3 to 3 cpy for the period 1933-1998,
which are accompanied with confidence threshold for the power spectra and coherences by
F-test. There are 18 portions of power spectra with respect to the geodetic excitation func-
tion having the statistical reliability exceeding 90% coulidence threshold shown with small
circles in the left figure. Note that one of them appears in the vicinity of the CW frequency.

It is demonstrated in IPigure 2.14a that the power spectral amplitude of the wind+IB
pressure contribution agrees roughly with that of geodetic excitation at 5 frequency bands
(i.e., near -2.7, -1 to -0.8, near 0.2, 0.7 to 1.5, and near 2.7 cpy), where their coherences
exceed 95% confidence threshold. This contribution also has remarkable broad spectral peak
in the vicinity of the CW frequency.

The power spectrum of the wind contribution in Figure 2.14h exhibits its broad spectral
peak around the CW frequency, though its statistical reliability by F-test caunot reach 90%
confidence threshold. The reason for this will be discussed i next section. The spectral
estimates lor the contribution from IB pressure shown in Figure 2.14c clearly wdicate that
its power spectral amplitude is always much smaller than that of geodelic excitation at
frequency bands between -3 o 3 cpy, though there is remarkable broad spectral peak around
the CW frequency.

These figures reveal the remarkable broad spectral peaks ol wind+ [ pressure, wind,
and IB pressure contributions ai frequency band between 0.7 and 0.9 cpy. At the CW
frequency, these power spectral amplitudes reach 117%, 73%, and 50% of amplitude of the
geodetic excitation, respectively. However, neither the contribution from wind nor that from

[B pressure by itsell can account for the geodetic excitation at the CW frequency, hut their
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sum (the wind+1B pressure contribution) can do. According to analysis by using the wobble-
domain approach, the amplitudes of wobble calculated from wind+IB pressure, wind, and
IB pressure contributions in the AAM function coincide with 102.1%, 99.5%, and 26.8% of
amplitude of the observed Chandler wobble, respectively [Furuya et ol., 1997|. Common
points to our and their results are thal the atmospheric variations have enough power to
excite the Chandler wobble, in which the wind contribution dominates over 1B pressure
contribution.

Additionally it i1s evident from Figures 2.14 that the wind+IB pressure, wind, and [B
pressure contributions have the significant coherence with the geodetic excitation function
exceeding 90% conlidence threshold around the CW frequency. This feature is almost the
same as the those pointed out by the previous studies [e.g., Wilson and Haubrich, 1976;
Chao, 1993; Kuehne et al., 1993]. On the other hand, the phase advances of the wind+IB
pressure, wind, and [3 pressure contributions to the geodetic excitation al the CW frequency
are observed as 27°, —12°, and 71°, respectively, where negative value means phase lag. The
interpretation of these phase will be mentioned later.

I'or comparison, we also show the power spectra, squared coherences, and phases for
the wind+IB pressure, wind, and [B pressure contributions based on NCEP[BP] in Figures
C.la, C.1b, and C.lc in Appendix C, respectively. The wind contribution s completely
different from that of the JMA[SP] in the following points; {1) its minor role in excitation
of the wobble at [requency bands between -3 to 3 cpy; (2) the [requency-depending pattern
of its spectral amplitude which does not increase at low frequency in spite of the increase
of that based on the IMA AAM {unction; (3) no remarkable spectral peak in it near the
CW frequency. In contrast, there seems no considerably differcnce between NCEP[BP] and
JMA[SP] in power spectra, colierences, and phases for the I3 pressure contribution. As
a result, it turns out that the wind+113 pressure contribution from NCEP[BP] can hardly

account lor the geodetic excitation around the CW [requency.

Time Variations in the Chandler Wobble Excitation

Since the wind+IB pressure, wind, and IB pressure contributions have remarkable broad
power spectral peaks near the CW frequency, we further examine how these contributions
behave as the CW excitation. Figure 2.15a shows the temporal variations in the CW exci-
tation powers, coherences, and phase differences of /between the geodetic excitation and the
contributions from wind+1B pressure, wind, and 1B pressure calculated as partial cross sec-

tions on their frequency-time spectra (sce Figures C.3 in Appendix C) through the inethod
l g
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mentioned in section 2.4.3, where the variations arc displayed in the center day of the § years
sliding window for the period 1937-1995. The figure also provides coulidence thresholds for
their CW excitation powers and cohereces at each time.

It is evident from Iigure 2.15a that the geodetic and atmospheric CW excitation powers
vary with time, where their statistical reliabililty exceed 90% confidence threshold by F-
test. It is worthy to notle that the CW excitation power from wind+!{DB pressure vary with
time having comparable amplitude to that of the geodetic CW excitation. Their amplitude
ratio varies within 0.87-1.56 (tlie averaged value is 1.15), showing the wind+IB pressure
contribution is larger than the geodetic excitation in mostly analysis period. The same
kinds of temporal vartations in the CW excitation were also illustrated by Celaya et ol
[1999], in which the calculated CW excitation inferred [rom the observed wobble data for
the period 1900-1997 but simulated excitation {unctions of the atimosphere, occan, and land
water based on non-controlled run of a coupled climate systent model developed at the NCAR
are used for a comparison, so that no discussion for the real CW excitation was made.

The CW excitation power from wind exceeds 80% of the geodetic one during 1987-1992
but decreases lo about 50-60% after 1993. On the other hand, the I3 pressure contribution
cannot account for only 20-30% of the geodetic CW excitation. This feature is the same as the
previous conclusions by Wilson and Haubrich [1976] and Wahe [1983]. However, interestingly,
it increases to reach 60% of amplitude of the geodetic CW excitation after 1993. It turns out
that the wind and IB pressure contributions to the CW excitation complementarily vary with
time each other, as if they held angular momentum conservation of the atmosphere-mantle
system, although the wind contribution always dominates over the I3 pressure contribution.
In addition, the reason why reliability for the spectral peak ol wind contribution near the CW
frequency cannot reach 90% confidence threshold as shown in Figure 2.14b is attributable
to the temporal variation in the wind contribution to the CW excitation.

The phase advances of the wind+1IB pressure contribution with respect to the geodetic
CW excitation vary from —4 to 50° (the averaged value is 26°). These phase advances,
however, are possibly explained by the contribution from ocean currents and ocean bottom
pressure [Ponte and Stammer, 1999]. In consequence, it turns out that the atmospheric
variations by themselves maintain the observed Chandler wobble.

For comparison, we also show the temporal variations i the CW excitation powers,
coherences, and phase differences of/between the geodetic excitation and the contributions
from the wind+1B pressure, wind, and [B pressure based on NCEP[BP] in Figure C.2 in
Appendix C. Though the temporal variation in the 1B pressure contribution to the CW

excilation power agrees with that based on the JMA[SP], the wind coutribution hardly vary
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with time, playing a minor role.

Zonal and Meridional Wind Contributions

[igure 2.15b shows thie temporal variations in the CW excitation powers, coherences, and
phase differences of /between the geodetic excitation and the contributions from total, zonal,
and meridional winds. It is found that the partial contributions from zonal and meridional
winds have large amplitudes in comparison with that of the geodetic excitation, but they
are almost canceled out due to their out-of-phase relationship, indicating that the total
wind contribution to the CW excitation depends on their slight differcnce. This feature 1s
consistent with the wind contribution to the annual wobble as mentioned in section 2.5.2.
Figure 2.15b also reveals that zonal wind contribution dose not have significant power and
colierence exceeding 90% conlidence threshold with respect to the geodetic one, while the
meridional wind contribution dose.

The zonal wind contribution varies with time having in-phase relationship to that of the
geodetic CW excitation until 1991, although this relationship becomes out-of-phase one after
1991. The phase difference for ihe meridional wind coulribution is alimost opposite to that
of the zonal wind contribution, suggesting that the phases ol the zonal and meridional wind

contributions to CW cxeitation complementarily also vary with time each other.

Tropospheric and Stratospheric Wind Contributions

Iigure 2.15¢ shows the CW excitation powers, coherences, and phase differences of /between
the geodetic excitation and thie contributions from total, tropospheric, and stratospheric
winds. The tropospheric wind contribution exhibits always stronger CW excitation than
that of the stratospheric wind contribution. This dominance in the tropospheric wind con-
tribution is also supported by its higher CW excitation coherence and small phase difference
with respect to the geodetic CW excitation, mdicating that the tropospheric wind plays an
important role to excite the Chandler wobble. This feature corresponds to the result that
the winds in the lower troposphere play an important role to maintain the annual wobble as
mentioned in section 2.5.2. lu addition, we note that the CW excitation power from wind
hased on NCEP[BP] shown in Figure C.2 in Appendix C has the comparable amplitude with
similar phase to that of stratospheric wind contribution in the JMA[SDP].

The power specira of the tropospheric and stratospheric wind contributions like Figures
2.14 (see Figure 2.16) reveal that tropospheric wind countribution las remarkable spectral

peak at frequency bands beiween 0.6 and 0.8 cpy (on a timescale between about 14 and 20
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months), while that the stratospheric wind contribution is active al frequency bhands between
0.6 and 0.75 cpy (on a timescale between about 15 and 20 months) and between 0.3 and 0.4
cpy (on a timescale between about 29 and 40 months).

These oscillatory variations may be connected with the fluctuations of zonal wind in the
upper troposphere such as the Quasi-Biennial Oscillation (QBO) through a nounlinear effect.
On the other hand, these variations may link to the ENSO in the tropical Pacific Qcean,
since a mean activity period ol El Nino is about 16 months [e.g., Philander, 1990]. It is well
known that the interannual Huctuations in length of day are closely connected with QBO
andfor ENSO [Chao, 1989; Dickey et al., 1994].

From [igures 2.15a and 2.15¢, the major atmospheric CW excitation is confirmed to
be the wind contribution, in particular, the tropospheric wind contribution. Hence, the
14-16 months periodicity found in the wind+IB pressure and wind contributions should
be attributed to that i the tropospheric wind., One of such oscillatory phenomena in the
atmosphere was found m the pole tide [see O’Conner, 1986]. Tsimplis et al. [1994] verified
that the enhanced pole tide in the Nortlr Sea is forced by the fluctuation of surface wind

stress over the ocean with period of about 14 months.

NIB Pressure Contribution

Figure 2.15d shows the CW excitation powers, coherences, and phase differences of /between
the geodetic excitation and the contributions from IB and NIB pressures. It is clear that the
NIB pressure contribution has much lager amplitude than that of geodetic CW excitation.

The CW excitation power from B pressure starts to increase in 1990, This feature is
also found in that based on NCEP[BP] in Figure C.2 in Appendix C. Since the temporal
variation in the NIB pressure contribution s not very remarkable in that time, we speculate
that the atmospheric mass over the ocean fluctuating at the CW frequency begins to move
to the land surface from the ocean surface in 1990, The phase shift of the CW excitations
from zonal and mertdional wind shown in Figure 2.15b may also have some relation to this

movenent,

Additional Discussions

In our results, there is some gap in the CW excitalion power and phase between the geodetic
excitation and the wind+1B pressure contribution, indicating somewhat excess amplitude
and about 30° phase advance ol the wind+IB pressure coulribution (hereafter referred to

as CW excitation gap). The CW excitation gap implies an existence of other contribution
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such as ocean and land water. Ponte and Stammer {1999] stated that the ocean plays an
important role to excite CW. According to their IMigure 7h, showing the phasor diagram for
the CW excitation power, the contributions from ocean currents and ocean bottom pressure
seems to account for the CW excitation gap.

Gross and Chao [1985] stated the high correlation of the observed Chandler wobble and
El Nino, which may link to fluctuations of oceanic angular momentum on the timescale of
about 14-16 months, for the period 1982-1983. Thus, we calculate a correlation of the CW
excitation gap to the activity of Il Nifio, using NINO3 and SOI (Southern Oscillation Index)
that are the index in terms ol the sea surface temperature in the region to monitor Il Nino
and of the difference in the atmospheric pressure between Tahiti and Darwin, respectively.
‘Figure 2.17 shows tlie time sertes and cross corretation coefthcients of /between the CW exci-
tation gap and NINO3 and SOI, in which amplitudes of their time series are standardized by
their standard deviations. As a resull, we obtain Lhelr significant correlation (a correlation
coefficient of 0.67 for NINO3). This suggests that the ocean (or oceanic angular momen-
tum) behaves like negative contribution to the CW excitation power to cancel out the C\W
excitation gap.

On the other hand, the simulation study by Celaya et al. [1999] indicates an importance
of contributions from winds and ocean currents, but they pointed out that the contribution
from the hydrosphere, i.e. movements in land water, is nearly negligible in comparison with
the atmospheric and oceanic contributions, although it has been considered to be important
in previous studies le.g., Wilson and Haubrich, 1976).

If the atmosphere by itsell has enough power to excite the Chandler wobble as shown
above, we reach an understanding that the large earthquakes are connected with the atmo-
spheric variations through the exchanges of the augular momentum at the CW frequency
between the atmosphere and the mantle, taking into account the corrclation between the
activity of large earthquakes and the amplitude of the Chandler wobble [Kanamor:, 1977].
Near future, we can expect to have a full understanding of the exchange of angular momen-
tum between the mantle, atmosphere, and oceans near the CW [requency, through which

we provide a dynamical information how the Chaudler wobble is connected with ENSQO.

2.6 Conclusion

The atmospheric pressure and wind contribution to the axial and equatorial angular mo-
mentum budgets, in annual and semiannual variation are discussed during 1988 - 1997. The

data sets used here are SPACLE9T and EOPCO04 for the length of day {1.LOD) change and the
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wobble, respectively, and two atmospheric angular momentum (AAM) {unctions caleulated
from the operational ohjective analysis data, of the Japan Meteorological Agency (JMA),
and the reanalysis data, of the National Centers for Environmental Prediction / National
Center for Atmospheric Research (NCEP/NCAR). The axial AAM functions from the two
analysis data sets in annual variation agree well and roughly in semiannual variation, with
the function inferred from the observed LLOD. In particular, the wind contributions playing
major roles in them agree very well with cach other. The equatorial AAM functions, trom
the two data sets, show the different wind contributions to the function inferred from the ob-
served wobble in both annual and semiannual variations. The disagreement in the equatorial
wind contributions is altributable in part to the different vertical wind integration methods
employed in the archived AAM lunctions in IERS from JMA and NCEP. There is still a
large disagreement in the equatorial wind contributions, calculated by the same method.
The AAM funciion based on JMA give a better agreement with the functions inferved from
the observed annual wobble. Though there are the discrepancy between the prograde and
retrograde AAM lunctions, from two data sels, and the functions inferred from the observed
annual wobble, the discrepancy based on JMA is sinaller than that based on NCEP.

The equatorial wind contribution to the annual wobble depends upon its corresponding
difference between the large zonal and meridional wind contributions, which have aliost
the same amplitudes, but cancel each other. Tle regional contributions of zonal wind to
the annual wobble distribute around prevailing westerly zone remarkably, which almost can-
cel each other. The global contribution of zonal wind are alfccted by regional zonal winds
blowing above Southeast Asia at 30°N in troposphere, and above the ocean around the
Antarctic continent at 60°5 in the stratosphere. The remarkable regional contributions of
meridional wind to the annual wobble are found in northern hemisphere, especially above
the coast around the Bering Sea, and the northern margin of Northh America for the strato-
spheric wind. The fatitude belt contribution of meridional wind in troposphere correspond to
Hadley, Ferrel, and Polar atmospheric circulations. The distribution of tlese regional wind
contribution suggests that annual wobble 1s related to the atimospheric circulation accompa-
nying with heat transport. The cquatorial wind contributions in troposphere from JMA and
NCEP/NCAR data sets caleulated by the same method, exhibit discrepancies arising from
the different regional meridional winds in troposphere associated with the Asian monsoon
that shows the most remarkable seasonal signal over the world. Since JMA must carefully
handle the Asian monsoon due to the high quality forecasts, the wind contribution based on
JMA, showing a better agreement with functions inferved from the observed annual wobble,

15 a more natural oue.
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Comparing the atmospheric angular momentum {(AAM) function based on the Japan
Meteorological Agency (JMA) with the function inferred from the observed wobble for the
period 1983-1998, it is found that a sum of the atmospheric wind and inverted-barometer
(IB) pressure variations dominating on the time scale between 14 and 16 months has a
little excess power with about 30 degrees phase advance to that required to excite the
observed wobble, in which their coherence exceeds 95% confidence threshold. In addition, the
temporal variations in the excitation of the Chandler wobble (CW excitation) are calculated
from the shifted eight years data of the AAM function and that inferred from the observed
wobble by assuming the CW excitation to be the power spectral amplitudes from 0.8 to
0.9 cycle per year. The result shows that the wind and IB pressure contributions to the
* CW excitation complementarily vary with time each other, although the wind contribution
always dominates over the IB pressure contribution throughout the analyzing period of 1987-
1995, in which both the temporal variations have almost the same patterns. These reveal
that the atmospheric wind and IB pressure variations by themselves maintain the observed

Chandler wobble during the analysis period.
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This Study [Fubanks, 1993] Barnes et al. [1983]
C-A Transfer Function Cin — Am Transfer Function
¥ 2,610 x 10%%kgm? 1.098 2.344 x 10%*kgm? 1.00
i 2610 x 10%kgm? 1.5913 2.344 x 10%*kgm? 1.44
This Study [Eubanks, 1993 Barnes et al. [1983]
Cn Transfer Function Cn Transfer Function
p a7 2 a7 2
Xa 7.1236 x 10 kgm 0.753 7.04 x 10°"kgm 0.70
x3T  7.1236 x 10°"kgm? 0.998 7.04 x 107 kgm? 1.00

Table 2.1: Transfer 'unctions and Principal Moments of Inertia. Shown are the transfer
functions and the difference between the Earth’s axial and equatorial principal moments of
inertia employed in this study [Eubanks, 1993] and Barnes et al. {1983], where C — A and
Cm— A denote the whole Farth and the mantle, respectively. Note that the AAM functions

archived in SBAAM of IERS are based on Barnes et el. [1983].
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Xr X2 X3
Amp, x1078 Phase Amp, x1078 Phase Amp, x107° Phase

NIB-Pressure

JMA 85424 219+16° 206+ 2.2 167 + 6° 0.59 +0.10 234 +10°

NCEP 90423 216+ 15° 1494 2.3 166 4 6° 0.58+0.10 239+10°
IB-Pressure

JMA 3106 179 £+ 11° 1444£09 177 + 4° 0.52 £ 0.06 204 £ 6°

NCEP 334+06 176+11° 139+£1.0 177 + 4° 0.45 £ 0.05 209 4 6°
Wind

JMA[SP] 3.14+£0.9 47 4 16° 3.6-09 25 4 14° 4.89 £0.45 37 +5°

NCEP[SP] 0.74+06 99 4+ 50° 1.1 +0.6 49 + 31° 4.59 = 0.43 38 £ 5°

NCEP[BP] 203+056 29 4+ 14° 0.7+04 184 3F37° 4.63 £0.43 38 £5°
NIB-Pressure + Wind

.]MA[SP] 54433 215435° 179+ 3.1 160 & 10° 4.33 £ 0.55 35 +7°

NCEP[SPI 8.74+3.0 222419° 1941+ 28 163 + 8° 4.05 £ 0.53 354£7°

NCEP[BP] 7.1+28 218+23° 2054 2.7 167 £ 8° 4.09 4 0.53 354 7°
IB-Pressure + Wind

JMA[SP] 25%1.5 112 = 34° 11.3+ 1.8 169 £ 9° 4 38 4 0.50 38 +6°

NCEP[SP] 3J6£13 164 + 20° 1324+ 1.5 174 + 7° 4.15 + 0.48 39+7°

NCEP[BP] 2041.1 143 £ 31° 145 +1.4 178 4: 6° 4.19 &£ 0.48 39 + 6°
Geodetic

Observation 36+14 B2 4+ 21° 944+23 152+14° 4.39 £ 0.49 36 £6°

Table 2.2: Estimated Amplitudes and Phases in Annual Variation. The estimated amplitude
and phase in annual variation of the geodetic excitations and the AAM functions. JMA[SP},
NCEP[SP], and NCEP[BP] denote the data and the methods for the wind integration used
in this study (see section 2.4.3 for details). The phases are defined to January 1. The errors
in the table are the least-square fitting errors.



CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES

X1 X2 X3
Amp, x1078 Phase Amp, x107® Phase Amp, x107° Phase

NIB-Pressure

JMA 26+24 187 +53° 284+22 2 4+ 45° 0.18 £ 0.10 82 4+ 31°

NCEP 29423 191+ 45° 3.74+2.3 358 +£35° 0.184+0.10 82 +33°
IB-Pressure

JMA 1.2+ 06 86 4 29° 35109 30+ 15° 0.10 £0.06 96 + 31°

NCEP 1.3+ 0.6 90 £ 27° 3510 27 £ 16° 0.10 £ 0.05 98 4 28°
Wind

JMA[SP] 08409 2884 62° 0.3+0.9 11 % 156° 267045 2484 10°

NCEP(SP} 6.5+06 294 4 70° 0.2+06 2121177° 2631043 249 £ 9°

NCEP BP} 0.7 +0.5 259 +41° 0.3+0.4 115 £ 81° 2.63 £ 0.42 249 +9°
NIB-Pressure + Wind

JMA{SP] 26+33 205+72° 31431 3+ 57° 250 £ 055 247 +13°

NCEP[SP] 29429 202+59° 35428 356 +£46° 2.46 £0.53 247 £12°

NCEP BP] 32+£28 202 149° 35427 34 44° 246 £0.53 248 £ 12°
[B-Pressure + Wind

IMA[SP] 0.6+15 56+ 148° 38418 28 £ 28° 2591+050 247+ 11°

NCEP SP] 09+1.3 75 + 83° 33+1.5 27 £ 26° 254 + 0.48 247 x11°

NCEP BP] 0.74+1.1 101 £ 91° 35414 32 +23° 255 +048 247 +11°
Geodelic

Observation 28+14 194+ 28° 58423 21 + 23° 2.99 £ 049 243 +6°

Table 2.3: Estimated Amplitudes and Phases in Semiannual Variation.

41
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Figure 2.1a: The seasonal patterns in the equatorial and axial compouents of the archived
National Centers for Environmental Prediction (NCEP) (solid line) and Japan Meteoro-
logical Agency (JMA) (dotted line) atmospheric angular momentuwin (AAM) functions in
International Earth Rotation Service during 1988-1997. Unit is 1077.
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Figure 2.1b: The seasonal patterns in the equatorial wind terms recomputed from the
NCEP/National Center for Atimospheric Research (NCAR) (solid line) reanalysis and JMA
(dotted line) operational data by the surface pressure (SP) method uentioned in section
2.4.2
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Annual ¥, Semiannual ¥,
JMA[SP]

*
NCEP[SP] )
k<4
NCEP[BP] .
10 *
«+ - Geodetic Observation

— : Atmospheric Pressure Contribution
—— : Wind Contribution

Figure 2.2: The plasor plots showing the axial angular momeutum budgets in annual and
semiannual variations. Stars denote the functions inferred from the observed length-of-day
(LOD) change. Vectors indicate the inverted barometer (IB} pressure and wind terms in
JMA[SP], NCEP[SP], and NCEP[BP] (see section 2.4.2 for details) in {left) annual and
(right) semiannual variations lor the period 1988-1997. Horizontal and vertical axes indicate
the coefficients of cosine and sine terms, respectively, in each sinusoid. Length and direction
of the vectors denote the amplitude and the phase with respect to January 1. Note that the
vectors of the semiannual pressure term are too small Lo be displayed.
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Figure 2.3a: Same as Figure 2.2 but for the equatorial angular mmomentum budgets in annual

variation. Left and right pancls show those in x and y; components, respectively.




CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES 46

Semiannual Semiannual ¥,
ki1
JMAISP]
%
w
NCEPI[SP] ‘&]
#
%
NCEP[BP] é}
» 108
& - Geodetic Observation
— : Atmospheric Pressure Contribution
— : Wind Contribution

Figure 2.3b: Same as Figure 2.3a but for in semiannual variation.
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Figure 2.4: Same as "igure 2.3a but for prograde and retrograde components.
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Figure 2.5: The zonal and meridional wind contributions to the equatorial angular momen-

tum budgets in annual variation. Legends are as same as in Figure 2.20 Left and right panels
show those v, and y, componeuts, respectively.
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Iigure 2.6: The Lropospheric and stratosplieric wind contributions Lo the axial and equatorial
angular momentum budgets in annual variation. Legends are as same as in Figure 2.2, Left,
middle, and right panels show those x1, x2, and x3 components, respectively.
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Figure 2.8: The regional wind contributions to the annual wobble, based on JMA[SP]. Each
vector is displayed in 7.5° square grid in the same manner as in Figure 2.2, Upper and lower
panels show those in y; and y, components, respectively. Note that the regional vectors of
less than half the magnitude of the unit shown in the figure are not displayed, but that the
latitude and longitude belt contributions, are shown in right sides and lower sides of the each
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coutribution (b) meridional wind contribution.
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tropospheric meridional wind contribution based on JMA[SP] in Figure 2.7h.
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Figure 2.8: (e¢) zonal wind contribution in the stratosphere. Vector shown as "Total” 1s
equal to the stratospheric zonal wiud contribution based on JMA[SP] in Figure 2.7a. (f)
meridional wind contribution in the stratosphere. Vector shown as "Total” is equal to the
stratospheric meridional wind contribution based on JMA[SP] in Figure 2.7h.
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Figure 2.10a: Same as Figures 2.7a bul for prograde and retrograde coniponents.
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Figure 2.10b; Same as Figures 2.7b but for prograde and retrograde components.
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contribution (b) meridional wind contribution.




CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WOBBLES 34

= / «
e o [==]
g.n I‘ ') A% ':,nw, “\f N Y PR e %
ALY el e A . R T AN S SRV =8
i 1) =S5
=] S
3 S= 2w
. .
» »
a L]
rl
t -
» n
. =
» -
- »
o - .
£ : :
z v v
3 Vs b
(=] * a
ol -
5 y £
& .
= .
T N
=
: : ¢
8. - 1
o > L]
b - F)
= . :
— b4 rl
& ! N
< p N
2 y ;
- -
- «
. |2 e
= 2
¥ o= LI
(&) + o
- o
< |1 L |1
4 b ~—
apeifosd jenuuy 13g w0 aperdonar penuuy ag uo] =
pd % e
Z \WAPRY )
o fha uolr Ny e u\\g-bq w S’
—g 0
[ £a
Pt /g
5 }
-
=
=z
=
=
o EN z
] [ =
g 2 pas
§ - =
g £ £
; R R
o
: - Y
£ X
£ .
: /
%
] -
= o
= -
-
& = %
u = A
< - ~
= s 2
= ~ e
» —h
> -
Y E Sl
=) gy
% ~ %
[T ~ [
~
! ML
hY
apesGosd [enunry 1oq ‘o] apeaBoaja [enuuy 1og uo

Figure 2.11: (c) zonal wind contribution in the troposphere. Vector shown as "Total” is
equal Lo the tropospheric zounal wind contribution based on JMA[SP] in Figure 2.10a. (d)
meridional wind contribution in the troposphere. Vector shown as "Total” 1s equal Lo the
tropospheric meridional wind contribution based on JMA[SP] in Figure 2.10D.
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Pigure 2.11: (e} zonal wind contribution in the stratosphere. Vector shown as "Total” is
equal to the stratospheric zonal wind contribution based on JMA[SP] in Figure 2.10a. ()
meridional wind coutribution in the stratosphere. Vector shown as "Total” 1s equal to the
stratospheric meridional wind coutribution based on JMA[SP] in Figure 2.10b.
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Figure 2.12: The difference between the regional wind contributions based JMA[SP] and
NCEP[SP] to the equatorial angular momentum budgets in annual variation. They are
displayed in same manner as in Figures 2.8. "Total” Vector at lower right corners of each
figure is equal to the difference between the zonal wind contribution (IMigure 2.12a) or that
between meridional one ([figure 2.12a) based on JMA[SP] and NCEP[SP] in Pigure 2.5, (a)
zonal wind contribution (b) meridional wind contribution.
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Figure 2.12: (c) zonal wind contributions in the troposphere (d) meridional wind contribu-
tions in the troposphere.




CHAPTER 2. ATMOSPHERIC EXCUTATIONS OF THE WOBBLES 63

W ANa P 7y ! n’can-q-hw§\\1

‘M.Jll“l.”“

BNY A

Lat. Belt
3.466%107
3.690%x107

E
=]
=

Total

JMAISP] - NCEP[SP] (Stratospheric meridional wind)

4
({
'i/'
-t
-
Py
.
{\
&
v
t;.
N
d
d

Aavgp.—l"'- T Fcding oyt o aa c;'ﬂ"s?! PR

= =
= o=
=2 =2
b3 s
o ="+
—
1 ; z . )
X yenuuy 12g uon X penuuy 139 U] e
T A A \ =8
R A\ N
S o (S0
— i 1
- L]
= .
N £
>~ &~
= N o~
B ~ N
& ¥ ~
z R by
5 . o=
o v P,
=} . a
By by s
. - L
E - L
= - -
(a1 - -
W L ad *
9 - - Ll
L Lo
g =l :
& -~ = s
2 - . N
— - t ®
& by :
ooy w -
7} X ~
Q Ny ~
Z « b:
. ?
[ M N
3 - 3
- ~
* |= ~ =
E. = |z ~ |z
- |2 ~ 12
~n %2 ~ %
38 i
=T |
= H
Y jenuuy o uo] o enunry 1109 Uy
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Figure 2.12: (g) the diflerence between the regional contributions of the zonal winds i
the troposphere based NCEP[SP] and NCEP[BP] (1) that of the meridional winds in the
troposplicre.
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Figure 2.13: Same as Figures 2.12 but for prograde and retrograde components. (a) zonal
wind contribution (b) meridional wind contribution.
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Figure 2.13: (c) zonal wind contributions in the troposphere {d) meridional wind coutribu-
tions 1 the troposphere.
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Figure 2.13: (g) the difference in the zonal winds in the troposplere between NCEP[SP] and
NCEP[BP] (h) that in the meridional winds in the troposphere.
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IFigure 2.14a: Power spectra (left) for nonscasonal geodetic excitation inferred from the
observed wobble and atmospheric coutribution based on the JMA[SP], and their squared
coherence (center) and phase dillerence (right), which are estimated for the period 1933-
1998, by the multi-taper method (MTM). Note that the atmospheric contribution means a
sum of coutributions from the wind aud inverted barometer (1B) pressure. A vertical line at
0.847 cpy denotes the Chandler frequency. The statistical reliability of power spectra of the
geodetic (gray bar) and atmospleric (black bar) excitations by F-test are shown with the
confidence thresholds of 90%, 95%, and Y9%. Three dashed horizontal lines in the central
figure represent the confidence thresholds of 99% (0.54) , 95% (0.10), and 90% (0.32).
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Figure 2.14b: Same as Figure 2.14a, but for the wind contribution.




CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THE WORBLES il

delay advance
=
by -
T /?:
=
3 | E— -
E ] =1 ‘g:
" P &
[72]
2 i
Q_' ——
= .
_-;—F___
(P\ .
ey =4 = = 2
' o
" " )
=]
©
[ )
a—
- §<.+
|
u 3
Y S g
[ g @
£ o R
3 ) %@
2 G
0 ||
] o
52
&
D o0 w o~ o o =3
—_ < o g: =) =1 g\? Er\) 35
a~ [= 2
= —
jo P R
L=
.
o
——
=
2 l_ff’ [>
P
& : N
-
*
Ra)
o
3_ - -a;_) SO
2 Yo
o 0
o

]02 -
10! ]
10(!

Figure 2.14c: Same as Pigure 2.14a, but for the IB pressure contribution.
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and contributions from wind+1I pressure, wind, and IB pressure near the CW frequency
(0.8-0.9 cpy) for the period 1987-1995. Horizontal dashed lines in the lower left and central
figures denote the counlidence thresholds of 90%, 95%, aud 99%.




CHAPTER 2. ATMOSPHERIC EXCITATIONS OF THIZ WOBBLLES B!

delay advance
E o
.
o
'
L [
3 8
3 TR
I, o
%7 § =
= )
a8
o0
] [= <]
=2
2 & < & =
' =
) . o
4 = T
= S <
i * ge!
| Q g5 3
i ¥ - g
& & = 2 g
O : T T g .2
b O £ o =
< 2 C 2N
Q| =N | I ;
2
] e o
Ea &
N
= w0 Ny
— [ <
S 3 2
] =N [ o
(o —_ —_—
L&)
\
= = .
"g, - -
—~ —_ it
s
e
— (o] [
S| = . -
= - £ >
Al '_v'l_o' —_ —_
T LA,
: o 7
X, %0
21 3 - =
— ] —_—
am
= =
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Chapter 3

Earth’s Gravity Response to the
Wobbles

3.1 Abstract

We discuss Earth’s gravity response to the Chandier and seasonal wobbles using data ob-
tained from the superconducting gravimeters (SGs). The data sels used here are three SG
data observed at Iisashi in Japan (1580 days [rom Jan. 2, 1995), Canberra in Australia
(800 days from Jan. 28, 1997) and Syowa station in Antarctica (1740 days from Mar. 23,
1993), and EOPCO04 for the wobble. We first separate the tidal components (1/3 day to 31
days), atmospheric gravimetric effect, and step-like disturbances caused by earthquakes and
maintenance of 5G, from the 5G data sets, for the purpose of examining long-period gravity
changes (with period from 6 to 14 months). The residual time series of SG data are fitted by
an analysis model consisting of the Chandler, annual and semiannual periodic components
with their linear trends, imitial drifts of SG {exponential [unction), and step functions to re-
correct for the disturbances throughout long duration. We attempt Lo interpret the observed
annual and semiannual gravity changes using the predicted gravity changes consisting of five
gravimetric effects: the solid tide, the ocean tide, the wobble, the equilibrium pole tide,
and sea surface height (5SH) variations. Additionally, we discuss a gravity responses to the
annual and the Chandler wobbles, comparing the observed annual or nonseasonal gravity
change with that predicted from 15OPCO04, respectively.

It 1s found that the observed annual gravity change agrees well with the predicted oue
within a discrepancy of 0.25 pGal (1pGal = 1 x 107%m/5?) al each observation site, in

particular the discrepancies at Esashi and Canberra are less than 0.1 pGal (1pGal = 1 x

=)
o
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10~*m/5%), which is not significantly larger than the formal error of fiiting for amplitude
of observed annual gravity change. In that case, we apply a single steric coefficient of
0.60 cm/°C to correction for the thermosteric component of the SSH. We also test other
extreme value for the steric coefficient, i.e. 0.0 cm/°C and 1.0 ain/°C. In result, the observed
annual gravity changes prefer 0.6 ¢cm/°C, which has been independently determined from
the relationship between SST and SSH (sea surface temperature). On gravity response to
the annual wobble, a significant departure from theoretically elastic response is found in the
case where we separate the thiree effects of the solid tide, the ocean tide and the equilibrium
pole tide from the observed one. However, the departure is reduced by the separation of
gravin.letric effect of SSH variations besides above three effect, and the observed gravity
response agree with theoretical one in the range of its formal error.

In semiannual gravity change, on the other hand, there are discrepancies of 0.1 - 0.5
#tGal between observed and predicted values. We suggest that their major source possibly
15 insufficient correction for the atmmospheric gravimetric effect by means of the response
method.

Comparing the nonseasonal observed gravity change with that predicted from the noun-
seasonal wobble, we determine the gravimetric factor and phase difference for the Chandler
wobble at each observation site. Iu result, the observed gravity response to the Chandler
wobble disagree with the theoretical elastic one, and their disagreement is too large to be
explained not only by the effect of mantle anelasticity but also by the gravimetric effect
of equilibrium pole tide. We suggest a possibility that the SG observes the gravity change
around the Chandler period arising from other geodynamical phenomena accompanying with
mass redistribution in the ocean and the fluid core. Finally, we would propose that the SG
data sets can provide vajuable information about dynamics of Earth affected by various mass

at long-term period.

3.2 Introduction

The temporal varations in the instantaneous angular velocity vector of the mantle relative
lo the terrestrial veference framne (i.e. the LOD change and wobble) are described by Farth
orientation parameter (10P). The EOT is observed by space geodetic techniques al tle
accuracy better than 1 mas {(mill arc second) as shown in previous chapter. If we can observe
gravity responses to the LOD change and wobble at the similar relative accuracy (0.01 pGal
order), they provide us valuable information about Earth’s deformational response properties

al periods much longer than seismic and short-periodic tidal bands. Although there are only
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few kinds of measurements knowing it, the superconducting gravimeter (SG) is one of the
candidate instruments, which has very high sensitivity and long-term stability.

The gravity response to the LOD change and wobble is represented by the amplitude ratio
(hereafter referred to as the gravimetric factor) and phase difference between the gravily
change observed from SG and that predicted from EOP on the assunmption of purely rigid
Barth [see, Hinderer and Legros, 1989 and Loyer et al., 1999]. Since these parameters
represent the plhysical properties of the Earth utilizing Love nuimber [sce Wahr and Bergen,
1986 ; Hinderer and Legros, 1989], they are expected to give us useful information about the
frequency-dependent anelastic behavior al long-term period.

Richier [1983] first reported that SG measurement obviously detected the gravity change
induced by the wobbles. Subsequently, he determined the gravimetric factor of 1.27 and
zero time difference hetween observed and predicted values, using SG data obtained at Bad
Homburg in Germany during 1981 - 1984 and during 1986 - 1987 [Richier, 1990]. Sato et ul.
[1997a] analyzed the gravity response to the wobbles using 2-year SG data oblained at Syowa
Station, Antarctica, and reported the gravimetric factor of 1.198 and phase lag of about 20
days. The length of SG data, llowever, was too short to salely separate the two dominant
periocic components of the wobbles such as the Chandler and annual wobbles (with periods
of l4-month and 12-month, respectively) . Loyer el ol [1999] estimated the gravimetric
factor of 1.18 and phase lag of 22 °(that is about 26 days delay in time domain), based on
8-year data (from October, 1987 to March, 1996) of Strasbourg SG in France . The later two
analyses reveal considerable phasc lags of observed gravity change refative to the predicted
one that is computed from EOP change assuming purely rigid Earth. Taking effects of
anelastic Eartly with extremely low Q-value [ Wahr, 1985) iuto consideration, observed phase
lag can hardly be explained. Hence, it is required to examine sources of these observed phase
lag.

Since annual wobble is a forced motion, we [irst consider that the gravity response Lo
the annual wobble will be much simpler and better determined that that to the Chandler
wohble which is Earth’s free motion. However, the gravity response to the annual wobble
have never reported. The major reason for this is that the classical spring gravineters have
considerable instrumental drift due (o annual thermal variations, so they can hardly observe
the geodynamical annual signals. It has been shown that a few SG measurements might
detect the geodynamical annual signals [e.g., Richter, 1983, 1990]. In these study, the
annual gravily change, wlhich is made a correction for the atmospheric gravimetric effect,
was described by a tidal gravimetric factor alone. Moreover, the geophysical meaning of

obtained value was not explained. Thus we need analyze the gravity response to the annual
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wobble using SG data.

It is considered that SG simultaneously detects the several gravimetric effects in addition
to the gravity response in seasonal period. These gravimetric effects are connected with
inass redistribution in atmosplere and ocean, water lable change, aud dynamical process in
the core. For the purpose of examining the gravity response, it is essential to separate these
gravimetric effects from observed gravity change. Thus, the knowledge about their phases
besides their amplitude is also required to correctly understand the origin of the observed
annual gravity change.

[t have been discussed that the redistribution of the atmospleric mass induce broadband
gravity changes whose maximum amplitude is more than 10 pGal [e.pg., Mukai et al., 1995].
These atmospheric gravimetric effects are estimated by two methods: the respouse method
le.g.  Spratt, 1982} or the numerical integrations method [e.g. Mukai et al, 1995]. I
the response method, the estimation of almospheric gravimetric effect is usually conducted
statistically only using a response function of local atmospheric pressure measured around
the gravity observation site. On the other hand, the effect is inferred convolving global
meteorological data witl a Green's [unclion which represents the Earth’s vesponse to a
toading mass, in the numerical integrations method. Both methods can correct for this
elfect to the observed gravity change at the accuracy of 0.1 jGal order [Mukai et al., 1993].

Although the atmospheric gravimetric effect have been studied in large number of litera-
tures, little is known about oceanic gravimetric effect. The ocean respond Lo the variations
in the gravitational potential. Typical examnples of the ocean response are the ocean tide
caused by tidal polential changes and the pole tide arising from the changes in centrifugal
potential due to the wobble. Redistribution of the ocecanic mass due to these ocean response
induce the surface gravity change through the effects of Newtonian attraction and surface
loading.

The sea level data from tide ganges have proved the presence of [4-month pole tide [e.g.,
Trupin and Wahr, 1990]. The typical amplitude of the equilibrivm 14-month pole tide is
less than 1 cm fe.g., Munk and MacDonald, 1960]. Large amplitudes scveral times amplitude
of the equilibrium pole tide, however, were obtained from the tide gauge data in the North
sea, Baltic Sea, and Gulf of Bothnia. Tsimplis el al. {1994] pointed out the possibility that
the nou-equilibrivm pole tide in North Sea is mainly driven by meteorological origin, i.c.
surface wind stress with variation in l4-month period.

The gravimetric cffect of the pole tide assuming an equilibrinm induces only increase of
about 2% in gravimetric factor for the gravity response to the Chandler wobble [Hinderer and

Legros, 1989]. Il there are the departures from the equilibrium pole tide as mentioned above
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in other sea regions, the gravimetric effect of non-equilibrium pole tide probably induces
the phase difference between theoretical elastic gravity respouse and that obtained from SG
data.

For recent years, the TOPEX/POSEIDON (T/P) altimnetry data provides us the knowl-
edge of the global sea surface height (SSH) variations at accuracy of about | cm. Thanks
to improvements of the ocean general circulation model (OGCM) that is driven by surface
wind stress and sea surface temperature (SST), we can employ spatially homogeneous data
concerning the SSH variations. It is examined that the SSH variations from Parallel Ocean
Climate Model (POCM) as the OGCM agree with those from T/P [Stammer, 1997] These
data sets enable the quantitative evaluation of the oceanic gravimetric effect on the observed
gravity changes.

Recently, it begins to evaluate the gravimetric effects ol redistribution of oceanic motions
caused by meteorological lorcing (i.e. wind stress and sca surface pressure loading) using
these SSH data [c.g., Fukuda et al., 1999; Sato et al., 2000]. Morecover, it is found that
the annual variation is domimant over the SSH variations [Fukuda et al., 1999], and in
consequence the S5H is expected to cause a part of annual gravity change observed by SG.

Observation applying a global network of SG have been carried out by Global Geodyna-
ics Project (GGP) since 1997, and will continue until 2003 [Crossley el al., 1999]. Japanese
5G observation sites are located in Australia, Indonesia, and Antarctica beside in Japan. SG
data obtained from these sites provides valuable information, because other sites of the SG
network are set in mid-latitude in the northern hemisphere. Previous studies have never dis-
cussed the gravity response to the wobble analyzing multiple SG observation data in terins
ol the uniform approach.

In this chapter, we analyze three data obtained from SGs at Esashi in Japan, Canbeira
in Australia, and Syowa station in Antarctica in terms of the uniform approach, and discuss
the gravity response to the annual and the Chandler wobbles. The observed annual gravity
is decomposed ito the gravity response components to solid tide and annual wobble, and
attraction and loading effects associated with ocean tide, pole tide, and SSH variations. We
evaluate how the observed Chandhan gravity change is aflected by the attraction and loading
effects of pole tide and SSI variations beside the gravity response to thie Chandler wobble.
In section 3.3, we describe the origins of the gravity change. [n section 3.4, we outline the
observation applying the SG, preprocessing data, and method of analysis employed here. In
section 3.5, we display the results of analysis on annual and Chandlian gravity changes, and
assess the gravity response to the wobbles in the bands from seasonal to Chandler period.

We summary in section 3.06.
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3.3 Theory of Gravity Changes

3.3.1 Gravity Response to the Wobble

The gravity change is sensitive to redistribution of mass within and on the Farth in ters of
three dynamical processes as follow: a gravity response, an attraction effect, and a loading
effect. The variation in the Earth’s gravitational potential induces an effect from the local
gradient of the acting potential, and an effect due to the displacement deformed by the acting
potential. The deformation of the Earth perturbs the Farth’s gravitational potential. The
gravity response means the sum ol these effects associated with the variation of potential.
The redistribution of mass in geophysical fluids, such as atmospliere, ocean, land water,
liquid core, and so on, causc the gravity perturbations in terms of variations in not only the
Newtonian attraction, but also the surface loads with the deformations of the Earth. These
attraction and loading effects are described in following subsections, and we first give the
basic formulations relative to the gravity response. Note that pGal (107%m/s%) is employed
as a unit of gravity change in this chapter.

A rate of rotation and an orientation of an instantaneous rotation axis are changed by the
LOD change and wobble, respectively. Consequently, the LOD change and wobble induce
the fluctuation in the Earth’s centrifugal force. A first-order perturbation in the Earth’s

centrifugal potential is given as follow :

Q‘z,,,'z

V(r,0,)) = =

[2Trzgsi'n29 — sin20(mcosA + 'fllzsi'fl/\)] (3.1)

where 0 is Earth’s mean angular velocity, (r, 8, A) are radial distance, co-latitude, and lon-
gitude of the observation point, respectively [Wahr, 1985]. my, my, and 1 4+ my are the
direction cosines ol the instantancous rotation axis along Greenwich, 90 °I5, and the Earth’s
figure axis. In eq. (3.1), the term involved with my at right-hand side describes the pertur-
bation caused by the LOID change, while the terms ncluding m, and my, express the effect
ol the wobble.

The perturbation in the LEartl’s centrifugal potential delorms the solid Earth. This
deformation affects the surface gravity thought two dynamical processes: the displacement
of observation point and a secondary perturbation in the gravitational potential arising from
mass redistribution. The surface gravity chiange due to the LOD change and wobble, which

1s derived from radial differentiation of the gravitational potential, can be expressed by:

2
Ag =62V (r,0,A) (3.2)
"
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where 6 is referred to as a gravimetric {factor { Wehr, 1985]. Using second-order Love wnuni-
ber, h and &, which describe the effect of the displacement of surface and of the additional
perturbation in the gravitational polential, respectively, the gravimetric factor is given by
O =14 h—3/2k [see, e.g. Hinderer and Legros, 1989]. The gravimetric factor is sensitive Lo
shape and physical property of the solid Earth, and the spherical harmonics and frequency
of the external forcing [see e.g. Dehant et al., 1999]. The gravimetric factor can provide
information how the Earth respond to the external forcing and how the solid Earth behaves
anelasitically. We employ § = 1.159 as the theoretical gravimetric factor for gravity response
to the wobble and LOD change in seasonal to Chandler period, though the spherical har-
mouics of perturbation in the gravitational poteutial due to the wobble and the LOD change
differ from that of Sa wave.

The gravimetric [actor is obtained from the gravity observation using the following rela-

tion:

§(w) = Agobserved(w) (3.3)
ADgrigia(w)
where w is an angular requency, and Ag,q 18 computed from eq. (3.2) with assumption
of a rigid Barth (6 = 1.0} [sce, e.g. HHinderer and Legros, 1939, Loyer et al., 1999]. The
gravity response due to the LOD change and wobble is given by hoth the gravimetric factor
and a phase difference between Ag, ia(w) and Agopservea(w). I the Earth does not deform,
6 = 1.0 with zero phase lag of the observed gravity change. Since the Farth actually is
deformed by external [orcing, the gravimetric factor is considered to be 1.155 for a simple
elastic solid Earth, and 1.159 for an anelastic body with mantle convection in the case of
annual body tide (Sa wave), using a non-rigid Earth model [Delant et «l., 1999]. The phase
lag of observed gravity change are expected by anclastic Earth model [ Wahr, 1935].
The wobble data, such as Earth orientation parameter (EO), describes a coordinates of
celestial ephemeris pole in terrestrial reference frame, but the celestial ephemeris pole does
not always correspond to the instantancous ration axis [Gross, 1992]. In the case of wsing

the EOP, m,, 4, and m3 arc represented as follow:

L dPMY I dPAMX /_\A) (3.4)

(maymg,mg) = | PMX — 251 _ppy - S0 28
(1,102, ) ( QO dt Q d T A

where PATX and PAMY are wobble parameters reported in the EOP, and Ay and AA are a
standard LOD and its deviation, respectively [Gross, 1992]. Elimination of the differential
terms related to my and my in eq. (3.4) produces the maximum amplitude change of 0.5%

or less, and the maximum phase diflerence of 0.5 °or less, lor original gravity change.
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In eq. (3.1), the maximum effect of the LOD change appears at the equator, and its
estimated amplitude is about 0.03 pGlal for annual period. On the other hand, the maximum
effect of the wobble reaches about 3.5 uGal for the Chandler period and about 1.2 pGlal for
annual period at mid-latitude in northern and southern hemispliere. The effect of the wobble
1s two order larger than that of the LOD change. The estimated amplitude of gravity change
without the effect of the LOD agree with that including the eflect of the LOD within 0.01%
for the Chandler period. In the seasonal variation, the effect of the LOD change varies the
estimated amplitude by about 0.02 pGal in the equator and 0.002 u(Gal in polar region. In
this study, we eliminate the eflect of the LOD change and the differential terms related to

my and mz in eq. (3.1), treat only the effect of the wobble.

3.3.2 Response of Ocean to the Wobble

The ocean responds to the fluctuations in the centrifugal (orce due to the wobble, and in
consequence the sea level varies. We refer this ocean response to the pole tide. The sea level
changes in arbitrary point on the acean, n(#, ), arising from an equilibrium pole tide are

given by

V(r,0,\)
g

where ¢ is gravitational acceleration at the Larth’s surface, and d is additive constant to

n(0,A) =(14+k—=h) ( + (l) C'(0,A) (3.5)

conserve the whole occan mass (actually, to conserve the whole ocean volume) [ Wahr, 19385].

C(0, A) 15 ocean function, which has either one on ocean area or zero on the land.

3.3.3 Effects of Fluids on the Earth’s Surface

The atmospheric and oceanic mass transport arising from ocean tide, pole tide, and meteo-
rological forcing, varies the gravity through the attraction and loading effects. The surface
gravity change at arbitrary point can be estimated from the convolution of geophysical fluids’
mass over whole Earth’ surface, 5. Since the distance between mass and observed point,
accompanied with mass redistribution, varies the Newtonian force, the attraction effect is

represented by

Ag = //a(o,,\)r‘Nds
S5

G
Iy = F—QZ{HPH((:US'QI‘J)} (3.6)
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where (' is the universal gravitation constant, o€, A) is surface density, and ¢ is angular
distance between mass and observed points, The loading effect is also caused by the redis-
tribution of mass in the geophysical fluids. The surface gravity change associated with the

loading effect is given by

Ag = /]Sa(a, MTp()dS
Prd) = ST, ~ (0t k) Pyleoss) (3.1)
n
where I'g(3) is Green’s function for the loading effect (we employ the Green’s function pro-
vided by Farrell [1972] in our computation using the Gutenberg Bullen Earth model), and 4’
and &, are n-order load Love number, which are dimensionless small quantities, representing
how the Earth displaces and how the Barth’s gravitational potential perturbs due to suiface
loads. Eq. (3.7) provides the gravity change due to hoth the displacement responding to

the surface loads and the perturbation in the gravitational potential corresponding to the

mantle deformation.

3.4 Observation of the Gravity Changes, Data Pro-

cessing and Analysis

3.4.1 Observation of the Gravity Changes

Superconducting Gravimeter

‘Superconducting gravimeter (SG) is relative cryogenic gravimeter utilizing magnetic levi-
tation force instead of classical wetallic spring (see Appendix D for detailed explanations
about principle and structure of SG). The cryogenic environment (4.2°K} maintaining the
superconductive state gives stable thermal and mechanical environments for the gravimeter
sensor, consequently it has a great advantage to realize long-term stability and low noise
level of SG in comparison with the classical spring gravimeter.

The gravity sensing unit (GSU) are in a dewar filled by liquid helium (LHe) in order to
keep cryogenic environment. The SG dewar is hung (supported) from thermal levelers (see
Appendix D) fixed to the concrete pier of about 1.5 m in height. Recently, the configuration
of support system of the dewar is improved to support it by the thermal leveler directly put

on the basement in order Lo reduce the mechanical noise arvising from the pendulum motion
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of hanging dewar. The former is called "top mount” systcin, and the latter is referred to as
"bottom mount” system.

It is essential to maintain the cryogenic environment inside the GSU for the high quality
abservation by SG. To accomplish this, we are forced periodically to fill LHe and to carry
out the maintenance of the cryogenic refrigeration system. Since these work disturbs the
5G observation, recent type of SG have been improved by additional features such as en-
hancement in its cooling performance and decrcase in loss of LHe, in order to simplify use,

increase reliability and reduce manpower requirements.

Observation Sites

The gravity data analyzed here are obtained from the SGs at three sites among the global
5G network of Global Geodynamics Project (GGP; see Crossley et al. [1999]). They are
Lsashi in Japan, Canberra in Australia, and East Ongul Island in Antarctica (Syowa station).
Their geographical coordinates (latitude, longitude and altitude) are listed in Table 3.1, and
Figure 3.1 shows the locations ol three observation sites with other sites in GGP network.
All 5Gs at three sites have been installed on stable bedrock, so that an effect of microseism
1s considered to be comparatively small. Since Esashi site is located near the subduction
zone ol the Pacific plate, the seismic activities around there often disturb to continuously
record gravity changes due to periodic geophysical phenomena. On the other hand, the
observations al Canberra and Syowa station are prevented by such local seismictties.

Although gravity are affected by seasonal variations in hydrology such as ground water,
there is no ground water and little rain at Syowa station [Keminuma, 1933], and Esashi and
Canberra sites are located where it is difficult to receive those effects. These two sites are
separated by several 10 km distance from sea. On the other hiand, Fast Ongul Island with
about 1 km diameter is located to 3 km offshore from the Antarctic Continent, and it is
surrounded with sea (but it is covered in sca ice over most duration of a year). Therefore it
15 impossible to be negligible the oceanic gravimetric effects.

5Gs of TT#007, CT#031 and TT#016 type have been installed at Fsashi, Canberra and
Syowa station, respectively (Table 3.1). TT#007T and TT#016 adopt the top-mount system,
while recent type such as CT#031 employs the bottom-mount system which has lower noise
level than previous system. However, T'T#007 was changed to the bottom-mount system
on December 7, 1997.

The SG observation can not be maintained without liquid helium {LHe). LHe is easily

obtained at Iisashi and Canberra. On the contrary, difficult access to Syowa station forces
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to produce LHe from gaseous helium in that site. Tlis production of Llle are performed
during 2 weeks every half year, and this work significantly alfects SG observation. A major
problem for analysis of SG data at Syowa station is how we eliminate the these considerable

perturbations tliat is wortiess for mvestigations on geodynamics from observed data.

Observed Data Sets

Analog electric signals that are output from SG through an analog low pass filter ol time
constant of 50 seconds, are sampled al every 2 seconds (but for 1 second at Canberra)
with an analog to digital converter of 7.5 digits [see Sato et al., 1995, for a detail]. The
sampled digital data apparently are linearly with the gravity change. Then digital data are
converted into the relative gravity change applying an individual scale factor (i.e. the value
of uGal/Volt) of each SG that is calibrated by comparing the absolute gravimeter {Salo et
al., 1997h; Aoyama et al., 1997] Couverted SG gravity data at three sites are displayed in

Figure 3.2 and their analysis periods employed in this study are tabulated in Table 3.1.

3.4.2 Data Processing

Elimination of Gaps

The SG data includes the step-like or spike-like perturbations of short duration arising from
the earthquakes, maintenance of SG (for example, refilling of liquid helium), power failures
and so on (see Figure 3.2). Such perturbations disturb the determinations of amplitude
and phase in the tidal components and long-term gravity changes. Therefore, we should
objeclively correct the magnitude of step like perturbations from SG data at stage of the 1
minute sampling interval by means of statistical information.

At first, we apply the digital low pass filter whose cut off period is 90 seconds in order
to eliminate the aliasing due Lo microseism at period bands between 10 and 20 seconds, and
converl the observed 2 (or 1) seconds sampling data into | minute sampling data. The pre-
dicted tidal components and the atmospheric gravimetric effect are removed from 1 minute
data. The predicted tidal components between 1/3 days and Ssa tidal waves are computed
using simultaneously a recent tidal potential | Tamuwra, 1987] with theoretically gravimetric
factor and phase lor purely elastic Earth [e.g., Dehant ¢t al., 1999]. The atmospheric gravi-
metric effect are predicted from atmospheric pressure data obtained al SG observation site
with the single cocfficient of —0.384uGal/hPa) for the response function.

The magnitude of step like perturbations (offset) are evaluated based on daily medians

computed from I minute data corrected for the tide and atmospheric gravimetric effect.
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When there is daily difference with previous day whose absolute amplitude is grater than
luGal, we recognize this difference as the magnitude ol step and remove this offsel from 1
minute data. The long-term gravity changes longer than Ssa tidal wave appear in | minute
data corrected for the tide and atmospheric gravimetric effect, but amount of gravity change
per a day can not reach 0.05¢Gal in maximum. Thus threshold of 1uGal seems to be
inpossible to judge the daily change due to long-term gravity change as the offset. In the
case that the step is detected, the time in which the step appears is specified by searching
in duration between previous and next days, in order of 1 hour data, 1 minute data. The
magnitude of the step at that time is defined by the difference in daily median. We eliminate
the spikes from the corrected | minute data when absolute difference between daily median
and gravity at each | minute exceeds threshold of 1uGal. The smaller remaining spikes
will also be removed in tidal analysis as described later. A major problem is found that
above correction for the steps and spikes can hardly be correspondent 1o long-term missing
observation and perturbations. However, this problem will mention later.

The resulting 1 minute sampling series include the tidal components and atmospheric
gravimetric effect, but they are made corrections for steps and spikes. These cleaned series
are adoptled by the digital low pass filter whose cut off period is 130 minutes in order to

make | hour series for tidal analysis.

Decomposition of Tidal Variations and Atmospheric Effects

To separate the short-term tidal components from SG data, a tidal analysis program called
BAYTAP-G [Tamura et aol., 1991] is applied to the cleaned 1 hour series. BAYTAP-G
decomposes the given original data y; into the four components of the tide T}, response £,

trend d;, and irregular noise ¢;, using the following model:

yi = L4 Rt dite
N 1y

A
= Z . Z W, COS(@as by + &7 @) + Z bea(b; — b))+ di + ¢ {1.8)

m=1 n=1 k=1

where z denotes the i’thobservation time. The unknown parameters to be determined are
tidal factor @,, and phase ¢,, for the m’th tidal group, the respouse coefficients b to the
associate data x(f; — {;_4) and trend d; at each dala point. w,,, ay,., and @; - are the
angular frequency, ils theoretical amplitude and phase for the n’th wave in the w th tidal
group, respectively, and these parvameters are given by BAYTAP-G as known parameters.
e; 15 equivalent to the residual time series.

BAYTAP-G can estimate the atmospheric gravimetric effect by means of the response
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method. The atmospheric pressure data obtained at each observation site are adopted as
the associated data in the analysis. Tamura ef al. [1991] pointed out that BAYTAP-G
dose not postulate explicit time function for the trend model, lor example as a polynomial
function. but only defines its smoothness by assuming an integrated random walk model as
trend model. Thus trend components involve the long-term variations such as long-period
tide, gravity response to the wobble, instrumental drift, and other gravimetric effects.

The tidal factors determined by BAYTAP-G find that SG data observed at Syowa station

% of magnitude for a period from May 25, 1996 to November 14,
g | ¥

are desensitized within 2
1996 because the observation system was connected with the UPS system. The calibration
factor in this duration are made a correction using the tidal lactor for O, and A, tidal wave
which have large amplitude and are affected by atmospheric variations. The 1 hour series
corrected for the sensitivity are reanalyzed by BAY'TAP-G. The results for short-term tidal
analysis at each sile are presented in Figures 3.3, where we adopt such sign convention for
the gravity data as an increasing in gravity (i.e. downward acceleration) corresponds to the
increasing of the observed value with the plus sign.

Nexti, the data sampled at the intervat of I day (every 00 k UTC) from the 1 Lhour sampled
trend data are separated into the long-term tidal components applying the BAYTAP-L
program that is a modified version of BAYTAP-G for the analysis ol the long-term tidal
wave (4-5 days to 31 days). The results for long-term tidal analysis at each site are shown

i Figures 3.4.

3.4.3 Method and Analysis

Least-square Fittings of Sinusoids, Trends and Steps

We derive the following three components [rom the residual daily series, using a non-linear
least square fitting by means of Levenberg-Marquardt algorithm. The analysis model fitted

to the residual daily series is

.I(t) - ftr'end(t) + fperiodic(t) + f.str:p(t_) (‘59)

where t is the observation tine in unit of day, and fi,c.q(t), foerioaic(t), and fye,(t) are models
for trend, periodic term, and steps, respectively.
The trend model fi,..4(t), consists of three componeuts of bias, instrumental drift {ex-

ponential function), and linear trend as follow:

Sorend(t) = @y + ape™ 0 4q(t — 1) (3.10)
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where tp denotes the start day of the analyzed period. «, is parameter for amplitude of
exponential term and a3 equal Lo the 1/7, where 7 is a lime constant of the exponential
term. At Esashi site, SG was installed on April 20, 1988, and the continuous observation has
been performed, but we use SG data beginning on January 1, 1995, in which the atmospheric
pressure data by the cylinder vibratory barometer was recorded with SG data. Moreover, SG
at [isashi was exchanged to the bottom mount type from the top mount type on December
7, 1997. Therefore, the instrumental drift beginning on December 7, 1997 is beforehand
determined, and it is removed from fienq(f) in SG data obtained at Esashi site.

The periodic term f,.,;.4:.{f) comprises coeflicients for cos-terms and sin-terms of the
annual and semiannual sinusoids, and gravimetric factor and phase for gravity response to

the Chandler wobble as follow:

Joervicdic(t) = ascoswat + agsinwat + arcoswst + agsinwsg

+as{ggop(t) — a0 x dggop(t)/dt} (3.11)

where wy and ws are angular frequencies of annual and semiannual components, and Ag$o p(()
are Lheoretical gravily change inferred from nonseasonal wobble on the assumption of purely
rigid Barth (i.e. § = 1.0) [see Mukai et al., 1998]. All phase angles are defined to January
1, 2000.

The problem aboutl the correction for the steps as above affects on the phase of periodic
terms, seriously. We test this influence using synthetic data that artificial step is added to
periodic components consisting ol three sinusoids with same data length of observed data
in center of day. In the case that artificial step is 5pGal, the amplitude of the Chandler,
annual and semiannual components are disturbed within 0.9 %, 17.5 % and 12.4 % of it,
respectively. Their phases also are increased within 9.2, 3.9, and 1.9°, respectively. Since the
maximum amplitude of step caused by power failures reaches 600uCal, the disturbances in
amplitude and phase are generated il it is determined at high accuracy of 1 %. The problem

about correction for the steps are gotten to contend with the following model:

fslep(t) = Zai XS(t)

N 1 t<
S5(t) = 312
(¢) { . (3.12)

where 5(t) is step function with 1 beginning on ¢’th disturbed day and one. The magnitude
of step are reestimated by a;. The date when the step function become | from 0 are listed
in Table 3.2.
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Optimization of Sinusoids

The Chandler wobble is free circular motion. Therefore, its amplitude and phase have varied
with time [Lambeck, 1980, for a review). If such time variation with considerably large
amplitude is gencrated even in our analysis period, it prevents to determine the periodic
terms using least square fitting. At first, we test the stability of amplitude and phase using
EOPCO04 during 1962 - 1999. We estimate time variation in amphitude and phase of the
Chandler, annual, and semiannual components of the gravity change inferred from EQPC04
on assumption of rigid Earth, Aggop, applying G years sliding window that is advanced by

hall year. Every 6 years in length of Agpap are fitted to the following analysis model:
ft) = a4 ast + aycosast + assinast
tagcoswal + arsinwat + agcoswsl + agsinws (3.13)

where asz is unknown parameter for angular frequency of the Chandler wobble.

Figure 3.5 displays these results for Syowa site. This figure reveals that both considerable
change in amplitude and phase of the Chandler component appear in 1969 and 1980 and
tts period seems to vary. Synthetic data that assumes the phase juinp can reproduce the
similar variations in amplitude, phase and period of Chandler component as shown in Figure
3.5. Gibert et al. [1998] reported the similar change in aniplitude and phase of the Chandler
wobble applying the wavelet analysis and concluded that those changes are caused by torques
arising [rom variations in a pressure of fluid core on core-mantle boundary, because those
changes are coincided with magnetic jerk. However, those changes are hardly observed in
our analysis period for SG data during 1993 - 1999.

The optimum Chandler period for each 6 years window is stable within the range of
432.4 days to 433.7 days al its center day during 1987 - 1995. On the other hand, Aggop
of 12 ycars in length provides 435.0 & 0.1 days for the optimum Chandler period during
1987 - 1998, Smith and Dallen [1981} show the theoretical Chandler period of 435.2 days
which inco.rporates four effects of the elastic deformation of mantle (143 days), dynamical
interaction between the mantle and core (-50.5 days), equilibrium pole tide (+29.8 days),
and the mantle anelasticity (4-8.5 days) in addition to the Euler period of 304.4 days, using
1066A Earth model. In the case of the PREM (Preliminary Reference Earth Model), the
Chandler period is 432.3 days which includes the three effects of the elastic deformation
(-+147.1 days), core-mantle interaction (-51.5 days), and equilibrium pole tide {+30.7 days)
besides the Euler period of 306 days [Rubanks, 1993]. Our Chandler period agree with these
theoretical values within a few days. We recognize that the application of analysis model in

eq. (3.13) 1s nol improper.
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A data length more than 6 years is considered Lo be necessary to salely separate the annual
component from the Chaudler cornponent. Although EOP data has sufficient data length to
safe separation, our SG data do not cover this condition. Therefore, we adopt the method
that Ag¥,p that is removed seasonal components [rom Ag,r.;op during 1987 - 1998, are fitted
to the residual daily series of SG. There are two advantages which Ag%, . is preferred to the
Chandlian sinusoid; one reason is that the amplitude of Ag%,p is monotonously decreased
after 1993, another reason is that it is unnecessary to assume the Chandler period fron the
shorter data.

Figure 3.6 shows the results for trend model and step model, which residual daily series
ol SG are fitted to the analysts model in eq. (3.9) at three observation sites. Table 3.2
tabulate the reestimated magnitude of step by means of non-linear least square fitting and
initial estimates in terns of daily median. This table reveals that a maximum value exceeds
6pCial. These results propose that long-term observation missing and perturbations are
required to be reestimated the magnitude of step.

5G at Syowa station locating in high latitude possibly detect long-period tide such as
18.6 years tidal wave. This tidal effect for Syowa station as shown in Figure 3.6 may disturb
the trend terms, so thal we remove this effect from residual daily series. The residual
series corrected for 18.6 years tide and reestimated steps are presented in Figure 3.7. This
figure shows thal observed long-term gravity change agrees well with fitting model at each

observation site. The fitting parameters are listed in Table 3.3.

3.4.4 Computation of Effects of Surface Fluids

Atmospheric Gravimetric Effects

Atmospheric motion affects the surface gravity measurement over the broad frequency bands.
Precise estimations of atmospheric gravimetric elfects are carried out by means of response
method and integral method. In application of the response method, the almospheric gravi-
metric ellects are calculated by multiplying meteorological data by coefficients of response
function which are fitted to gravity data [e.g. Sparatf, 1982]. In application of the integral
method, on the other hand, the atmopsheric effects on gravity measurement are evaluated
by convolving global objective analysis data with a function for the attraction and the load
Green’s [unction (see eqs. (3.6) and (3.7)) over the world [e.g. Mukai et al., 1995]. The
estimation of atmospheric gravimetric effect by the integral method is considered to be more

precise than that by the response method. However, the gravity change that estimated by



CHAPTER 3. EARTHS GRAVITY RESPONSE TO THE WOBBLES 4

using a single 1'esl)ohsc coetficient and atmospheric pressure data obtained from SG obser-
vation site can represent more than 90 % of that estimated by applying the integral method
[Sato et al., 1991; Mukai et al., 1995]. Although we have applied the respouse method that
has advantage of its simplicity of calculation, to the data processing mentioned above, the
influence (i.e. failure in estimation of atmospheric eflect) due to this application is considered

to be small.

Oceanic Gravimetric Effects

The attraction and loading eflects of the ocean tide are computed from output of ocean tide
mode] for Ssa and Sa tidal waves [Takanezawa, 1999, a private communication], applying
the computer program called GOTIC which ts developed Lo make a correlation for effect of
ocean tidal loading to the data obtained from gravimeter or tiltmeter [Sato and Hanada,
1984]. The topographic data used in GOTIC is global 5-arcmin gridded topography data
called ETOPO-5 [National Geophysical Data Center, 1988]. The Green’s function for the
Gutenberg-Bullen Earth model provided by Farrell [1972] is applied as I'g(v¥) in eq. (3.7).
The sea level changes due to the equilibrium pole tide over the whole ocean are computed
[rom EOPCO04 in terms of eq. (3.5) using h=0.602 and k=0.298. Its gravimetric effect is also
estimated applying the GOTIC.

The gravimetric effect of SSII variations are evaluated by convolving SSH data over the
whole oceans. We employ the S5 data generated by Parallel Ocean Climate Model {POCM)
[Stammer, 1992], and thal obtained by TOPEX/POSEIDON (T/P) satellite altimeter. The
POCM is ocean general circulation model which is driven by climatic forcing such as surface
wind stress and sea surface temperature (S5T). The data of POCM used here are SSH in
every 1/4 degrees grid in the ocean regions {rom -75°S to 75°N, al 10 days intervals for a
period of October 7, 1992 to December 22, 1995 (i.e. 1171 days). For the computation in
this study, we average the original data over the 1° x 1°. On the other hand, the data of
T/P used .he-re are compiled by Naval Post Graduale School of USA (NPS), and their grid
size 1s 2 degrees square which covers the ocean regions between 0°to +66°in latitude. The
ocean region i south ol 66°S is interpolated by means of spline, because of absence of data
in T/P.

[n SSIH varialions, there are components which are not accompanied with mass change
exist; one of them s thermal expansion of water column that is referred to as thermosteric
component and it hardly cause any gravity changes [sec, Fukuda et al., 1999; Sato et al.,

2000}, EOPs (Empirical Orthogonal Function) of SSI and 58T obviously indicate that a



CHAPTER 3. EARTHS GRAVITY RESPONSE TO THE WOBBLES 93

most dominant signal of the SSH variations is conunected with the annual thermal change.
Thus thermosteric correction is required to estimate the gravimetric effect of the SSH vari-
ations [Fukuda et al., 1999)].

We attempt to evaluale the thermosteric component using a single coefficient alone. We
estimate the coeflicient for the thermosteric correction al each grid «; as linear regression
coefficient between SSH and SS'T by fitting [ollowing equation by means of the least squares
method:

SSH(0;, A, t) = a,; x SST(0;, A, 1), (3.14)
where #; and A; are co-latitude and longitude of each ocean grid; t denotes time of each data
point; SSH(0;,A;,t) and SST(#, A, t) are the deviatory parts of SSH and SST on each grid
by subtracting their mean values.

From the fitting basced on the POCM SS5H data, we have obtained the values for a;
within the range between —1.30 and 1.58cm/°C. In order to sce the characteristics in the
spatial distribution of the obtained «; ; values, we averaged thein zonally over 10°wide belts
across each ocean basin of the Pacific, Atlantic and Indian Oceans. The averaged values
vary between —0.06 and 1.09¢m/°C. Low o ; values (0.2 to 0.3em/°C’) were found at high
latitude in both the northern and southern hemispheres. In the equatorial regions within
4:20°, the values of a, ; show large and complex spatial variations, and the averaged values
range from —0.06 to 1.09¢m /°C. In ruid latitude regions , ocean regions where sirong western
currents such as Kuroshio or the Gulf stream flow also showed a complex spatial distribution
of o, but ay; itsell distributed around a value of 0.6cm/°C. Sinilar results were obtained
from the analysis using the T/P data.

The coeflicient a;; clearly varies with the location but as an approximation, we have
evaluated an average coctlicienl ay; over the central regions of the Pacific and Atlantic
oceans. Consequently, we obtained values of 0.60cin/°C from the POCM SSH data, and
0.52cm/°C from the T/P data [Sato el al., 2000, for a detail]. We employ 0.60cm/°C as the
single coeflicient for the thermosteric correction.

Figure 3.8 shows the annual fields of the 'I'/P SSH and SST. SST data are multiplied by
the thermosteric coelficient of 0.6¢m/°C, and in consequence correspound to the thermosteric
components. The annual SSH field corrected lor thermosteric components is also displayed
in Iigure 3.8, 1L appears that the north and south symmetric phase pattern are dominant
the annual ficld of the original SSIH and thermosteric componenls, while the zonally phase
pattern in the equator are remarkable in that of corrected SSH (see Figure 3.3b). Comparing
the original S5H and corrected SSIH, it reveals that the extensive high amplitude region in

the ceulral parts ol both the Pacific and Atlantic oceans in the northern hemisphere is
| {
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considerably reduced by corrections for the thermosteric effect, but the high amplitude areas
accompanying with the two western boundary currents (i.e. Kuroshio and Gulf stream) still
remain ([Figure 3.8a). The remarkable high amplitude region also appears in the El Nino
region around the equator.

The mass of ocean should conserve after making the correction for the thermosteric
components to the SSH variations. We have to take into account all of the water cycle over
the oceans and profile for the density and temperature in the scas, for the purpose of carrying
out rigorous mass conservation. Thus we apply the volume conservation instead of the mass
conservation 1n calculation of the attraction and loading ellects of SSH variations which are

alrcady removed thermosteric components.

3.5 Results and Discussion

3.5.1 Seasonal Gravity Changes

Gravity Change at Annual Period

We first attempt to quantitatively explaiu the observed annual gravity change corrected for
atmospheric gravimetric eflect, using five geodynamical model: two gravity responses to the
solid tide and to the annual wobble, and three gravimetric effects of ocean tide, equilibrium
pole tide, and SSH variations driven by climatic forcing. The observed annual gravity changes
are compared with predicied values by means of the phasor plots (see section 2.5.1 in detailed
explanation of phasor plot) in Figure 3.9. These gravily responses are computed on the
assurnption of purely elastic response of the Farth (i.e., § = 1.16 with zero phase lag). The
elastic gravity response to the annual wobble are computed from the EOPC04 for the period
of 12 years from 1987 to 1998. The gravimetric clfect of equilibrium pole tide on the annual
gravity change is extracted from time series gencrated by equilibrium sca level change given
by eq. (3.5) and by applying GOTIC, using least square fitting. T'he gravimetric effect
of SSH variations are estimated using POCM and T/P SSH data which are corrected for
thermosteric components with the thermosteric coeflicient of 0.6em/°C.

Both effects of the solid and ocean tides of Sa wave are very small at Esashi and Canberra
located in nnd latitude. In the order of Esashi, Canberra and Syowa station, their amplitudes
are 0.109, 0.094 and 0.922 pGal for solid tide of Sa wave, and 0.002, 0.003 and 0.070 ;Gal for
ocean tide, respectively. The gravimetric effects of equilibrium pole tide have the amplitude
ol 0.054, 0.043 and 0.029 pCial for Esashi, Canberra and Syowa station, respectively. Both

gravimetric effects of the ocean tide and the equilibrium pole tide are not significantly larger
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than the formal error of fitting for the observed aunual gravity change.

We comipare the gravimetric elfect of POCM SSH with that of I'/P 55, these results are
shown in Figures 3.9a and 3.9b, respectively. The POCM SSH and T'/P S5H induce different
gravimetric effects. We possibly attribute this difference mainly to different grid size of those
data. Their vector differences have about 0.2 p(Gal in amplitude and about 25°in phase at
all sites, except for -160°0f phase at Syowa station. Since I'/P S5H data around Antarctica
arc interpolated by means of spline, we avoid its physical interpretation about the phase
difference. In view of the amplitude of the vector differences, there i1s a possibility that
these differences are caused by different correction for ocean response to the atmospheric
loading, which is whether or not it incorporates the effect of mean surface pressure over the
whole oceans. This means that source of this difference may give us information about ocean
response to the atinospheric loading,.

As a test, we have compuled the gravimetric effects of SSH variations corrected tor
thermosteric components using two extreme thermosteric coefficients of 0.0em/°C' (i.e. no
correction for thermosteric effect) and 1.0em/°C, and they are displayed in 'igure 3.9 for the
purpose ol comparisons. igure 3.9 clarifies that the case of 0.6em/°C' is consistent rather
than other two cases. This resull means that the gravity observalions support the single
coellicient of 0.6cr /°C for thiermosteric corrections, which has independently estimated trom
the SSH and SST data.

IFigure 3.9 shows that gravity response to the annual wobble 1s a major source of annual
gravity change, and the gravimetric eflect of SSH variations is sccondary source except for
annual gravity change observed al Syowa station (they are secondary and thirdly sources,
respectively). TilCl‘CfOl‘67 the gravimetric effect of SSH variation can not be ignored to explain
the ohserved annual gravity change with the accuracy better than | pGal.

Figure 3.9a clearly show that observed annual gravity chauge agree well with a sum
of predicted gravity changes at all observation sites. The discrepancies between observed
and predicted gravily changes are 0.080, 0.047 and 0.222 ;Gal for Esashi, Canberra and
Syowa stalion, respectively, which are less than formal ervors of fitting for the observed
gravity change, except for value at Syowa station. The annual components of atmospleric
gravimetric effects, which have been already removed [rom 5G data, have magnmtude of
0.530, 1.493 and 0.051 pCel for lisashi, Canberra and Syowa station, respectively. Their
estimation errors may hardly affcet these discrepancies, because the errvor is cousidered to
little reach 10% of the magnitude of annual components (sce Sato el al. [1991] and Mukai el
al. [1995]). Since there are no ground water [Keminwma, 1983], it is difficult to be considered

that the discrepancy at Syowa station is connected with that gravimetric effect. Therefore,
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we doubt that the maintenance of SG in every hall year disturbs observed annual gravity
change. Consequently, the significant agreements beiween ohserved and predicted annual
gravity changes suggest thal gravity data obtained from SC can prove information about

geodynamics at time scale of a year with high accuracy equal to 0.1 pGal.

Gravity Change at Semiannual Period

Figure 3.10 shows the comparison between observed and predicted gravity change in seini-
annual variation as same as that in annual variation. In semiannual gravity change, the
elastic gravity response Lo the semiannual wobble is very small at all sites, and the gravi-
metric effect of equilibrium pole tide are negligible. The amplitude of the gravimetric effect
of SSH variations are too small to discuss the difference between POCM SSH and T/P SSH
as shown in Figures 3.10a and 3.10b, respectively.

The discrepancies are 0.430, 0.353 and 0.145 pGal for Esashi, Canberra and Syowa sta-
tion, respectively, in the case of the application of POCM SSH (Figure 3.10a). The semi-
annual components of atmospheric gravimetric effects have the magnitude of 0.723, 0.190
and 0.964 pGal for Esashi, Canberra and Syowa station, respectively, and their estimation
errors possibly explain the 15 - 65% of these discrepancies. The future work is to study the

geophysical meaning about the discrepancies in semiannual gravily change.

Observed Gravity Response to the Annual Wobble

Table 3.4 tabulates the gravimetric factors and phases with respect to the gravity response
to the annual wobble. We first correct for the three gravimetric effects (due to solid tide,
ocean tide and equilibrium pole tide) to the observed annual gravity change. The gravi-
metric factor and phasc are.derived from comparing the corrected gravity change with that
computed from the observed annual wobble assuming rigid Earth, in terms of the relation
in eq. (3.3). These values cousiderably disagree with theoretical clastic values, i.e. 1.159
and 0 for gravimetric factor and phase, respectively. However, their disagreements are de-
creased by [urther correction for the gravimetric eflect due to SSH variations besides three
eflects. The approximations of theoretical values are remarkable in phase for Esasln and
Syowa station, which are reduced by about 10°. The gravimetric factors contain noticeable
errors (about +0.25), so that all gravimetric factors determined here can correspond with
theoretical elastic value. Unfortunately, it is difficult to discuss the physical properties of
[larth’s interior sucl as the frequency-dependent anelastic belhavior at frequency band much

lower than seismic and short-periodic tidal bands without a betterment in the accuracy on
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SG data and SSH data.

Our results mdicate a necessity of precise evaluation on the gravimetric effect of SSH
variations, it order to discuss the gravity response to the annual wobble. Since mass re-
distribution in the oceaun affect the gravity measurements al SG observation sites locating
at various latitude, we speculate that these oceanic variations possibly connect with the
remaining budgel for annual wobble as discussed in section 2.5.1. II Lhis assumption is sup-
poried by the future work, we suggest a possibility that SG can detect the excitation source

of annual wobble through the mass transports.

3.5.2 Gravity Change at Chandler Period

Observed Gravity Response to the Chandler Wobble

The gravity change iu the vicinity of the Chandler period (delined here to the cliange with
periods between 400 and 450 days) are represented by gravimetric factor and phase with
respect to the gravity response to the Chandler wobble. Based on the eq (3.3), these values
are estimated {rom comparing observed gravity change with wobble-induced one which are
computed by assuming rigid Earih fromn the observed nonseasonal wobble (defined here to be
wobble in which seasonal components aud its trend are removed) during 1987 - 1998, Table
3.4 tabulates the gravimetric factors and phases for the gravity response to the Chandler
wobble with their formal errors of fitting at three observation sites.

The gravimetric factors for Canberra and Syowa station are unusually smaller than the-
oretical values, and their disagreciments exceed their formal errors by fitting. The phase lags
of observed gravity change are ~9 £ 2, 4 + 2 and —10 £ 3 days for Esashi, Canberra and
Syowa, respectively. In our results, there doesn’t seems to be the considerable phase lag such
as about 20 days reported by Sato et al. [1997a) and Loyer ¢t ol {1999]. Salo et al. [1997]
analyzed using two year 5G data obtaied at Syowa station, and obtained the about 20 davs
time lag of the observed gravity change against the wobble-induced one. The difference in
phase lag at Syowa station between our results and Sate ef al. [1997a] despite same data
except for data length probably are altributed to the following reasons; (1) different data
length of 5G data; (2) different corrections for step-like perturbations; (3) they compared
observed gravity change with induced one which contained the seasonal cornponents. Thus
we propose that the major source of large phase lag given by Sate el al. [1997a] are the
effect of unseparated annual components.

On the other hand, Loyer et al. {1999] analyzed 8-year SG data obtained at Stratshourg,

Irance, and evaluated the phase lag that vary within the vanges ol 9°to 22°) ie. delaying of
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10 days to 27 days in time domain. We possibly attribute the difference hetween our results
and these large phase lag to the different analyzing method; Loyer et al. [1999] used sinusoid
with period of 435 days in order to evaluate the gravity response to the Chandler wobble,
but we employ the observed nonseasonal wobble, which shows the decreasing or increasing
amplitude with time. Moreover, although Loyer et al. {1999] did not describe observed
annual gravity change, it should be discussed dynamically in order to clarily the geophysical
meaning of their phase lag for response to the Chandler wobble.

Phase difference within 10 days in our results are hardly based on the separation of annual
gravity change because the observed annual gravity change agrees well with predicted one
(we will further discuss the separation problem later) . The effect of mantle anelasticity
varies the gravimetric factor and phase difference [Wahr and Bergen, 1986]. In the case
of using the anelastic mantle based on the extremely low Q-value, the gravimetric factor
increases 3.8% and the phase is delayed by 0.8°(i.e. about t day) [Walr, 1985].

About 0.7 pGal magnitude of the gravity change i1s required to explain the phase differ-
ence of about 10 days. The atmospheric gravimetric effects at Chandler period have ampli-
tudes of 0.216, 0.442 and 0.866 pClal for Esashi, Canberra and Syowa station, respectively,
so that the.effects of their estimation error are considered to be insufficient.

The disagreement between observed and theoretical elastic values are too large to be
explained by the effect of mantle anelasticily and estimation error of atmospheric gravimetric
effect. Thus we need assume that the observed gravity change around the Chandler period

involves the gravimetric eflects due to oceanic motion.

Effect of Pole Tide

It is impossible to ignore the pole tide as interannual variations in the geophysical phenom-
ena. We subtract the induced gravity change that is computed from obscrved nonseasoual
wobble assuming the purely elastic Earth from observed nonseasonal gravity change (which
include neither seasonal components nor its treud term), in order to discuss the gravimetric
effect due to pole tide on the gravity change around the Chandler period. The residual
gravity change are converted mmto [0 day samnpling data by averaging.

Figure 3.11a shows a comparison the residual gravity cliange with that due to the nonsea-
sonal equilibrim pole tide during 1993 - 1995, It scems that residual gravity chauge contain
the gravimeétric eflect of equilibrinm pole tide, but its amplivude is mucle smaller than that
ol the residual.

The tide gauges around globe have observed sea level clianges arising from ocean response
£ |
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to the wobble, 1.e. pole tide, and their observations have indicated several times amplitude of
the equilif)rium pole tide in the North Sea, Baltic Sea, and Gulf of Bothnia [e.g., Trupin and
Wahr, 1990}. These non-equilibrium pole tide probably is driven by meteorological forcing
such as surface wind stress with pertod of 14 mounths [Tsimplis et «l. 1994]. It should be
considered that oceanic gravimetric elfect due to the meteorological origin in addition to the
attraction and loading effects of equilibrium pole tide.

Figure 3.11b displays a sum of the gravimetric effects due to nonseasonal equilibrium
pole tide and nonseasonal SSH variations in POCM, with a view to examining the effect of
these non-equilibrium pole tide on the gravity change. It appears that the gravimetric effect
of virtual nonseasonal non-equilibrium pole tide can partly reproduce the observed residual
gravity change to the short-term variation. It is possibly appropriate to consider that the
gravimetric factor and phase with respect to the gravity response to the Chandler wobble are
affected by the nonseasonal oceanic motions, which are not only driven by meteorological
forcing but also induced by the wobble. We, however, can not give a sufficient proof of
this presumption, because the POCM SSIH data are too short in data length to cover the

analyzing period of SG data.

Gravity Change Due to Other Geodynamical Processes

On the assumption that the residual gravity change contain the periodic variation, we de-
termine their amplitude and phase using the analysis model given in eq. (3.13) by means of
non-linear least square fitting. In result, optimum periods of primary periodic component are
712 £ 93, 448 & 270 and 435 + 23 days for Iisashi, Canberra and Syowa station, respectively.
These results suggest that there seems the periodic gravity change with period sinlar to the
Chandler one (i.e. 435 days).

lu order to stabilize the estimation by fitting, the period of the primary periodic compo-
nent are fixed on 435.0 days which is the optimum Chandler period obtained from observed
wobble during 1987 - 1998, The results lor refitting give us the evidence that the annual
component are sufficiently separated from the observed gravity change, hecause annual com-
pouent in the residual gravity change has amplitude less than 0.05 pGal, which is quantity of
no significance. Therefore, the separation of annual compounent hardly affect the evaluation
of the gravity response to the Chandler wobble.

Figure 3.12 shows the gravity changes at the Chandler period which are involved i the
residual gravity change, wobble-induced one, the effect of equilibrium pole tide, that of SSH

variations, and that of virtual non-equilibrium pole tide. The vectors of the Chandhan
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component of the residual gravily change have the following amplitude and phase: (0.446
pGal, 137°) ai Esashi, (0.446 pGal, 137°) at Canberra and (0.446 pGal, 137°) at Syowa
station (Figure 3.12a). The amplitudes of tliese vectors are less than 1/10 of those of induced
gravily changes, and there are difference in phase angle between them.

The Chandlian components of the gravimetric effect due to equilibrium pole tide display
the different phase angle between Esashi, Canberra and Syowa station, while those due to
SSH variations have similar plase angle at all sites as shown in Figures 3.12¢ and 3.12d,
respeclively. This means that equilibrium pole tide is distributed by spatial pattern which is
represented by the second order and second degree spherical harmonics, i.e. tesseral function,
but the SSH variations seem to be zonally.

IMigure 3.12e shows the gravimetric eflect of virtual non-equlibrium pole tide at the Chan-
dler period, which is dertved from the sum of effects of equilibrium pole tide and SSH vari-
ations driven by meteorological forcing, based on the conclusion ol Tsimplis el al. [1994]
in which non-equilibrium pole tide probably is driven by surface wind stress. These vectors
for Esashi and Syowa are amplified by comparison with those in Figures 3.12¢ and 3.12d.
Consequently, the residual gravity change corrected for these effects gives us interesting in-
formation; the chivections of all vectors of corrected residual one agree within 30°. Each
direction of the corrected residual veclor is clearly differcut from that of equilibriumn pole
tide, comparing Figure 3.12¢c and Figure 3.12g. The vector shown in Figure 3.12g are consid-
ered to not contain the gravity change connected with the wobble and equilibrium pole tide.
The amplitude of vector in Iigure 3.12g are 0.1 — 0.3uGal, and these size correspond to the
theoretically estimated amplitude of the gravimetric effect arising from ftuid core {Hinderer
and Legros, 1989].

Wesuggest the possibility that SG detects the interannual signals arising from motiouns in
ocean and fluid core which are little connected with perturbations in gravitational potential
due to the wobble. A reliabtlity for this discussion should be increased by the storage of
precise data such as gravity and S5 data. In the near future, the precise global gravity field
will be shown by satellite gravity mission such as GRACE (Gravity Recovery and Climate
Experiment) scheduled for launch in 2001. These satellite gravity data together with SG data

may provide new information about ocean and fluid core dynainics in interannual variations.

3.6 Summary and Further Studies

The Barth’s gravity response to the Chandler and seasonal wobbles are discussed using data

obtained [rom the superconducting gravimeters (SG). The data sets used here are three SG
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data observed al Lsashi in Japan (1580 days beginning from Jan. 2, 1995), Canberra in
Australia (800 days beginning from Jan. 28, 1997) and Syowa station in Antarctica {1740
days beginning from Mar. 23, 1993}, and EOPC04 {or the wobble.

The observed annual gravity change corrected for atmospheric gravimetric effect at each
observation site agrees well with predicted one consisting of the two elastic gravity responses
to the solid tide and the annual wobble, and three gravimetric eflects due to the ocean
Lide, equilibrium pole tide, and sea surface height (S5H) variations driven by meteorological
forcing such as surface wind stress, where the SSH variations have heen corrected for ther-
mosleric component, using sea surface temperature (SST) and a single steric coefficient of
0.60 cm/°C that was independently determined from the relationship hetween SST and SSIL
Their discrepancies for Esashi and Canberra are less than 0.1 pGal (1pGal = 1 x 107%m/ s%),
and they are not significantly larger than the formal error of fitting for amplitude of observed
annual gravity change. Consequently, it is clear that the SG data sets can provide valuable
information about dynamics in various constituents of Earth through the mass transports
at long-term period.

In semiannual gravity change, on the other hand, there are discrepancies of 0.1 - 0.5
pGal between observed and predicted values, but their major source possibly is insufficient
correction for the atmospheric gravimetric eflect by means of response method.

The observed gravity response to the annual wobble agree with theoretical elastic one
in the range of its formal error of fitting. We suggest that the accuracy of discussing the
mantle anelasticity can hardly be obtained in present state. The observed gravity response
to the Chandler wobble disagree with the theoretical elastic one, aud their disagreement
is too large to be explained not only by the eflect of mantle anelasticity but also by the
gravimetric eflect of equilibrium pole tide. We also We suggest a possibility that the SG
observes the gravity cliange around the Chandler period arising from other geodynarmical
phenomena accompanying with mass transports in the ocean and the luid core, but we can
not give a quantitative discussion on this presumption because of insulficient data length of
SSH.

The SG data in combination with satellite gravity mission such as GRACE (Gravity
Recovery and Chmate Experiment) scheduled for launch in 2001, can monitor the mass
transports in Farth system and provide useful information about the dynamics of Earth

systen.
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Site Lat Lon Alt SG ' Analysis Period
(m) Type (days)
Esashi 39.148°N  141.335°E 393 TT#007 1995.1.2~1999.4.30
(1580)
Canberra 35.321°5  149.008°E 724 CT#031 1997.1 .(288061)999.4.7
i ] 1993.3.22~1997.12.25
Syowa 69.006°S 39.586°E 24 TT#O16 (1740)
-

Table 3.1: The SG data used in analysis of gravity response to the wobble. Note that TT

or CT denotes the type of SG used. TT and CT means the old type with top mount system
and new compact type of SG with bottom mount system, respectively.
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Esashi
Date  Step'(nGal)  Step(nGal)  Ratio(%)
1995.08.10 -358.97 -1.046 0.29
1995.09.27 376.16 -0.912 0.24
1997.06.26 -42.30 -1.829 4.32
1997.12.07 -285.71 -2.151 075
Canberra

Date Step'(uGal)  Step*(puGal) Ratio(%)

1997.08.07 -6.37 -(0.954 14.98

1997.11.04 71.50 -0.142 0.20

1998.12.15 2.90 -0.411 14.18
Syowa

Date Step'(uGal)  Step*(uGal) Ratio(%)

1994.01.11 -69.05 0.540 0.78
1994.02.04 -501.58 0.515 0.10
1994.08.02 395.16 -6.723 1.70
1995.01.23 163.61 0.019 0.01
1996.07.16 23.63 1.340 5.67
1997.07.19 -14.78 0.487 3.29

Table 3.2: The magnitude of step-like perturbations estimated by non-linear least square
fitting. Note that “Step'” is estimated using “daily median”, anc “Step? is additionally
estimated by non-linear least square fitting.
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] rs
. Lat Available Period Annual Annual Chandler SO
Site & (days) Factor Factor Factor (uGal)
Lon y t(days)  t(days) t(days) M

Esashi 39.2°N 1.17+£0.09 1.09+0.26 1.17+0.04
(1995.1~1999.4) 14130p  1337/1580 2117 247 95y 1080
Canberra 35.3°5 1.29+0.05 1.13+0.16 1.09+0.09
(1997.1~1999.4) 149.0°E 776/800 -6+6 146 412 0.3243
Syowa 69.0°5 0.70+0.11 1.13+0.29 0.86x0.06
(1993.3-1997.12) 3960  1002/1740 2547 1747 10s3 09068

e e T e —————————————— ————

Table 3.4: The observed gravimetric factor and phase (time lag, 7) for the gravity responses
to the annual wobble and the Chandler wobble.



{
Cn i ’ ¢ 4 : 5
& _ ¥l ; ol ‘ L 1% i
L {3v R AL s ‘gk ¥, d ;.» v
W : gy
C/] e ’ zf 4 - |
Q< i g .4 ) . uff
£ L 15 &t

. -oa

[<i4

ey
%
e

Figure 3.1: Observation sites of the global network of the superconducting gravimeter (SG).
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Figure 3.2: The raw gravity signal obtained from the SG at Esashi, Canberra, and Syowa
station. Horizontal axis indicates the observed date. The spike-like or step-like changes in
the gravity are caused hy earthquakes, electric failures, and maintenance of instrument.
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Figure 3.4a: Long-term tidal components (4-5 days to monthly tides) separated from the
residual (trend) gravity change as shown in Figure 3.3a. The "residual” means the gravity
change separated into the tidal components. Plotted data is observed at Esashi.
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Figure 3.5: Time variations in amplitude and phase of the Chandler, annual, and semiannual
components and the variation in the optimum Chandler period of the wobble-induced gravity
change at Syowa station computed by assuming purely elastic Earth. These estimates are
plotted at central day of a sliding 6 years window that is advanced by an increment of a half
year, for a period of 1965 - 1998. Circles and triangles in three panels from the top denote
the amplitude and phase with respect to January 1, respectively. In bottom panel, the circle
indicate the Chandler period, and uncertainties of EOP is given by pink rectangle.
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Figure 3.6: Comparison between the observed long-term gravily change and the results for
fitting. Thin lines denote the observed data which is residual components shown in Figures
3.4a, 3.4b, and 3.4c, and gray-coloered heavy lines show the trend components (linear trend,
initial drift of the instrument, and step-like disturbance) fitted using the analysis model
given in section 3.4.4. Irom the top, three panels show the results for Esashi, Canberra, and
Syowa station, respectively. The 18.6 years tidal component at Syowa station is displayed
as the dashed curve.
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Figure 3.7: Comparison hetween the observed long-term gravity change that the step-like
disturbance (thin line) is removed, and the results [or fitting. The gray-colocred heavy lines
indicate the periodic comnponents with the linear treud and the initial drift of the instrument
fitted using the analysis model given n section 3.4.4. I'rom the top, three panels show the
results for Esashi, Canberra, and Syowa station, respectively, The 13.6 years tidal compouent
as shown 1n Iigure 3.6 is also deducted from the long-term gravity change observed at Syowa
station.
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Figure 3.8: Comparison of annual sea surface height (SSH) fields. Original SSH obtained
from TOPEX/POSEIDON satellite altimeter data (top), the thermosteric components (cen-
ter), and SSH corrected for thermosteric components (bottom). The thermosteric compo-
nents are estimated from sea surface temperature with a single coefficient of 0.60 cm/°C.
The colored legends on right hand of each panel indicate the amplitude (Figure 3.8a) and
phase (Figure 3.8b) of the annual component.
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Figure 3.9: The phasor plots showing the observed annual gravity changes and predicted
ones. Vectors indicate the annual gravity changes observed by the SG, and predicted from
solid tide, ocean tide, annual wobble, equilibrium pole tide, and SSH variations. Horizontal
and vertical axes indicate the coefficients of cosine and sine terms, respectively, in each sinu-
soid. Length and direction of the vectors denote the amplitude and the phase with respect to
January 1. The gravimetric effect of the SSH variations are estimated in terms of three ap-
proaches: without the correction for thermosteric components, with the correction applying
the single thermosteric coefficient of 0.6 ¢cm/°C, and with extreme correction applying the
single coefficient of 1.0 ¢cm/°C. The results for Esashi (left), Canberra (center), and Syowa
station (right) are shown.

(a) SSH variations based on POCM (Parallel Ocean Climate Model provided by Stammer,
[1997]) (b) SSH variations based on TOPEX/POSEIDON satellite altimeter data.
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Figure 3.11: Comparison belween the nonseasonal residual gravily changes (solid lines) and
oceanic gravimetric effect. The residual gravity changes ave converted into 10 daily averaged
time series, in which theoretical elastic gravity response to thie Chandler wobble with their
seasonal components, linear trend, and initial drift are removed from long-term gravity
change shown in IMigure 3.7. (a) oceanic gravimetric effect caused only by equilibrium pole
tide (dashed line). (b} oceanic gravimetric effect arising from virtual non-equilibrivm pole
tide (the sum of equilibrium pole tide and SSH variations hased on POCM; gray line).
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Figure 3.12: Phasor plots showing the residual gravity change shown in Figure 3.11 and
oceanic gravimetric effects in the Chandler period (435 days). Their amplitude and phase are
determined by fitting of sinusoid on the grounds that the Chandlian component is represented
by harmonic function with 435 days of angular velocity. The red, green, and blue vectors
indicate the results for Esashi, Canberra, and Syowa station, respectively.




Chapter 4

Epilogue: Toward Earth System

Dynamics

We have discussed the atmospheric excitation of the wobble and the gravity response to the
wobble.

We show that wind plays significant role to excite the annual wobble, in particular the
regional meridional winds in the troposphere connected with the Asian monsoon that shows
the most remarkable scasonal signal over the world in Chapter 2. Considering such winds rea-
sonably, the atmospheric excitation function can explain about 70% of the function inferred
from observed annual wobble. The remaining angular momentuin budget for atmosphere -
mantle system in annual vartation as shown in Chapter 2 would be expected to be explained
by the contribution of oceanic mass redistribution. This reason is that the observed annual
gravity change are almost perlectly accounted for by two elastic gravity responses to the
solid tide and the anunual wobble, and four gravimetric eflects due to variations in atmo-
sphere, ocean tide, equilibriuin pole tide and sea surface height (SSH) variations, where the
SSH variations are corrected for thermosteric components. The effect of SSH variations are
largest among oceanic effects, and these SSH variations are driven by meteorological forcing
such as surface wind stress. This may mean that dynamical interaction for atmosphere -
ocean system 15 greaily connected with the excitation of annul wobble and the annual gravity
change.

In semiannual variation, the pressure contribution is dominant over the wind contribution
to the semiannual wobhle. In semiannual gravity change, on the other hand, there are
discrepancies of 0.1 - 0.5 pGal between observed and predicted values, but their major
source possibly is insufficient correction for the atmospheric gravimetric effect by means of

response method. Thus variation m atmospheric pressure is a major source to cause the
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geophysical phenomena with periods between 150 and 200 days. There are discrepancy
in angular momentum budget for atmosphere - mantle system in semiannual variation as
shown in Chapter 2. Based on resent literature with respect to oceanic contribution to the
semiannual wobble, the discrepancy nearly disappears. Since SSH variations can not affect
the semiannual gravity change, these oceanic contribution probably are dominated by the
effect of relative angular momentum arising from ocean currents.

Largest result in this paper is that it is confirmed that the atmosphere by itself has enough
power to excite the Chandler wobble. We also find that the atmospheric excitation power
excessively supplies enough energy to excite the Chandler wobble, where the excess excitation
power mentioned above is found to have correlation with the activily of El Nifo, suggesting
an oceanic contribution to the Chandler wobble. Ou the other hand, large phase difference
for gravity response to the Chandler wobble may be explained by gravimetric effects of such
oceanic phenomena. All these facts suggest that dynamics of atmospheric excitation of the
Chandler wobble link with whole phenomena in the Farth system dynamics. The SG data
combination with satellite gravity mission such as GRACLE (Gravity Recovery and Climalte
Experiment) scheduted for launch in 2001, is expected to monitor the mass transports in

Earth system and provide useful information about the dynamics of Earth system.




Appendix A

Appendix A : Dynamics of the Earth

Rotation

Basic [quations

The conservation of the total angular momentum of the whole Earth with respect to the

terrestrial reference frame that is fixed the rotating body are represented by

dl—ItI—F(wxfI):L, (A1)
(

where L is a external torque and w is the instanlaneous angular velocity vector of the whole
Earth. The total angular momentum of the whole Earth, H, are scparated into the angular
momentum of the rigid mantle (H 400, ) and that of the geophysical fluids (H g,iq) and they

can be described as follow [see Fubanks, 1993]:

Hmantfe = IUw
Hﬁ,“'d = AI&J-}-}L, (*\2)

where Iy and AT are inertia tensors of the mantle and the fluids, respectively, and h is
the relative angular momentum of the fluid with respect to the mantle. When the reference
frame used here is aligned with the principal axes of inertia of the mantle, Iy consists of
only diagonal components, which are equatorial and axial principal moments of inertia for

the whole Larth (A and (', respectively). Here w can generally be written by
w = (wy,wy,wz) = (g, mg, 1 +my), (A3}

where (1 is mean angular velocity and nty, my, and my are dimensionless small quantities,

representing fluctuatious in the Earth’s rotation. Using them, the conservation of total
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angular momentum in eq. (A.1) are rewritten by the following two perturbation equations
for the equatorial and axial angular momentum in the abscnce of the external torque.
: N d . : s
~(C — AX i+ AQ T = —if) QA+
(A.4)

d

dt (QA[:}J + hg) .

d
QC—my = —
dt
(A.5)
In (A4), m =m +1my, Al = Al +1Aly, and ho= hy + ihy, represent complex-vatlued
quantities for the equatorial dimensionless angular velocity, fluctuations in the inertia tensor

of the fluids, and equatorial components in the relative angular momentum of the fluids,

respectively. In (A.5), ma, Alss, and hy represent those for the axial components.

Correction for Deformation of Farth

Because of applying the conservation equations to the real Farth, one needs to consider
the departures from perfect rngidity of the mantle arising fron effects of mantle deformation
and oceanic yielding and a degree of coupling between the fluid core and the mantle. The
deformations arise [rom variations in centrifugal forces i accordance with the fluctuation of
w and load due to redistributions ol the fluid mass on the Earth, where the former is called
rotational deformation and the latter is called load deformation. These deformations induce
changes in the inertia tensors of the mantle and the fluids which can be expanded in only
the second-order spherical harmonic series [see Munk and MucDonald, 1960; Lambeck, 1980;
Eubanks, 1993]. Thus their effects are described in terms of the second-order rotational Love
number and the load Love number.

The degree of core-mantle coupling affects the principal moments of inertia and the Love
numbers. Since the core-mantle decoupling for axial rotation can be assumed to be on a
timescale of less than 5 years [Yoder et al., 1981], the principal moments of inertia and
the Love numbers for only the mantle are used in the axial angular momentum budget. In
the equatonal angular momentum budgets the equatorial principal moment of inertia for
the whole Earth is replaced for only the mantle, because the fluid core hardly affects the
seasonal wobble [Wahr, 1982]. The response of the ocean yielding, due to the rotational
variation, allects the rotational Love nuinber {see Lubanks, 1993]. Consequently, the angular
momentum budgets for the deformable mantle with the fluids on it and the fluid core are
expressed by following equations:

¢ d

M4 —-—m
T,
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k(L + &) ; -3 -
= |——0OA( / ;- =X
S aat s i e - ma -
(A.6)
AA m
T\— = kr‘(l + kfg )Q/_\Igg + krh;_),] /Q.Cm = X3,
0
(A7)

where X = y; + tx2 and x3 are dimensionless excitation functions for the wobble and the
LOD changes, respectively, C,, and A,, are principal moments of inertia for only the mantle,
and 'y = —0.310 and &'}' = —0.245 are the second-order load Love numbers for the whole
Farth and for the mantle, respectively. Here &, = —0.348 is the second-order rotational Love
number, which is considered to be the effect of the equilibrium ocean response to the wobble.
The term k, = 0.998 represents the correction for the axial component due to the rotational
deformation [Yoder et al., 1981], and & is a secular Love number [Munk and MacDounald,

1960). Here &, is a complex Chandler wobble frequency defined as

. C—Ak—k
JC - Q A?n k

kyC— A i .
(B (1 ), -

where @) is quality factor, indicating the dumping of free motion [Eubanks, 1993]. We employ

o, assuming that 1ts real part 1s 435 days and that QQ = 100. In the preceding equations the

terms

()(1, X?) -Y3> -X4)
= (k1 + K2)/(k = k2), b/ (k= ko), k(1 + K77, &)
(A.9)

are called transfer functions, which represent the corrections of departures from perfect

rigidity of the mantle due to the deformations and oceanic yielding.
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Appendix B : Formulas for
Atmospheric Angular Momentum

Function

When atmospheric contributions to LOD change and wobble are discussed, y and ys in {A.6)
and (A.7) are used for the atmospheric excitation functions and are called the atmospheric
angular momentum (AAM) function. The AAM lunction consists of the pressure term yF,
the effect of redistribution of air mass, and the wind term y'¥, the effect of the relative

angular momentumn of the atmosphere. These are expressed by using X; i (A.9):

o= T
= (X\QA7 + X,h) /(C - A)
X3 = x§ 4y
= (X30A Ly + X,hy) /QC,,. (B.1)

Il we describe the wertia tensors, AL and Alfss, and the relative angular momentumn o and

. N . M - - 7 r .
hy in spherical polar coordinate (£, X, ¢), ¥7, ¥, x4, and ) are expressed as follows:

Vo= b rad
= —1(025;‘{3' sz\g ps sin ¢ cos” e dAd
(B.2)
o= o iy

1.5913R°
gQC — A)
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Pto .
X ] / / ’ (using + tv) cos dedpdAdd
& JMN Ip

tot
(B.3)
. R rda pA
X:‘: = m / 2ps cos” ddAde
gcm $1 SN
(B.4)
—0.998 % o2 Prop
W e
X3 gQC /‘m '/; /pbm wcos” dpdpdAd,
(B.5)

where R is Barth’s mean radius; A and ¢ are longitude and latitude of an arbitrary point on
the Earth, respectively; g = 9.80 m/s? is gravily acceleration; p, is surface pressure; and u
and v are eastward and northward wind velocities, respectively. In computation of the wind
term the atmospheric surface pressures on the real mountains and the pressure at the top
level in the global objective analysis are used for py,, and py,,, respectively. Tropospheric and
stratospheric wind contributions are calculated by integrating [rom py,, = p; to pr, = 100
hPa and {romn py,, = 100 hPa and py, = 10 hPa, respectively.

Coeflicients of p; for the pressure terms, and u and v for the wind term are function of
latitude and longitude. However, the function system of their coelficients (herealter, referred
to as "weighting function’) differ with each other. Effectively spatial pattern of the weighting
functions for py, u and v are shown in Figure B1, B.2 and B.3, respectively.

The surface pressures on real mountain are used in the calculation of AAM function. They
are estimated using mountain height data, pressure at sea surface level, and geopotential
lieights at each standard pressure levels in the global objective analysis data, by means
of interpolation using a cubic non-periodic spline method combined with the hydrostatic
equation. The real mountain height data are obtained from the global 5-arcmin gridded
topography data ETOPO-5 [National Geophysical Data Center, 1988]. On the other hand,

the pressures at sea level are computed by means of the lollowing relation:

Pseu devel — 1000 x ( (“6)

- =4

Ti000nPa — Z1000hPal ) Ryl

s 3l b
'y o004 Pa

where Ry = 287 m?/s*K is gas constant for dry air, and Tigunpe and zjgeonpe are tem-

perature and height at 1000 hPa level, respectively. A temporal aund spatial function,

I'= —AT/Az is estimated from the temperatures and heights from 1000 to 700 hPa levels.
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Figure B.1: Effective area of the weighting function for surface pressure in eqs. B.2 and B.4.
Solid and dashed lines denote their positive and negative values, respectively.
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Figure B.2: Effective area of the weighting function for zonal wind in eqs. B.3 and B.5.
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Figure B.3: Effective area of the weighting function for meridional wind in eqs. B.3 and B.5.
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Appendix C : Supplementary
Analyses of Excitation of the

Chandler Wobble

Atmospheric Excitation Based on the NCEP AAM Function

We exemplify the contributions to the excitation of the wobble from the wind+41B pres-
sure, wind, and IB pressure in the NCEP AAM function archived in IERS (that is, NCEP{BP])
for comparison with those in the JMA AAM function (that is, IMA[SP]). Figures C.1a, C.1b,

and C.lc display power spectra, squared coherences, and phase differences of/between the

geodetic excitation function and contributions from wind+IB pressure, wind, and IB pres-
sure like Figures 2.14 (see section 2.5.3) but using the NCEP[BP]. The confidence threshold
for the power spectra and coherences by F-test are also shown in these figures. Figure C.1a
reveals that the wind+IB pressure contribution is too small to explain the geodetic excita-
tion near the CW frequency, although their significant coherence exceeding 95% confidence
threshold and phase advance ol about 30° of the AAM function as well as the result of
JMA[SP] function are shown.

This small amplitude of the wind+IB pressure contribution in comparison with that
of the geodetic excitation is attributed to the slight wind contribution as shown in Figure
C.1b. Its power spectrum is considerably different from that of wind contribution in the
JMA[SP]. This feature is consistent with previous indication that there is difference in the
wind contribution to the wobble between the NCEP and JMA AAM functions [Fubanks
el al., 1988; Gross and Lindquister, 1992; Furuya et al., 1996]. In the case of the wind
contribution to the annual wobble, the difference is parlly caused by different vertical wind

integration methods employed in the two AAM functions as mentioned section 2.5.2. As
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opposed to the wind contribution, a behavior of the IB pressure contribution as shown i
Figure C.1c coincides with that based on the JMA[SP].

Figure C.2 shows temporal variations in the CW excitation powers, coherences, and
phases of/between the geodetic excitation function and contributions from wind+1B pres-
sure, wind, and IB pressure based on the NCEP/NCAR AAM function during 1987-1995
by the same manner in Figure 2.15a. The temporal variations in the wind+IB pressure and
IB pressure contributions are also observed, but that in the wind contribution is not very
remarkable. A time-varying pattern of the IB pressure contribution is similar to that in the
JMA[SP].

The amplitude ratio between the geodetic CW excitation power and wind+IB pressure
contribution varies witlhin 0.16-0.65 (the averaged value is 0.38). Namely, the amplitude of
the wind+1B pressure contribution is always smaller than that of the geodetic excitation.
The ranges of time-varying amplitude ratios for the wind and I3 pressure contributions are
0.06-0.13 (the averaged value is 0.09) and 0.18-0.54 (the averaged value is 0.33), respec-
tively. The CW excitation coherences for the wind+IB pressure, wind, and IB pressure
contributions exhibit similar time-varying patierns to those based on the JMA[SP]. The
phase advances of the wind+IB pressure and 1B pressure coutributions to the geodetic CW
excitation correspond to those in the JMA[SP], while time varying pattern of the phase of
the wind contribution resemble that of the stratospheric wind contribution in the JMA[SP].
These features suggest Lhat the failure to account for the geodetic CW excitation by using

the NCEP{BP] are caused by its vertical wind integration method.

Frequency-Time Spectral Analysis

We compute the frequency-time spectra of nonseasonal geodetic excitation and three
AAM functions, using a 3000 days sliding window that is advanced by an increment of
30 days. It is clear that the amplitude of the remarkable spectral peaks of the geodetic
excitation (Figure C.3a), and the contributions from the wind 113 pressure (Figure C.3b),
wind (Figures C.3¢) and B pressure (Pigures C.3d) vary with time.

Figure C.3a shows the three remarkable spectral peaks at broad bands around +2 cpy
and from -1 to 1 ¢py, with regard to the geodetic excitation functions. Three atmospheric
contributions, on the other hand, have no spectral peaks around +2 ¢py. The broad spec-
tral peaks of the geodetic excitation around £2 cpy make a display of the rapid change of
their amplitude in 1993, Such rapid change in the partition of 1993 appears in broad bands
around £3 ¢py and 0 to | ¢py for entire AAM function, from -0.5 to 0.5 cpy for wind AAM

function, and around -1.5 cpy and [rom 0.5 to 1.2 ¢py for I3 pressure contribution. These
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temporal variations in power spectra may be affected by global motions of atmospheric mass

in broad band.
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Figure C.la: Same as [figure 2.14a, but {or the atmospheric contribution based on the
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Figure C.3a: Frequency-time power spertrum (upper) and frequency-time F-test (lower) for
the nonseasonal geodetic excitation. These estimates are plotted at central day of a sliding
3000 days window that is advanced by an increment of 30 days, for a period 1988-1995.
Their amplitudes are displayed by color legends in right sides of each panel. A vertical line
at 0.847 cpy denotes the frequency of the Chandler wobble.
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Figure C.3b: Same as Figures C.3a but for the nonseasonal wind+IB pressure contribution.
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Figure C.3c: Same as Figures C.3a but for the nonseasonal wind contribution.
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Figure C.3d: Same as Figures C.3a but for nonseasonal IB pressure contribution.



Appendix D

Appendix D : A Principle of

Superconducting Gravimeter

Superconducting gravimeter {(SG) is relative cryogenic gravimeter utilizing the superconduc-
tive phenomenon under temperature of 4.2°K [see, Goodkind, 1999 for a review of SG] . The
SG applies magnetic levitation force which is maintained by magnetic field induced from
persistent current flowing in superconductiug coil using magnetic repulsion force in terms
of Meissner effect, instead of classical metallic spring. The cryogenic environment (4.2°K)
maintaining the superconductive state also gives us the advantages as follow; show instru-
mental drift because thermal expansion and creep of the metallic material in instrurment
can be disregarded under such temperature; low noise because cryogenic environment also
reduces thermal noise and Brownian motion inside the instrument to almost zero. Thus the
SG have obtained the long-term stability (i.e. slow drift) and sensitivity improvement of 2
or 3 order higher than the classical spring gravimeter.

Niobium sphere with the 2.54 cm diameter that becomes perfect diamagnetic material
by Meissner effect is levitated in the magnetic field induced by superconducting current.
The levitation of that sphere are performed by using two superconducting coils, because
the gradient of magnetic field decreases to stably levitate the sphere. A sphere position is
varied by the perturbations in gravity field. Fluctuation in its position is detected by gravity
capacitive sensing plate which cylindrically surrounds the width side of the levitating sphere,
and the sphere is kept Lo the fixed position by magnetic feedback coil. The amount of current
flowing in respect to the feedback coil is linearly with the gravity change and it is output.
The superconducting coils and sphere, the capacitive sensing plate, and the feedback coil are
put in gravity sensing unit (GSU) which is demagnetized and covered by mu-metal magnetic

shield. GSU also has the germanium thermometer and tilt capacitive sensing plates in order

145



APPENDIX D : A PRINCIPLE AND CALIBRATION OF 5G 146

to keep cryogenic environment and for the purpose of setting the G5U Lo a tilt-insensitive
position, respectively.

The GSU are inserted into SG dewar filled by LHe. The GSU are always adjusted by
thermal leveler in order to point to the vertical direction using signals from tilt capacitive
sensing plates. The SG dewar is hung (supported) from these thermal levelers above the
concrete pier with about 1.5 m of height. Recently, the support system of the dewar is
improved into the system in which the dewar is supported from the bottom by thermal
leveler that are directly put in the basement for the purpose of reducing noise level to lower
one. The former is called "top mount” system, and the latter is referred to as "bottom
mount” system.

It is essential to maintain the cryogenic environment inside the GSU for the high quality
observation by SG. To accomplish this, we are forced periodically to fill LHe and to carry out
the maintenance of the cryogenic relrigeration systen consisting of the coldhead inserted in
the dewar, the compressor, and water chiller. Since these work disturbs the SG observation,
recent type of SG have been improved by additional features such as enhancement in its
cooling performance and decrease in loss of LHe in order to simplify use, increase reliability

and reduce manpower re('luiremeuts.
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