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Abstract |

The continuous gm\lrity observation \\l/ith a superconducting gravimeter (SG)
#016 was started on March 22, 1993 at Syowa Station, Antarctica (69.0 N, 39.5
E). Since then, the observation is continued by Japanese Antarctica Research
Expedition (JARE). This thesis mainly describes the analysis results for tidal
gravity changes using the Syowa SG data and discusses the various oceanic
effects on its observation. The tides treated here are those for the 12 hours to 1
year in the period. Related with the analysis for long-period tides, the gravity
effects at Syowa Station due to the polar motion were reanalyzed and compared
with other two SG sites in the mid latitude (i.e. Esashi, Japan and Canberra,
Australia). The effect of Sea Surface Height (SSH) variations are also discussed
mainly focusing into the annual gravity changes.

The thesis consists of ten chapt.ers_; In Chapter 1 (Intrbduction), first, the
importance of gravity observation made at high latitude is described. The re-
maining part of Chapter 1 explains the outline of contents of this thesis. Chapter
2 reviews the tidal phenomena and the definition of several quantities appeared
in the thesis. Chapter 3 describes the method to estimate the ocean effects and
the computer program used in this thesis. The characteristics of SG is described
in the first part of Chapter 4 related with the observation results shown in the
later Chapters. The locality of Syowa Station, the procedures for setting up of
the SG and the data acquisition system used in the observation are also intro-
duced in Chapter 4. We used the computer program called BAYTAP-G and -L
for the tidal analysis. The method and some problems on the aétual analysis
used this analysis method are mentioned in Chapter 5. The observed results are
discussed in Chapters 6, 7 and 8 for the short-period tides, the long-period tides
and the polar motion effect especially focusing into the annual component, re-
spectively. The conclusions are summarized in Chapter 9 for each topics styuied

in Chapter 6, 7 and 8. Finally, the concluding remarks are given in Chapter 10.
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In Chapter 6, we reexamined the gravity tidal factor (6-factor) of the diurnal
and semi-diurnal tides at Syowa Station. The 2-year SG data obtained in the
period from March 1993 to March 1995 were used in the analysis. The ocean ti(“le
effects (the effects of the attraction and loading (]llle to the ocean mass) were
estimated using a new global ocean tide model by Matsumoto et al. (1995).
As the 6-factors corrected for the ocean tide effects, we obtained the values of
1.144, 1.127, 1.157 and 1.111 for Oy, Ky, My, and Sy waves, respectively. We
compared t.he. observed mean §-factors with the two theoretical values inferred
from Wahr’s (1980) theory and the Dehant’s (1987) theory. The discrepancies
between our values and the Wahr's theory are at about 0.2 % for both the
diurnal and semi-diurnal tides and those with the Dehant’s are at about 0.6 %
and 2 % for the diurnal and semi-diurnal tides, respectively. The Syowa SG data
indicate that the Wahr’s theory is much consistent with the observation than
the Dehant’s theory. Judging from the consistency among the three observation
results obtained by the three different gravimeters (Ogawa et al., 1991; Kanao
and Sato, 1995; this study), and from the results for the computations of the
ocean tide effects, it is highly probable that the large discrepancy exceeding
10 % in the é-factors for the semi-diurnal tides at Syowa Station, which has
been pointed out by Ogawa et al. (1991), is mainly caused by their inaccurate
estimation of the ocean tide effects.

In Chapter 7, we examined the long-period tides (M and M,, waves) based
on the 2 years SG data which are the smne;(.la.l'.a as those used in the analysis for
the short period tides (Chapter 6). The obtained amplitudes, phase lags and
amplitude factors (6- factors) are 11.642 + 0.035 pGal, -0.12° £ 0.17° and 1.1218
+ 0.0034 for the M, wave, and 6.143 + 0.058 pGal, 0.33° £ 0.54° and 1.1205
+ 0.0106 for the M,, wave, respectively (1 pGal = 1078 m s™2). The ocean
tide effects at the observation site were estimated using the five global ocean

tide models: equilibrium ocean tide model, Schwiderski (1980) model, Dickinan
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(1989) model, CSR model (Eanes, 1995), and Desai & Wahr (1995) model. The
averages of the five estimates are 0.433 pGal and 0.243 pGal in amplitude and
192.9° and 179.5° in phase for the M; and M,, waves, respectively. The five
estimates differ by a maximum of 0.057 /'.LG('Ill in amplitude and 18.7° in phase
for the M f' wave, and by 0.033 Gal and 6.4° for the M,,, wave. The estimated
M, phases are nearly 180° for the five models, and the variation of their values
among the models is relatively small compared with that of the My phases.
These indicate that the M,, wave is much close to an equilibriumn tide than
the M; wave. Due to the variation of the ocean tide corrections, the corrected
§-factors were scattered within the ranges of 1.157 to 1.169 for the My wave and
of 1.161 to 1.169 for the M,,, wave. However, it is noted that the mean é-factors
of the five ocean models, i.e. 1.162 £ 0.023 for the My wave and 1.165 £ 0.014
for the M,,, wave, prefer slightly larger value rather than those estimated from
the theory of the elastic tide.

In Chapter 8, the results for the polar motion effect are described. First,
the previous analysis results and the prolﬂerrm on the analysis for this effect,
which were obtained from the analysis by Sato et.al. (1997) using the two years
Syowa SG data, are sumnarized. They discussed the two problems, i.e. on an
interference problem between the annual and Chandler components and on an
effect of the inaccurate estimation of step-like changes including the observed
data. Based on their experiences, a revised analysis model is applied here and
the analysis is carried out using the Syowa SG data much longer than those used
in the previous analysis. Thus, it is revised so that (1) the annual component of
the polar motion data was excluded from the TERS EOP (International Earth
Rotation Service Earth Orientation Parameter) data before fitting and (2) the
term to estimate the step-like changes using the Heviside’s function was added
to the previous model. It was shown that, by using the revised model, the

analysis error for the annual component is improved by about 15 % in the case
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of Esashi, for example. The reliability of the analysis results is also affected
by the stability of the period of Chaudler component in time. We, therefore,
examined this using the 22 years IERS EOP data, and we recognized that the
period of Chandler component. is stable within £1.3 days during the observation
period of the 17 years from 1983 to 1999. We obtained a value of 435.4 as the
mean Chandler period averaged over the 17 years. This value was used for the
fitting though this study.

In Chapter 8, we discussed also the results for the estimation of annual
gravity changes by calculating the four effects of the solid tide, ocean tide, polar
motion and SSH variations. In order to pull out the effect of mass changes in
the SSH variations, it is needed to estimate the thermal steric changes in SSH
variations, and to correct its effect. We evaluated the steric coefficient based
on mainly the POCM (Parallel Ocean Climate Model, Stammer, 1996) SSH
(Sea Surface Height) data and the SST (Sea Surface Temperature) data, and
we obtained a value of 0.60x1072 m/°C. The predicted annual effect at the
three observation sites (i.e, Esashi in Japan, Canberra in Australia and Syowa
in Antarctica) were compared with the actual data obtained from the supercon-
ducting gravimeters respectively installed at thesc three sites. The results of
the comparison indicate that the predictions agree with the observations within
20 % in amplitude (i.e. within 0.2 pGals, where 1 pGal =1x107% ms~2) and
10° in phase at each observation site, when we use the above steric coefficient.
We have also tested other values for the steric coefficient, i.e. 0.0x1072 m/°C
and 1.0x1072 mn/°C, but find that the fit to observations is clearly better at
0.60x10~2 m/°C. For comparison, we have also evaluated the SSH effect using
TOPEX/POSEIDON data (T/P (latla). The results from the T/P data indi-
cate a very similar dependence on magnitude of the steric coefficients with that
obtained from POCM data, although there exist some systematic differences in

amplitude and phase hetween the two SSH data of the POCM and T/P. It is
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worth noting that the gravity observations favor a steric coefficient of 0.60x 102
m/°C. This means that the gravity observations support the steric coefficient
which was independently estimated fromn the SSH and SST data. This may be
important on future applications of the gravity observation as a data to monitor
the mass changes in the oceans which could not be detected from the precise
satellite altimetry such as the T/P altiineter. We consider that the agreement
between the observation and prediction shown here gives us a base to study the

Earth’s response to the Chandler motion and/or the excitation problem on it.



Chapter 1.
Introduction

Importance of gravity observation made at high latitude

The gravity observation at Syowa Station using a superconducting gravime-
ter (hereafter referred to as SG) was initiated as a part of the five-year (1993-
1998) earth science program of the Japanese Antarctica Research Expedition.
A model TT70 of SG (GWR Instruments: SG016) was installed there and the
continuous observation started on March 22, 1993. The SG is a kind of relative
gravimeter, which uses the magnetic restoring force generated by a supercon-
ducting current instead of the elastic spring force adopted in conventional metal
gravimeters such as LaCoste & Romberg gravimeter (after here, LaCoste &
Romberg is abbreviated to L & R). Due to remarkable stability of the restoring
force and the high sensitivity, the SG is highly expected to identify the gravity
signals having periods longei‘ than one year or the signals whose amplitudes are
as small as 1 nGal (1 nGal =1 x 10~! ms~2) (Goodkind, 1999).

Figure 1 shows the SG network as of 1999, composed of 14 stations. Japanese
SG group contributs to this network by developing an international SG observa-
tion network called 'GGP-Japan Network’, which consists of seven sites marked
with the red circles. The SG network will help clarify various geophysical phe-
nomena as described below, by disclosing weak gravity signals covering the wide
spectral range from 1 minute to 14 months or longer.

(1) Core modes (approximately 10-30 minutes period; Imanishi et al., 1992)
which are characterized by the elastic strength of the inner core or by the asso-
ciated anelastic structure.

(2) The Slichter mode (approximately 3-13 hours period; Slichter, 1961) which is
characterized by translational motion of the inner core, or a degree of departure

of the fluid core from the symmetrically layered structure being supported by



the hydrodynamic force.

(3) Fluid core resonance (FCR) in the diurnal tidal band (approximately one
sidereal day period; Wahr, 1981, Sato et al., 1994) which may reflect degrees
of the departure of the figure of the core-mantle boundary (CMB) and of the
strength of coupling at CMB.

(4) The core undertone (approximately 13 hours period; Crossley and Rochester,
1980) which may reflect gravitational waves in the fluid core, and may provide
information of the mechanical structure and associated temperature distribution
in the fluid core through estimation of the density profile.

(5) The long-period tides (approximately 14 days period for example Mf tide)
which are expected to give important information of frequency dependent rhe-
ological properties of the earth.

(6) Gravity changes of the periods from 12 months to 14 months due to the
effect of the earth’s variable rotation, which are expected to tell us the coupling
dynamics between the solid parts and fluid parts of the earth.

Because the strength of the restoring force related to (2) is mainly a function
of the buoyancy which is related to the distribution of density stratification
inside the fluid core, the motion is probably induced by much weaker force
than the carth’s free oscillations. Further the motion of the fluid core may
be characterized in much lower frequency bands than those of the earth’s free
oscillation which are mainly related to the elastic strength of the mantle. The
gravity changes related to the fluid and solid inner cores are considered to be as
small as 1-3 nGal (1 nGal = 1x10-3 pGal) or even smaller (Crossley, 1988), and
therefore careful treatment is required to discriminate the signals from possible
instrumental and environmental noises. However, these gravity changes must
show some spatial characteristic, both in amplitudes and phases, depending
on the geographical locations of the observation sites. Further, the amplitude

spectra must have common peaks at the frequencies close to the eigenmodes



of the fluid and solid inner cores. Thus it is expected to identity such weak
signals when simultaneous observations are made with a global SG observation
network and the obtained data are analyzed by a stacking method based on an
appropriate physical model. The results for the analysis of ' FCR by Sato et al.
(1994) is one of the example of this.

As shown in Fig. 1, most SG observation stations are located within a
narrow latitude zone between 30°N and 50°N. This geographically biased station
distribution may be a restriction of the global SG network for the purpose of
drawing the maximum instrumental potential of the SG and thereby detecting
weak gravity signals as mentioned above. Because the gravity signals caused by
the free core resonance (FCR) appearing at the diurnal tidal band are sensitive
to the shape of the CMB or by dynamical ellipticity of the core and these effects
are represented with a function of latitude, for instance. Therefore, installing
the SGs at high latitudes of both hemispheres and comparing them with those
obtained at the mid latitudes and/or at the equatorial zone must be required
to interpret the delicate signals precisely. For FCR, it will be explained in the
section 2.3.

Figure 5 of Chapter 2 shows the latitude dependency of the tidal gravity
amplitude. As shown in the figure, the amplitude of dinrnal waves takes its
maximum at 445° while its minimum at the equator and both poles. For
semidiurnal waves, on the other hand, the maximum amplitude appears at the
equator while both poles are nodes. Moreover the long-period tides become
maximum at both poles and their nodal lines exist at about £35°. The above
mentioned characteristics of the spatial distribution of tidal amplitude strongly
suggest some the advantages as mentioned helow, to carry on the SG observation
at Syowa Station in the high latitude zone (69.0°S).

(1) The amplitude of the semidiurnal tide is smaller than about 20% of its max-

imum. This is an advantage to search for a small signal induced by FCR which



appears in the diurnal tide band preserving 70% of the maximum amplitude at
Syowa Station.

(2) Smallness of the semidiurnal tide is also an advantage to search for the core
under tone signal which is believed to havé a main spectral peak at 12 to 13
hours. Becausé these periods are very close to those of the semidiurnal tides.
Thus, the signal-to-noise ratio (SNR) is expected to be highly improved in the
observation at Syowa Station.

(3) SNR of the Mf long-period tide will be obviously improved compared to the

observation at the mid-latitude stations.

Contents of this thesis

It i$ a notable thing that the incessant excitation of the earth’s free oscilla-
tions of the fundamental spheroidal modes (frequency range: 0.3 to 5 mHz) was
first found from the data obtained from the SG at Syowa Station (Nawa et al.,
1998). After their paper was published, this phenomena has been confirmed by
several analyses using the data obtained from several international seismometer
networks, and the existence of this phenomena has been established (Kobayashi
and Nishida, 1998, Suda et al., 1998, Tanimoto et al. 1998). Now the phe-
nomena of ’incessant excitation of the earth’s free oscillations’ is called “earth’s
background free osg:illa.tior;s’.

While, in this thesis, we will focus to the gravity signals in much lower
frequency bands than the seismic band. It is well known that observed gravity
signals are strongly affected by the effects due to the motions of atmosphere
and oceans. Therefore, calculation of the effect of the oceans on the observed
gravity changes is one of the important subjects of this thesis.

Chapters 2 and 3 are also introductory parts of this thesis. These chapters
give a review of the tidal gravity theory and the metliod used here to estimation

the ocean tide effects, respectively. Chapter 4 describes some characteristics of




the SG and the problems on setting up the SG at Syowa Station. The tidal anal-
ysis has been performed by the two analysis programs called 'BAYTAP-G and
-L’. In Chapter 5, these tidal analysis methods are introduce briefly, and gives
some comments on a problem of the analysis model regarding to the analysis for
the long period tides. Chapter 6 describes the results for the analysis of short-
period tides using the data obtained from the SG at Syowa Station and discuss
the difference between the results obtained here and those previously obtained
at the same observation site by Ogawa et al. (1991) and Kanao and Sato (19
. Chapter 7 describes the results for the long-period tidal gravity changes and
their implication to global ocean tide modeling. In the former part of Chapter 8,
the analysis results for the polar motion effects (period: 1 year - 14 month) are
described, and, in the later part of Chapter 8, the discussions mainly focusing to
the observed annual gravity changes are made related with the gravity changes
based on the data of the sea surface height variations. Finally, the possibility
of a further application of the gravity observation as a tool to monitor the mass

changes in the oceans are described.



Fig. 1. GGP Network and GGP-Japan Network. This shows all superconducting gravimeter sites those which
participate in GGP. The green circles show the overseas sites and the double red circles show the observation
sites of GGP-Japan Network which is developing by the Japanese GGP group.



Chapter 2.
Gravity Tide on the Earth

The theory of tides and the derivation of the expression for the tide gener-
ating potential are explained in many text books (for example: Hagiwara, 1978,
Melchior, 1983, Harrison, 1985 and Lambeck, 1988). We describe here their

essential parts which are related with this thesis.

2.1 Tide Generating Potential

" Any unit masses composing the volume (body) of the earth are affected by a
force combined two of the Newtonian gravitational attraction of celestial bodies
(CBs) and the centrifugal acceleration due to the orbital motion of the earth.
On the meaning acting to a whole body, these forces are called the body forces.
Owing to the finite size of the earth, the former is not constant throughout the
earth. The difference in the Newtonian attraction by the positions causes the
tidal gravity changes on the earth. We define the positional relation between
the earth and the CB using an orthogonal X-Y-Z coordinate which is fixed at
the earth’s center and moves with the earth (see Fig. 2). In this figure, O and
P show the center of the earth and a point on its surface, respectively. Three
vectors, Fy, Fy and Fy, show the attractions of CB acting at O and P and the
centrifugal attraction induced by the earth’s orbital motion, respectively. The
constant attraction Fy balances Fa. If we measure the potential with respect to

the value at O, we can write the potential at P induced by the CB as

V = GM(1/r—1/R~pcos z/R?) (1)

where: G is the Newtonian gravitational constant; M the mass of CB; r the

distance between earth’ center and CB; R the distance between a point P on



the earth and the center of the CB; p the earth’s radius; 2z the angle MOP
called zenith distance of the CB. The part 1/r can be developed using the zonal

spherical harmonics P, (cos 2) as

1/t = 1/R 52524 (p/R)" Pa(cos 2). (2)
By substituting (2) into (1), we obtain

W = T2,V = GMES(o/R)" Pu(cos ). 3)

The potential W, which consists of the terms of n>2, is variable with the position
on the earth and this potential is called ’tide generating potential’. The main
tide generating celestial bodies are the Moon and Sun.

Figure 3 shows the position of CB projected onto the celestial sphere in the
equatorial coordinate system. The daily variation of W on a position fixed to
the rotating earth can be represented by developing cos z with the three angles

O, 6 and ¢. Using a formula of the spherical triangle, we obtain

cos(z) = sin(%) sin(8) + cos(y) cos(6) cos(O). (4)
Here these three angles stand for: 1 geocentric latitude of the observation point;
6 declination of the CB; O local hour angle of CB. The local hour angle © has
a relation with the Greenwich hour angle O¢ as

O=0c+A (5)

where A is the east longitude of the observation point.



In (3), the second degree potential V; has the largest amplitude among V,,.

By substituting (4) into (3), we obtain an expression for V; as

Vo= GM(p/R)3{3(sin? 6 — 1/3)(sin 2¢ — 1/3)
+(sin 24 sin 26 cos ©) + (cos? 1 cos? 6 cos 20) } (6).

From (6), we can see several characteristics of the tides. Namely, it indicates
that the tidal potential Vo consists of the three terms (tidal species). Each
of them is distinguished by its time variation represented by the change in O,
and shows its own spatial pattern of the amplitude distribution. These three
tidal species, respectively, are called the long-period tide, the diurnal tide and
the semidiurnal tide in the frequency domain. While, from t.hé spatial pattern
of amplitude distribution of each specie, they are called the zonal tide, the
tesseral tide and the sectorial tide, respectively. Due to the dependency on 6,
we see that the diurnal tide never arises, if the CB moves on the orbit which is
coincident with the equator of the earth. On the other hand the semidiurnal tide
never arises, if the CB moves on the orbit which is coincident with the earth’s
meridian. As seen in (6), the tidal potential decreases its amplitude with the
factor of (p/R)™. Since p/R is a small quantity of about 0.0166 for the Moon, it
is enough to consider the potentials up to the 4th degree for most observation
purposes.

Actually, however, the orbital motion of the CB is far from a pure circular
motion. Thus, the position angles § and © are represented as a superposition
of a number of circular motions (harmonic motions). The angular variation
in time of each harmonics is usually represented with five arguments so called
Doodson’s arguments. The five astronomical arguments are: 7 mean lunar day;
s tropic month; h tropic year; p period of revolution of the mean perigee of the

Moon; N’ period of revolution of lunar nodes; p; period of revolution of the

9



solar periherion. Each harmonics is called "tidal wave” or "tidal constituent’.
The main constituents are My for the long-period tides, O; and K, for the
diurnal tides and M, and Ss for the semidiurnal tides. The period and origin of
these main constituents are summarized in Table 1. The tidal potential tables
developed by Cartwright and Tayler (1971) and Cartwright and Edden (1973,
the revised table of the former) have been widely used in the study of ocean
tides. While, in the study of earth tides, the potential table given by Tamura
(1987) is widely used. In his table, the Doodson argument, angular speed at the
year 2000 and amplitude at that epoch are given for the 1200 constituents in
total, which were obtained by developing the three potentials of V,, V3 and V4
by means of the FFT (First Fourie Transformation) method. The tidal analysis
in this thesis is carried out using tidal analysis prograns called "BAYTAP-G’
for the short-period tides and "BAYTAP-L’ for the long-period ones (Tamura
et al., 1991). In these programs, the observed tidal components are estimated

based on the Tamura’s potential table.

Table 1. Main constituents in each of the three tidal species.

tidal specie name of period origin
consitutuent .
zonal My 14 days declinational wave of
My ( the constant lunar tide)
tesseral 0O, 25.819 hours principal lunar daily tide
K, 23.934 hours combination of the principal lunar
and solar declinational tides
sectorial M, 12.421 hours principal lunar semidiurnal tide
Sa 12.000 hours combination of the principal solar

semidiurnal tide and variational
tide from M,

The mass on and in the earth is redistributed asymmetrically by the diurnal
tidal force with respect to both the meridian and the equator. This produces
a torque which causes the wobbles of the earth so that its mantle figure axis

rotates in space (i.e. forced nutation). Any similar redistribution of the earth’s

10



mass represented spatially by the P} mode in terms of the spherical surface
harmonics can also produce the similar effect on the earth’s rotation (i.e. the
changes in the polar motion and free core nutation, which will be described in
the following chapters). This is a reason why the studies of the earth tides and

the earth’s rotation have close relation to each other.

2.2. Gravity Tides on the Rigid Earth
The expression of the tidal gravity changes is derived by differentiating the

tidal potential with respect to the radial direction p, which is represented as

A=Y 0An= 3 s 0Va/0p, )

where A, is the n-th degree tidal force in the normal direction to the earth’s
surface, positive upward. (7) gives the tidal force on a rigid earth (i.e. in the
sense of not taking account the effect of deformation of the earth), and A is
usually used as the reference (i.e. a theoretical value) to measure the response
of the earth to the tidal forces.

(7) is an expression using the geocentric coordinate in the spherical earth.
However, the actual gravimeter is made on the earth’s surface which is approxi-
mated by an ellipsoid of revolution in its shape (i.e. the reference ellipsoid) and
it measures the force changes in the direction of Jocal vertical (i.e. the changes
in the force composed of combination of the self-gravitational attraction of the
earth’s melxss and the centrifugal force -due to the earth’s rotation). Therefor, it
is needed to convert (7) into an expression projected onto the direction of local
vertical. Since the direction of a local vertical is almost coincident with the di-
rection of the normal line of the observation point P on the reference ellipsoid,
we refer this ellipsoid for expressing the theoretical value to be compared with

the observation. We define the three angles 1, A and 7 and the unit vectors ey,
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ey and e, in the respective directions -as shown‘in Fig. 4. These three angles
are called as: 9, the geocentric latitude of the observation point, A the east
longitude and 7 the geocentric radial component. With respect to the 3-A-n

coordinate system, the tidal force is written as
A= Yomeo{1/n0V, /ey +(1/ncos V)V, /0)er+ OV, /ome,} (8).

In Fig. 4, ¢ shows the geographical latitude, and € is the difference between

the angle 1 and ¢
€=p—1 9)-

If we take the z-direction along ¢ and its positive direction downward, the

gravity change due to tidal forces is given by
Ag=A"-e, = -3 ,(8Vn/Oncose+1/ndV, [Bsine) (10)

where e, is the unit vector in the z-direction.
Using the Doodson’s normalization and arguments defined by U; and devel-
oping V,, with the spherical harmonics function P}*, for the degree 2 tides, the

explicit formulas for the i-th constituent are given as

Agoi = —Cy(p, cos p—2p, sin p)A; cos U; .for the zonal wave, (11)
Agi = —2Cy(p, cosp+p,sinp)A; cosU;  for the tesseral wave, (12)
and
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Agyi = —2C,(p, cos ) A; cos U; for the sectorial wave. (13)

Here

I

C, = 3CM&

L[]

: (14)

2

p, = pcosth = {1/y/1— f2sin® p+H/a} cos (15)

and
p, = psing = {(1-f2)/\/1 - f2sin® p)+H/a} sing, (16)

where: A; is the amplitude of tidal potential for the i-th constituent; M, c and
a is the mass of Moon (or Sun), the mean distance of Moon (or Sun) and the
equatorial radius of the earth; p is the geocentric distance of the observation
point P shown in Fig. 4, i.e. it is the sumn of the two distances of the surface of
reference ellipsoid measured from O and the height H of the observation point
P measured from the surface of reference ellipsoid.

The computation results for the three constituents of My, K, and Mz using
(11), (12) and (13) are shown in Fig. 5, and Table 2 lists up the values of GM
of the Moon or the Sun, the earth’s equatorial radius a and the eartls flattening
f. These values are those used in the tidal analysis programs BAYTAP-G and

-L by Tamura et al. (1991).
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Table 2. The constants used in BAYTAP-G and -L

quantity value unit
GM of the Moon 4.9027933x10'2  m3s—2
GM of the Sun 1.32712438%x10%0  m3s—2
Earth’s equatorial radius 6,378,136 m
Earth’s flattening 1/298.257

2.3. Gravity Tides on the Deformable Earth
2.3.1 Gravimetriﬁ Tidal Factor (6—factor)

In addition to the direct tidal force of the celestial bodies (primary gravity
tides), the gravity tides on the deformable earth is further induced by other
two effects (secondary gravity tides). They are the changes induced both by
the displacement of the observation position and by the redistribution of the
earth’s mass associated with the deformation. These additional effects (i.e. the
responses of the deformable earth to the tidal force) is usually represented in
terms of the dimensionless parameters so called Love’s numbers & and & (Love,
1909, 1911) and Shida's number { (Shida and Matsuyama, 1912). h, & and |
are related to the vertical displacement, additional potential change and the
horizontal displacement, respectively. Although these three numbers h, k and
| are frequently called 'Love numbers’ and Lambeck (1988) also uses this word
in his text book, it is not correct. Because Love introduced only the h and & in
his paper written in 1909. This is pointed out also in a famous text book "The
Eartly by Jefireys (1970).

The magnitudes of h, k& and | are estimated by solving the simultaneous
equations for the elastic earth being hydrodynamically balanced, which consist
of the four equations, namely, the equation of motion, the constitution equation

representing the stress-strain relation, the equation of continuity, and the Pois-
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son equation representing the pressure balance. This system of the equations
!

are usually surmnmarized by using () variables so called Alterman’s y-notation
(Alterman et al., 1959). For the tidal deformations (i.e. for tidal Love and
Shida numbers), this system is solved by asswining the stress free condition at
the earth’s surface. When the other boundaries exist inside the earth such as
the core-mantle boundary (CMB), the boundary conditions are also taken into
account. Takeuchi(1950), for the first time, calculated the Love numbers and
Shida number based on the distribution of density and elastic parameters (i.e.
rigidity and shear modulus) within the earth using the most realistic values in
those days, and obtained the values of 0.587-0.610, 0.281-290 and 0.063-0.082
for h, k and [, respectively.

The Love and Shida numbers are a function of the degree of the tidal forces.
For the case of the spherical and non-rotating earth model, the vertical defor-

mation (v) and the additional potential change (w) are expressed as

v=3 " haVau/g(r) (17)
and
W=k Va, ’ (18)

where h, and k,, are the n-th degree Love numbers, g(r) is the earth’s gravity
which is a function of the distance » from the center of the earth. The primary
gravity tice is given by (7). While, the secondary effects correctly consist of: 1)
the radial displacement, 2) the vertical gradient of the additional potential and
3) the acceleration of the observation point due to the tidal deformation. The
last effect are usually called an ’inertial correction’ in the analysis of the gravity

tide.



On the carth’s surface, the above three effects are represented as follows.

Agy = (9g(r)/0r)v = (=20,/14) Lnza 'Vl 90 | (19)

Agw = (1/1,) Xala(nt1)knVa, (20)
and

Agp = —w?v. ('21)

The potential theory tells us that the change of w in (18) due to the internal
origin has the form of (ro/ 7)1 P (cos 2) at the surface. Where w is the angular
velocity of the tidal constituent in consideration. In the largest case of the effect,
the magnitude for the semidiurnal tide is about 1x1072 in ratio to the inertial
correction of Agy to Ag,. Therefore, this term is usually neglected in the
analysis, but it cannot be ignored in such delicate discussion of the free core
resonance mentioned below. When we neglect the inertial correction, the tidal

gravity changes (downward positive) is surnmarized as
Ag =320 ,(—0V,/0r) + Agy + Bgu
= Zzoz-z(l + 2%“ + E‘.;i;_l'k-n)(_avn/a"') (22)

The coefficient of (—8V;,/0r) consisting of the combination of Love numbers is
the gravimetric tidal factor, and this frequently is called '6—factor’. The ob-
served §—factor is also defined as the ratio of the observed tide to the theoretical
one on the rigid earth, and its value is compared with the theoretical 6—factor

to discuss the response of the deformable earth to the tidal force. The tide on
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an elastic earth is called "body tide’ or ’solic.l tide’ and is (:listingﬁisl'ned from the
tide on the rigid earth or the tide on an anelastic earth having the dissipative
process. The observed gravity tide usually does not coincide with Ag due to
the modification by several effects such as the effects of the oceans, air pressure
changes, the rotation of the earth and so on.

When the rotation of the earth is taken into account, the tides show large
differences from those on the non-rotating earth (i.e. differences between the
static tides and dynamic ones). There appear two different features. First, the
body tides do have a strong frequency dependency especially in the diurnal tidal
band, and even the Ag; term shows an week frequency dependency in the static
case. This frequency dependency is due to the effect of the dynamics of the
earth’s core, namely, the free core resonance (FCR) which will be described in
the subsection 1.2.3.. Second, the §—factor has also a latitude dependency.

Sasao, Okubo and Saito (1980) established the analytical formulas to de-
scribe the effect of FCR on the nutation and tides of the eart‘.hl by extending the
theory of nutation of Molodensky (1961) in more general form. Later, based
on the pure numerical method, namely, the eigenmode expansion used in the
theory of earth’s free oscillations developed by Smith (1974), Wahr(1981) com-
puted the tides on the elliptical, rotating, elastic and oceanless earth model and
gave the tables of the frequen.cy dependent Love and Shida numbers for the
three earth models of: (1) 1066A by Gilbert and Dziewonki (1975), (2) PEM-C
by Dziewonski et al. (1975), (3) C2 by Anderson and Hart (1976). Wahr's
c:ornput.atioﬁ results are widely used in both the nutation and tide studies as a
standard model to be compared with the observation. Wahr’s (1981) tables give
the values computed based on the formulas written in the geocentric coordinate
system. However, Dehant (1987) pointed out that Wahr’s Love and Shida nun-
bers should be modified, in order to directly compare with the observed gravity

tides which give the gravity change along the local vertical as described in the
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section 2.2.

Another difference between the static tides and the dynamic ones is the
latitude dependency of the é-factor. In case of the dynamic tides, the é-factor
does not take a constant value, but it shows a latitude dependency. Figure
6 SllO‘W,S two kinds of é-factors which wc—ﬁ-e estimated using the table of Love
numbers given by Wahr(1981) and the Love numbers modifiéd by Dehant(1987),
respectively. The two waves of Ky and O, show in the figure. These are the
values for the 1066A earth model. As seen in the figure, the latitude dependency
of the tidal factors I.'.ze(:(:)mes smaller when Dehant’s modification is taken into
account. It is to be noted that the difference between these two theories is large
at the high latitudes. On the other hand, there are neither frequency dependency
nor the latitude dependency in the case of the tides on the spherically stratified
and non-rotating earth model. In this case, the value of 1.158 for the 1066A
model is obtained as §—factor of the 2nd degree. This value was estimated using
the computer program developed by Saito (1967).

Even though the difference between the two theories by Wahr(1981) and
Dehant(1987) is small at 1-2 % or less, it is important in the study of the earth
tide to discriminate this from the observation. This is the reason why we needed

to calibrate the gravimeter at the accuracy better than 0.5 %.

2.3.2. Free Core Resonance (FCR)

It is theoretically well known that, in addition to the Chandler free wobble
of the period of about 430 sidereal days (s.d.), the earth has also a rotational
eigenmode called ”Free Core Nutation” (FCN). This phenomenon has been the-
oretically studied by many researchers, for example, Toomer, 1974, Sasao et al.,
1980 and Wahr, 1981. A mechanical coupling exists between the mantle and
core, namely, 'inertial coupling’. This mechanical coupling may be caused by

the following three effects: (1) the misalignment between the rotation axis of
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the mantle and that of the core due to the tidal force acting on the bulge of
the non-spherical earth, (2) the elliptical shape of the core-mantle boundary
(CMB) and (3) the dynamical pressure acting to the CMB due to the rotational
motion of the fluid core. Due to the misalignment between the rotation axis
of the mantle and that of the core, the inertia of the core (i.e. caused by (3))
resists the change in the rotation of the surrounding mantle. This is the origin
of the inertial coupling.

The FCN is a free wobble (a rotational eigeninocde), which is excited by the
pressure torque acting through the CMB by the inertial coupling. The period
of this mode is theoretically estimated to be 460.8 s.d. in the inertial frame.
This is the rotational period of the mantle figure axis measured in space. For an
observer on the rotating earth, the period is observed as slightly less than one
sidereal day corresponding to the i’yer_luen(:y of 1.00217 cycle/s.d. (= 1+1/468.8
cycle/s.d.). For this reason, the FCN is also called the ”Nearly Diurnal Free
Wobble” (NDFW). Due to the existence of the FCN, the earth tides exhibits
the resonance at the frequencies close to the FCR which lies at the diurnal
frequency band. This phenomenon is "Free Core Resonance’ (FCR), and its
period is mainly governed by the strength of the inertial coupling, which is a
function of the dynamical ellipticity of the CMB and the 1'0t£1t.i(n'1ﬂl speed of the
fluid core.

The earth exhibits the dissipative nature due, for example, to the anelas-
ticity of the mantle. In addition to this, there exist other dissipative processes
at the CMB which are related to the FCR. They are the magnetic coupling,
the viscus coupling and the to‘pogmp'l'lic coupling. The strength of clarhpiug of
the FCR, as well as the period, depends on dissipative process. The strength
of these coupling is governed by the viscosity of the upper fluid core, both the
spheroidal and toroidal magnetic fields intersecting the CMB, the magnetic per-

meability and the topography of the CMB. Due to the dissipative processes, the
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phase of the observed tide is modified and above all the out-of-phase compo-
nent appears in the observed forced nutations (for example, Sasao and Sato,
1994). The observation of FCR parameters, fiamely, the eigen period, Q-value
and strength of the resonance is important in geophysics, because they may
provide us with a constraint for the upper and/or lower I)our\d of the physical
parameters mentioned above.

Sato (1991) analyzed the strain data obtained from the three components
of extensometers at Esashi, and obtained the values of 1.00231+0.00006 cycle
per sidereal day and 5,200%2, 500 for the eigen frequency and the quality factor
Q of FCR, respectively. Later, by stacking the data obtained from the three
SGs in Japan, Sato et al. (1994) obtained 1.00229+0.00007, 6,000 (3,240 to oo},
-4.6240.28 x 10~ and 0.0140.17 x 10~ for the frequency in cycle per sidereal
day, Q-value, real part of the resonance strength and its imaginary, respectively.
It is doubtless that the effect of FCR has been detected both the strain and
gravity measurements. As seen in their (:onl'l]:)utation results, however, it is also
true that the estimation accuracy of the ocean tide effects directly affects on
the accuracy of the esti'.rrmted parameters of FCR. This is the reasons why we
need to improve the estimation accuracy of the effects of the ocean tides and
the sea surface height variations.

When the dissipative processes of the earth are taken into account, the 6-
factor becomes a complex number. Thus it shows theoretically that a phase
lag from the input tidal force is at the order of 0.1° or less in the case of the
gravity tides. Therefore, in order to study the dissipative effects of the mantle
anelasticity and the FCR from the observation, we need to suppress the phase lag
of the instrumental and environmental origins to the magnitude smaller than
the theoretically expected phase lag. The phase shift due to the mechanical

response of the L & R gravimeter will be discussed in  Chapter 6.



Fig. 2. Forces applied to the particle mass of the Earth. F1 and F2 show the
forces by a celestial body M, and F3 is the centrifugal forcé due to the orbital
motion of the Earth. '
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Equator

Fig. 3. Celestial spherical triangle to represent the position of the celestial
body. This shows the relation between the position of the celestial body (M)
and an observation point on the Earth (P), which is illustrated with the equa-
torial coordinate system. The definitions for other notations are given in the

text.
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REF

Fig. 4. Relation between the geocentric latitude y and the geographic latitude ¢.
Where REF shows the surface of reference ellipsoid. Other notations are given in
the text.
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Fig. 5. Latitude dependency of the amplitude of tidal gravity changes.
Threeé constituents of Mf, K1 and M2 are displayed as the main waves
in the zonal, tesseral and sectorial tidal species, respectively.

The pattern of the amplitude distribution of each wave is symeric about
the equator.
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Fig. 6. Latitude dependency of 8-factors for the K1 and M2 waves.
These figures show the results for the elliptical, rotating earth computed
by Wahr's-theory (1981, solid curve) and by Dehant's theory (1987,

. dotted curve).
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Chapter 3.
Effect of the Oceans on the Gravity Observation

The ocean tides produce substantial effects on the observed tidal measure-
ments. In the case of the ground tilt, the secondary effect of the ocean tides
shows the amplitude of two times larger than that of the primary effect of the
body tides at an observation site close to the sea. In the case of the gravity
tides, the ocean tidal éffect is also a major source which makes discrepancy
between the observed and the theoretically expected tides on the elastic earth.
The ocean tides affect on the gravity observation through two different man-
ners, namely, the direct attraction and the deformation of the earth due to the
loading of the ocean mass. Occasionally, these two phenomena are collectively

called ’ocean loading’.

3.1. Load Green’s Function
In order to consider the distribution of surface loading mass, we use p, (6, A)

of a constant density o represented as
93(91 )\) =a ZT:):U B’l (COS (_)1-)7 (2‘5)

where # and X\ are the co-latitude and the east longitude of tlie loading mass,
and Oy, is "loading distance’ which correspouds to the angular distance between
the loading point at (6, A) and the observing point at (8’, \') on the earth’s
surface. ©p is expressed by similar equation as (4) using the angles (6, A) and

@, Ny

cos Oy, = cosfcosd + sinsin 6 cos(A — \') (24).



The loading deformation and the additional potential change due to p (0. \) are

’

. . Y 4 4 ks o)
expressed using the non-dimensional ‘load Love mumbers’ b, &, and [,,. These

n?
have the similar meanings as the Love and Shida numbers, but they are define
£ )

on the pressurized surface of the earth. Displacement induced by the oceans are

given by
v=(1/9, )2 hn Vo, in vertical, (25)
u, = (1/9, )32, 1,,0V,,/06 in 6-direction, (26)
u,=(1/9g, )Zf’fzo(l:l/ sin )9V, /OA  in A-direction. (27)

On the other hand, the potential change induced by the oceans is expressed by

w= 0Lk Vi, (28)

where V:l is the gravitation potential induced by p (6, A) and it is represented

as

V, = 4noGRY% , Pa(cos©1)/(2n+1) (29).
Here, R stands for the earth’s radius. The values of load Love numbers for the
given earth model are obtained by solving the similar system of the equations
for the body tides described in the subsection 1.1.3.. However, different from
the case of the body tides, they are solved using the boundary conditions for
the stressed surface by the ocean mass.

The gravity changes due to the ocean loading p,(¢, \) can be expressed as



’

Ag = —1/RY% (n+2h, —(n+1)k,} V, ‘ (30).
By introducing a function given by
G(©) =G/R2 Y% j{n+2h, — (n+1)k, } Pu(cos©) (31),

the effect of ocean loading can be computed by carrying out a convolution
integral of the form
‘ 1 D2 A T ; N e . roye

Ag = (1/R?) [ [y p,H(0,2)G(O)sin(f)dbdX . (32)
over the whole oceans on the globe, where p, and A (0, A) are the ocean density
and the tidal height, respectively.

G(O) given in (31) is "load Green’s function’ which represents the effect of the
loading by a point mass. This consists of the two parts, namely the attraction
and the loading. By applying a formulae of the Legendre sums to the first term
in (31), the effect of the direct attraction due to the point mass of a unit mass

(p, = 1.0) is given in the form
G(©) = —(G/R?)/(4sn(©/2)) (33).

This is 'Newtonian part’ of the load Green’s function.

In gene{'al, the load Green’s function has a nature which is sensitive to the
earth’s inside structure at the depth equal to the loading distance. On the other
hand, the spatial wave ler:lgth of the ocean tides is much smaller than that of
body tides and the magnitude of the loading effect on the observed gravity is
inversely proportional to the loading distance. Therefore, the effect of loading

tide is much sensitive to the shallow structure of the earth than that of the
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body tides. This is a reason why we are needed to compute the Green’s function
including the very higher order terms in order to represent the loading effect
correctly. Farrelle(1972) computed the load Love nwmnbers up to the degree
10,000 of the surface spherical function based on the Gutemberg-Bullen earth
model. He estimated the effect of the upper mantle structure on the magnitude
of ocean loading, and gave a table of the Green’s function. His table is widely
used in the study of the tides. In this paper, we computed a similar table with
Farrell’s one but for the 1066A earth model for the sake of comparison. The
values of Green’s function were computed by means of the computer program

given by Okubo (1983) which is based on the Saito’s (1967) one.

3.2. A Computer program GOTIC

The ocean loading effects have been estimated using a computer program
"GOTIC’ (Gllobal Ocean Tide Correction) which was developed by Sato and
Hanada (1984). The program is capable computing the loading effects of 5
components, namely the vertical and horizontal displacements, gravity, tilt and
strain. An algorithim to compute the vertical dellection was added later. To
carry out the convolution integral of the Green’s function, three tools are nec-
essary to be input. They are the ocean tide model and topographic digital map
to represent correctly the topography around the observation site. The orig-
inal version of GOTIC adopted the two Green’s functions for the Gutenberg-
Bullen earth model by Farrell and the 1066A earth model computed by us, the
Schwiderski’s(1980) ocean tide model, and two kinds of digital topographic maps
representing the worldwide distribution of lands and seas. The mesh sizes are
designed to be 1° x 1° for the first-order mesh and 5’ x 7.5’ for the second-order
mesh in the direction of the co-latitude and the longitude, respectively.

Farrell (1973) introduced a disk factor into the convolution process in order

to take account of the effect of a finite area of the ocean mesh enclosing the
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observation site. In stead of this method, GOTIC estimates the contributions
from the adjacent ocean (30° x 30° region centered at the site) by integrating
the load Green’s function, which was approximated by a quadratic function,
with the rectangular ocean layer mass. As for distant oceans outside the above
region, the in,tegrait.ion is carried out by simply taking the convolution of the
load Green's function with a point mass centered at each ocean mesh of 1° x 1°.
The value of 1.025 kg m™3 is adopted as the sea water density throughout the
whole oceans.

GOTIC have been revised several times so that it can incorporate upgraded

digital maps, new ocean tide models, which became available afrer 1980 when
the time Schwideski’s model was opened. Further revision was also made to
take account of the effect of the ocean mass conservation pointed out by Agnew

(1983) and to estimate the effect of anelasticity of the earth.



Chapter 4.
Superconducting Gravimeter and Its Setting up at Syowa.

Station

4.1. Superconducting gravimeter

A superconducting gravimeter (SG) is a kind of relative gravimeters, which
uses a magnetic force induced by the superconducting current as the force to
support the proof mass instead of a metal spring of conventional gravimeters

such as the LaCoste-Romberg gravimeter. The proof mass used in the SG is
b8

a spherical shell of 1 inch in diameter, which is made of a superconducting

material Nib. The solenoid coils producing ihe magnetic field are also made of

Nib.

The sensing unit consisted of the proof mass, coils and capa

citance position
transducer is in the cryogenic environment of 4.5 °I{ by using the liquid helium.

The proof mass is levitated by the magnetic repulsion force generated by the

Meisner effect appearing at the superconducting state. In an actual SG, two
coils, namely, the upper coil and the lower coil, are e(:pnil:)g_}m.l.so that we can
acdjust the strength of the gradient of the magnetic {orce as a levitation force.
The gradient can be changed by adjusting the ratio of superconducting current
of the lower coil to that of the upper coil. When the gradient is weakened, the
sum force making the two coils is also weakened and the period of the pendulum
system is elongated. Consequently, the sensitivity of the SG becomes high.

In general, the capacitive transducer shows a strong non-linearity in its out-
put signals as a function of the position of the proof mass measured from the
electrodes. In order to reduce this non-linearity, the feedback force is applied
to the mass so that the mass is kept its position at the center between the two
electrodes, and the SG is as well. In the SG, the feedback is realized by ad-

justing the current flowing in the third coil (the feedback coil) equipped in the
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sensing unit.

The environment of a cryogenic low 1:(-31‘1‘1.1)el'a.tm‘e gives the following two
advantages to the gravity sensing unit of the SG; (1) decreasing the long-term
instrumental drift due to thermal effect and creep of metallic material used in
the sensor part and (2) diminishing the thermal noise of the electronics used in
the sensor. Thus, the superconducting gravimeter shows very high long-term
stability compared with the conventional gravimeter using a metal spring. This
is mainly due to the stability of the superconducting current itself which flows
under the condition of zero resistance at the superconducting state (Prothero,
1967 and Spratt, 1981). Due to these advantages, the SG has a potential to
detect such small gravity signals as less than 1 nGal in magnitude or the long-
term gravity signals with the period of longer than one year (Goodkind, 1999).
However, a disadvantage in the SG is the weakness in horizontal restriction of
the superconducting sphere. The displacements of the sphere in the horizontal
direction is restricted only by the horizontal maguetic force that is produced
by the same field used to levitate the proof mass. Therefore, the mass is not
so strongly restricted as compared with the conventional gravimeter or vertical
accelerometer. This weakness of c:onstralining the horizontal direction, namely,
a freedom in the horizontal direction, may yield a noise at the high frequency
band as seen in Fig. 10 of Chapter 5.

The apparent gravity value observed by the gravimeter is changed by tilting
of the gravimeter in any directions. Because the vertical direction of the sensor
attached to the gravimeter frame is 1‘10t,‘ always coincident with the direction of
the'changes in gravity, namely, the direction of the local vertical. This inconsis-
tency in the directions makes a cosine error in the observed gravity signals. In
the first order, this error is 1:)1'01?011.10115\1 to the square of the difference in angle
of the two directions. In:order to reduce this error as possible as small, the SG

is equipped with a feedback system called the thermal leveler to compensate the



ground tilts. This system consists of the X-Y tilt-meters ahd the leveler having
the X-Y actuators thermally expanded or shrunk with the heaters. The leveler
compensates the misalignment in the respective vertical directions caused by
the ground tilts by adjusting the length of the two actuators with the electric
current applying to the heaters. The magnitucde of the heater current is adjusted
using the tilt signals detected by the X-Y tilt-meters equipped inside the SG.
The time constant of the leveler is about 2 minutes, so this system could not
compensate the tilt motion and/or horizontal acceleration at the period shorter
than the time constant.

The actual SG consists of the five components; 1) a liquid helium dewar, 2
the gravity sensing unit installed in the dewar, 3) the thermal leveler, 4) the
cryogenic system consisting of a refrigerator (a cold head) and a compressor
to operate the cold head, and 5) the electronics to control the gravimeter and

leveler. The SG set up at Syowa Station is shown in Photo 2.

4.2. Outline of Syowa Station as an Integrated Geodetic Observation
Site

Figure 7 shows the geographical position of Syowa Station, 69.0°5 in lati-
tude and 39.0°E in longitude. It is well established that changes in the height
of the water table in soil or sedimentary layers affect the observed gravity (Del-
court, 1968, Richter et al. 1995a and Mukai et al., 1999, for example). The
irregular drift associated with this effect may disturb the observed long-period
signals. In addition, since the ground water change generally shows a seasonal

variation, it probably disturbs the aunual gravity variation. In 1980, seismic

explosion experiments were made in the Ongul Islands region. The experiments
revealed surface exposure of basement rocks with P-wave velocity of 6.1 km's™!,
confirming non-existence of sedimentary layers from geological reconnaissance

(Tto et al.,1984). Their experimental results obviously indicate that there is no
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sediment layer at Syowa Station which can reserve a ground water. As a con-
sequent, we expect that there is no groundwater éffecr. at Syowa' Station. This
means that Syowa Station is a favorable observation site to monitor the long-
period tides and the secular gravity changes related to the post-glacial rebound
of the ground and/or sea-level variations.

Usually the sea surroun(ling Ongul Islands is covered with sea ice throughout
the year. Thus the ground noise level in the frequency range of 0.1-2 Hz due
to thie ocean waves is small. However, the packed sea ices in'Lutzo-Holm Bay,
where the observation site is located, are sometimes blown away for 1-2 month,
then the ground noise attains 10-30 mkine (1-3x10-5 m/s) in the frequency
range of 0.1-2 Hz due to the ocean waves striking Ongul Islands. Since the
dominant frequencies of the ocean waves overlap those of the SG mode signals,
free oscillations of the earth and/or core modes observed during high ocean
waves may be contaminated by harmonics of these high ground noises.

As schematically illustrated in Fig. 7, Syowa Station is now innovated
as an observatory for global geodesy in Antarctica [Shibuya, 1993]. Because
the gravity variations are influenced hy variations of nearby atmospheric and
ocean water masses, precise 1rxc>1‘1itoriug of surface synoptic data and ocean tide
data are indispensable. It is to be noted that these observations have been
éél‘ltinu@d for over 30 years at the Meteorological Laboratory (ML) and the
Tide Observation Hut (TOH), respe;ct.ively. For example, monitoring of the sea
level has been carried out using a pressure-transducer water level meter, and a
part of the data was analyzed by Odamaki and Kuramoto (1989). We integrated
the tidal parameters obtained by them into our computation of the ocean tide
effect as will be discussed later.

There may also be an unknown gravity change related with the variation
in the earth’s geomagnetic field in local and/or global scale. The monitoring

of the magnetic field has been continued at the Geomagnetic Variometer Hut
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(GVH) also for over 30 years. In January, 1990, the distance measurements with
VLBI (Very Long Baseline Interferometer) technique were carried out at Syowa
Station connecting with the two stations of Kashima, Japan and Tidbinbilla,
Australia [Takahashi et al., 1997]. Now the observations with VLBI and GPS
are continuing as one of the observation projects of JARE. The 1‘)@1‘1‘11;‘;111}‘-311'{
observation with "Turbo Rogue receiver’ , as part of the International GPS
Service for Geodynamics (IGS) network, was started trom JARE-36 program
(from February 1995). There is also a DORIS beacon site near the Earth Science
Laboratory (IESL) with successful transmission of one year data (from February
1993). The details of the geodetic observations made at Syowa Station are
introduced in the paper by Shibuya (1993). These observations associated with
the SG observation should give us interesting information to implement the SG

observation in the future.

4.3. Gravimeter Room

The SG was installed in the Gravity Observation Hut (GOH of Fig. 7
and Photo 1). A concrete pier to support the SG dewar (see Photo 2) was
constructed in February 1991 by JARE-31 at the hut. There is another pier
registered as an observation point of I;llu;: International Absolute Gravity Base
station Network (IAGBN, Boedecker and Iritzer, 1986) and absolute gravity
measurements were already conducted using the three different kinds of absolute
gravimeters (Nakagawa et al., 1994).

The SG dewar is hung from the tl'nerm.al leveler placed on a concrete pier in
the GOH. In order to suppress possible high frequency noises, which are mainly
due to vibration of the hut-wall during blizzards, the base of the pier is detached
from the floor of the hut. Thus, ground noises from vibration of the hut under
high-winds are designed to be supl:n'essgzd. As a result, the ground noise is in

the range of 10 ukein (1-2x10-7 m/s) under calm weather conditions. However,

35



the ground noise attains 1-3 mkein (1-3x10-5 m/s) in the-frequency range of
20-30 Hz during blizzards. This caused an insignificant effect on tidal gravity
observations as shown in later in the analysis. Because most of the noises at this
frequency band are excluded both by the analog filters ( time constant of 50 s)
equipped on the SG and by the digital filter (cut-off period of 180 s) applied to
the raw data in analysis procedures.

Another problem of the SG data at Syowa Station originated from a strong
effect due to the operation of liquefier in the gravity room. Tle operation to
make liquid helium and of transferring it into the gravimeter dewar is done
about twice a year. Usually the operation is continued for about 2 weeks and
this causes a large step-like change or long-interruption of the gravity data.
hence there is a possibility that the observed semiannual and annual gravity
changes are contaminated by the effect of this operation. We will discuss this

effect in the later sessions.

4.4. Setting up the SG

Due to difficulty in accessing to Syowa Station, we> needed to install a he-
lium liquefier in order to continue the observation. The liquid helium (L/H)
is produced from gaseous helium of high quality called the grade of six nine.
Installation of a nitrogen liquefier is also required to precool t{hé SG dewar to
liquid nitrogen (LN2) temperature (70 degree K), because direct cooling of the
gravimeter dewar with LHe from the room temperature (300 degree K) means
total evaporatibn.

Including the above preparation of the li.queﬁers, the installation procedure
of the SG consists of the following 11 steps:
(1) install a thermal leveler for tilt compensation and hang the SG dewar on
the leveler placed on the pier;

(2) produce 70 liters of LN2 and 100 liters of LHe;
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(3) transfer LN2 to the SG dewar;

(4) completely discharge LN2 from the SG dewar after pre-cooling;

* {(5) pre-cool the gravity sensing unit (GSU) with LN2;

(6) transfer LHe to the SG dewar;

(7) insert GSU into the SG dewar and demagnetize it in order to avoid to trap
a external electromagnetic flux on to superconducting sphere (SS) as a proof
mass;

(8) levitate the superconducting sphere;

(9) adjust the SS positioix by iterative adjusting the two superconducting cur-
rents (in the upper and lower superconducting coils) which produce the magnetic
force balancing the gravity force applied to the SS;

(10) set the GSU to a tilt-insensitive position with the micrometers of the leveler
so that the effect of ground tilting on the gravity measurement is minimized,
(11) make a fine tilt tuning of the leveler to realize the final tilt-insensitive
position.

An operational difficulty that we first met to was safely transport of the
cryogenic dewars to Syowa Station. During our attempt in 1992-year expedition,
abnormal evaporation of LHe from the SG dewar occurred at the step (7) and
subsequent steps had to be given up. From the inspection by the manufacturer
and the author, it was found that the abnormal LHe evaporation resulted from
a so-called ”cold leak”. The size of micro-cracks as the origin of the leakage was
estimated as being smaller than the size of LN2 but larger than that of LHe.
This is the reason why the leakage at Syowa Station has occurred at the step of
filling up LHe not at filling up LN2. When LHe leaks into the vacuum space of
the SG dewar through the molecular size defect on the inside '\\:'all of the dewar,
the specification for thermal isolation of the dewar is rapidly decreased. This
was the origin of the abnormal evaporation at the installation in 1992.

Although an exact cause of the defect was hardly identified, material fatigue
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during transportation was suspected. The angles of rolling and pitching of the
icebreaker ”Shirase” during 40-day’ cruse (from Tokyo via Fremantle, Australia
to Syowa Station) respectively att‘,;‘\ined +35° and £10° with an acceleration
of £0.4 G (1G=9.8 ms~?) for vertical and lorizontal directions in the period
range of 1-20 s. On the other hand, three component vibration measurements on
Shirase’s helicoptér S-61A showed the maximun vertical acceleration of £0.8 G
(18 Hz predominant frequency) at the l‘u';vuring stage (30s duration) for landing,
while it is usually less than 40.2G during 30 minutes flight from Shirase to Syowa
Station. The vibrations acted on the SG dewar during the transportation by
the helicopter (a few ki in distance at the moment in 1992) may also be a cause
to make the cold leak.

Thus based on the experiences in 1992, we prepared a special dewar (type:
RD-143 HD) which has much harder mechanical strength than the previous
dewar RD-200 after some discussions with the manufacture. In order to reduce
the pendulum motion of the inside vacuum vessels with respect to the outmost
vessel at the neck part as a fulcrum, the inside vessels were fixed at the top
flange of the outmost vessel by using a long cylinder which has a diameter of
just fitting the inner diameter of the gravimeter neck and has the same length
with the distance between the top of the neck and the bottom of the innermost
vessel. Figure 8 schematically shows the Elesign of the SG dewar and the
cylinder used to protect the inside vessels from their swing motion. Moreover
a special transportation mounts using shock absorbers (Barry Cupmounts; NC-
2040) was made to mount the SG dewar and it was pulled on a sledge by an
over-snow vehicle from the anchoring site of ”Shirase” to a plac:é 500 m distant
from GOH, without relaying on a heli-borne transportation.

Thus the SG016 was successfully installed and the continuous ol:;servg\t,ir.m
started on March 22, 1993." Since that time, the observation with the SG has

been continued under the framework of JARE. The gravimeter room and the
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observational environments are shown in Photo 1 and 2, respectively. In Photo
1, the right side building is the gravimeter room and we can see the dome of the
multi purpose 11-m antenna on the left side. The instruments shown in Photo 2
are, frqm the left: the chart recorder (top) and data logger (bottom) to mnonitor
environmental variations; the two gravimeter electronics (GEP2 for the control
of the SG (top) and DPS-3 heater pulsar to adjust the superconcucting currents
(bottom); a He gas cylinder for maintenance; the gravimeter dewar RD-143HD
(blue one) which is hung from the thermal leveler (black one put on the top of
the concrete pier; the cryogenic vessel of the helium liquefier (bright one) and
its controller (yellow one); part of the uitrogen liquefier. The data acquisition
system is installed at the opposite side of these instruments (this side of Photo

2).

4.5. Data Acquisition System
Figure 9 illustrates the data acquisition system. Output signals from the
SG are separated into low/high frequency components by a TIDE/MODE filter.
This has the same frequency characteristics as those used in the network IDA
(International Deployment of Accelerometers, Agnew et al., 1986), where TIDE
filter is a low pass filter with a cut-off period of Tc = 50 s (-3 dB point) and with a
slope of -36 dB/oct. Analog outputs through these filters and isolation amplifiers
are multiplexed by a scanner at sampling intervals of 2 s, then through an analog-
to-digital (A/D) convertor of 7.5 digits, the output signals are recorded on a
hard disk. The least significant digit of the obtained TIDE data corresponds to
an apparent gravity change of 0.0006 pGal.
The clock of the digitized data series is automatically synchronized to UTC
(Coordinated Universal Time) within 1 ms by a timing pulse from a GPS
receiver. The observed gravity signals are affected by atmospheric pressure

changes, and their effect frequently exceeds 20 pGal. In order to correct for this
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effect, air-pressure transducer to a resolution and precision of (0.1 hPa was in-
stalled in the GOH and parallel data acquisition is made with the same sampling

interval as that for the gravity data.
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Fig. 7. Geographical location of Syowa Station and geophysical facilities in the
station. Several facilities related to the SG observation are available in the site
Ias shown in the figure of the right hand side. The SG observation is carried out
at GOH (Gravity Observation Hut). The tidal observation with the LaCoste
& Romberg gravimeter G477 was carried out at SV (Seismogram Vault) in
1987. SV is located at about 150 m south-west of the GOH in distance (out
of this figure). As the related facilities, the followings are shown; ESL: Earth
Science Laboratory, GVH: Geomagnetic Variometer Hut; ML: Meteorological

Laboratory, MPA: Multi Purpose Antenna, and TOH: Tide Observation Hut..
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Fig. 8. Inside structure of the liquid helium dewar of RD-143HD
dewar. T1 and T2 are the outer and inner tanks, respectively,
and the space between the two tanks is being kept to vacuum.
T3 is the tank to reserve liquid helium of 143 liters. PT shows a
cylinder used to protect the inside tanks from the large pitching
and rolling motions of the ice-breaker Shirase during the trans-
portation. In order to limit the relative motion of the tanks as
possible as small, the clearance between the cylinder and the
neck part of the tank was designed within 2 mm in the magni-
tude of gap.
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Photo 1. Gravity Observation Hut (GOH) at Syowa Station. Two of GOH (right) and
the dome of the multi purpose antenna (left, MPA in Fig. 7) can be seen in this photo.

Photo 2. SG#016 and other observation instruments set at Syowa Station. From the
left: a data logger and 2-pen chart recorder to monitor environmental variations ;
gravimeter electronics (GEP2 for the control of the SG and DPS-3 heater pulsar to
adjust the superconducting currents ; He gas cylinder ; the liquid helium dewar
RD-143HD (blue one) of the SG. The dewar is hung from the thermal leveler set on
the concrete pier. ; the cryogenic vessel of the helium liquefier (left) and its controller
(right) ; the nitrogen liquefier can be seen at the most right. The data acquisition
system is installed at the opposite side of these instruments (i.e. this side of this photo).
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Chapter 5.
Preliminary Data Processing and Tidal Analysis Method

5.1. Preliminary Data Processing

Figure 10 shows an example of MODE signal and its amplitude spectrum
which was obtained in a quiet day at Syowa Station. As seen in Fig. 10,
a sharp peak appears at the frequency of about 5.6 mHz (i.e. about 180 s in
period). This peak is caused by the eigen mode of motion of the superconduct-
ing sphere itself (for example, Prothero 1967) which was excited by external
disturbances mainly due to such high frequency ground vibrations and could
not be compensated by the thermal leveler having the time constant of about 2
minutes. The TIDE filter has the similar frequency characteristics with that of
the MODE filter at the frequency band higher than 50 s. In order to reduce the
effect of the high frequency noises on the tidal analysis, a digital low-pass filter
was applied to the original two-second data and resampled them at the interv;‘lll
of every 1 min. The digital filter used lLere has the (:l1:-.11';1\(.:1:01'1;1.1(:5 of the cut-off
period of 240 s and -14 dB gain at, the period of 180 s,

Figure 11 shows the l-minute TIDE data (top) obtained from the SG at
Syowa Station during the observation j)(ﬂ'i(_)(lS of JARE 34 and JARE 35, namely,
from March 22, 1993 to January ‘7;7, 1995. As shown in the figure, usually the
SG records include the spike-like noise and step-like changes (offset) caused by
several reasons. They are, for example, the lock-off of the feed-back system of
the thermal leveler due to strong I'l';t!(':lli:l'l'li('l‘dl shocks accompanied with refilling
of liquid helium, exchange of the cold head am‘ll the large earthquakes. Different
from Japan Islands located in an active- tectonic region, as it rarely occurs local
earthquakes at Syowa Station, these step-like changes ar(:z not considered to be
associated with natural earthquakes. Main sources of the step are the mechani-

cal shocks accompanying with the operation of the liquid helium liquefier made
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at the observation room twice a year and also the electric shocks by the power
failure. For example, a large step was seen at around 460,000 minutes in Fig.
11 (in February 4, 1994). This step occurred by the power failure, and it was
corrected in August 2, 1994 (i.e. at around 720,000 minutes) by adjusting the
value of superconducting current using the heater pulsar, when the operation
for refilling of liquid helium was done. Judging from the difference in magnitude
between the two steps, it is considered that the step of about -2.5 V, correspond-
ing to about +140 pGals in gravity value, occurred during the operation. In
addition, there is a possibility that the sensitivity of the SG was changed due
to this adjustment of the superconducting current. We will mention about this
in the section 6.3.

The magnitude of the steps in the original 1-minute data was estimated,
based on the 1-minute data for whk:h both the tidal and the air pressure change
were subtracted. We predicted the tidal variations using the é-factors and phases
obtained from the preliminary tidal analysis by the BAYTAP-G program (de-
tails of this computer program will be introduced in the next section). While,
the pressure effect was computed using the mean pressure coefticient at Syowa
Station (i.e. -0.37 j/hPa = -6.6x 1073 Volt/LhPa as represented by the output
signal with the unit of Volt). With use these data, it is easier to discriminate the
step from the large and rapid signal clianges due to the effects of tides and/or
pressure changes. Consequently, it is expected that the estimation accuracy of
the magnitude of steps increases, and it is also expected to avoid misjudging of
the signals as an artificial step. The magnitude of steps was estimated from the
daily medians or the successive differences of the 1-min data. The results for
the step-corrections are shown in the bottom of Fig. 11. 'fhis figure shows the
residuals after correcting for the tides and pressure changes. The 1-hour data

resampled from the corrected 1-minute data were used for the tidal analysis.
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5.2. Tidal Analysis Program BAYTAP-G and -L

The tidal analyses were carried out using an analysis programn called 'BAY-
TAP’. BAYTAP is the abbreviation of "BAYesian Tidal Analysis Program’. This
computer code was originally developed by Ishiguro et al. (1981) and was com-
pleted as 'BAYTAP-G’ for the tidal analysis program by Tamura et al. (1991).
There are two versions of BAYTAP. One is BAYTAP-G for the analysis of
short-period tides. The other is 'BAYTAP-L.” for the analysis of long-period
tides. The tidal potentials used in BAYTAP-L are different from those used of
short-period waves. Thus the potentials for the periods of 1/3 days to 1 day are
considered in BAYTAP-G, while those of long-period ones (4-3 days to 365 days)
are considered.in BAYTAP-L. However, the optimization method of unknown
parameters wit,h an Akaike’s Bayesian Information Criterion (ABIC; Akaike,
1980) and decomposition scheme in the BAYTAP-L processing are essentially
the same as those of BAYTAP-G.

BAYTAP-G decomposes the .original data y; into four components, namely,
the tide T; , the response R;, the trend d; and the irregular noise ¢;, by fitting

to the following model:

Yy = TL' + I?L + (.L,' + ¢;

M N, . IN
= Z yn, Z @y COS(Wpants + Py + Prn) + Z bpa(ti — tig) + di + €;
m=1 n=] k=0 )

(34

The wiknown parameters to be estimated are the tidal factor «,,, and phase
¢, for the m'th tidal group, the response coefficients by for the associated data
a(t; — ti—y) and the trend d; at each data point. While the known parameters

are: wy,, the angular frequency of the n'th wave in the m'th tidal group, and
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ay,, and ¢ the theoretical amplitude and phase of the tidal wave of angular
frequency w,,,, respectively. e; is the residual irregular noise. The air pressure
data obtained at the observation site is incorporated as the associated data. As
explained by Tamura et al.(1991), BAYTAP-G does not postulate an explicit
time function for the trend model, such as a.polynomial, but only defines its
linearity or smoothness by assuming an integrated random walk model for the
trend. Hence, in the BAYTAP processing, we take our standing point is that
we do not know nor assume a priori the explicit time function for a trend.
Therefore, we expect that the decomposed trend component faithfully represents
the long-term gravity variations consisting of the long-period tides, the polar
motion effects and the instrumental drift.

The integrated random walk model is represented by
Yi—2Yi1HYi-2 = (35)

where y;, yi—1 and y;_2.are the successive three data in a data set, and w;
denotes the white noise sequence with zero mean. The degree of linearity of
the trend term is adjusted by a weight D (i.e. the parameter v? in Tamura et
al.,1991). This is defined as a hyper[.)ararnéter (Akaike, 1974) in a "analyzed
least squares method’ as BAYTAP processing. In general, there is a tendency
that the fluctuation of the trend term is controlled to be smaller by setting a
larger hyperparameter D and viceversa. We will mention this point more in
detail in Chapter 7 where the analysis for the long-period tides.

We expect that more than 85 to 90 % of the air pressure effect will be ab-
sorbed into the response term decomposed by BAYTAP-G, except for the case of
large and rapid pressure changes. Because the major part of air pressure effects
is direct attraction of air mass from the sxirrouncling area of a few hundreds kilo

meters in diameter, the response term approximated using the pressure at the
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observation site will well represent the pressure changes in this area, especially
the changes in a synoptic scale which causes the major pressure effect. More-
over, for the loading effect, the effect of air mass on the ocean surface is largely
compensated by the IB (Inverted Barometer) response of the ocean. This comn-
pensation effect is dominant at the observation close to sea coast such as Syowa
Station. This has already been confirmed by Sato et al. (1990). They com-
pared the time series data of the observed pressure effect at Esashi obtained by
BAYTAP-Analysis and those estimated from the global pressure data assem-
bled by the Japan Metrological Agency, provided at a sampling interval of 6
hours. The study by Mukai et al. (1995) based on pressure data which are more
precise in spatial resolution than those used in the study by Sato et al. (1990)
also shows the similar results.

In this thesis, we adopt a sign convention for the gravity data such that
an increase (downward acceleration) is positive. Although BAYTAP-G and -L
define the lag of the observed gravity 'tide against the tidal potential as negative
phase, we changed its sign definition in order to have consistency with the
definition of the global ocean tide l'nocl(-:ls‘. For the é-factor, BAYTAP estimates

i .
the value by referring to the tidal force which is normal to the elliptical rigid

earth. ;
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Fig.10. MODE signal obtained from SG#016 at Syowa Station and its spectrum.
Top shows the 2-s MODE data of 1 day in length, which were obtained 24 hours
from 00:00:00 UTC of December 26, 1993. Bottom shows the FFT amplitude
spectrum of that data. The scale factor of the MODE signal is about 2.3 uGal/V.
Therefore, it is estimated from this figure that the noise level at Syowa Station

is of about 0.86 nGal, for example, at the frequency band around 2 mHz in quiet
day.
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Chapter 6.
Short-Period Tides
6.1. Introduction

The precise de ermination of both the parameters of FCR and the latitude
dependency of §—factor is an important target of the tidal gravity observation.
As described in the subsections 2.3.1 and 2.3.2, the observation El('l(','lll'&:‘l('.'it-_‘.ﬁ of
better than 1 % in amplitude and 0.1° in phase are required for this purpose.
On the other hand, the gravity observation is affected by the ocean tides, and
the estimated FCR parameters are sensitive to the treatment of the ocean tide
correction. As given in the result by Ogawa et al. (1991), a large discrepancy
is shown in between the observation and theoretical tides. We suspect that this
discrepancy may stemn from inaccurate treatment of the ocean tide effects. This
is one of the motivations that we reestimate the ocean tide elects at Syowa
Station.

Tidal observations of gravity tides at Syowa Station have been carried ourt
several times with different types of gravimeters, and the results of tidal analyses
are given by Ogawa et al. (1991), Kanao and Sato (1995) and Sato et al.
(1995a). Ogawa et al. (1991) analyzed three-month data obtained in 1987
with the LaCoste-Romberg (L & R) gravimeter G477 which was installed at the
seismic vault (SV in Figure 7), and concluded that the observed semidiurnal
(Maand S3) é-factors corrected for the ocean tide effects estimated using the
Schwiderski (1980) model (hereafter referred to as the SCH model), were 10 -
14 % larger than the theoretical values by Wahr (1981). As for diurnal waves
(04, Py and Ky), there were no significant differences between the observation
and the theory. Kanao and Sam( 1993) confirmed the conclusions by Ogawa et
al. (1991) based on the analysis results for one-year data obtained with the

L&R gravimeter D73 installed at the Gravity Observation Hut (GOH in Fig. 7)
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and the he ocean tide corrections estimated by Ogawa et al.(1991). In March
22 of 1993, the observation with a superconducting gravimeter (SG016) started
in the GOH. The obtained tidal factors obtained {rom the first one-year data of
the SGO16 (Sato et al., 1995a) support. the previous aalysis results.

As a standard model, the SCH model has been widely used for the correction
for the ocean tide effects. However, thie SCH model is considered as not so accu-
rate in the southern hemisphere where there are few observations to constrain
the model. Matsumoto et al. _(1995) recently developed the global ocean tide
model (hereafter referred to as the MAT model) using the TOPEX/POSEIDON
(T/P) altimeter data, and compared their 0.5°x 0.5° grid data with a data set
called 'ST104’ for the globally distributed tide gauges. 1t was shown that the
MAT model is more consistent with ‘ST104’ than the SCH model for any of the
eight (M2, K1, O1, S2, P1, N2, K2 and Q1) waves. We, therefore, reestimated
the ocean tide effects at Syowa Station using this new model in cooperating the
revised digital topographic maps which are much more accurate than those used

in the computation by Ogawa et al. (1991).

6.2. Instrumental Phase Lag of the LaCoste & Romberg Gravimeter

The LaCoste & Romberg Gravimeter (L & R gravimeter) is usually equippecd
with an electronic beam position indicator (CPI card) to improve reading accu-
racy. Before the feedback method proposed: by Harrison and Sato (1984), this
instrument has been ;videly used to the tidal observation by directly recording
the output from the CPI card without a feedback (hereafter referred to as "de-
flection mode™). A serious problem of the deflection mode is the large phase lag
which appears in the observed tides mainly due to the hysteresis of the metal
spring called a ”zero-length spring”. This hysteresis effect on the tidal observa-
tion was ﬁ]ist clearly recognized by test observations made by Sato (1977), and

was later reconfirmed by the simultaneous observation carried out in 1997 using
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five L & R gravimeters (Tsubokawa et al., 1997). As described by Sato(1977),
the magnitude of the obtained phase lag depends directly on the mechanical
sensitivity of the gravimeter (i.e. ratio of the magnitude in deflection of the
pendulum beam to the change in the force applying to the proof mass). The

mechanical sensitivity iiself depends on a se

ting angle called an ‘offset angle’

(see Fig. 12). According to the ieasurement by Sato (1977), the livsreresis

effect on the observed tides reaches to about 1° at the periods of the diurnal

and semidiurnal tides. Such large phase delaying could nof, be explained by the
usual theory of the pendulum with a linear friction.

When the gravimeter is set at a high sensitivity, the spring is much stretched
by the same magnitude of gravity change compared with the gravimeter set

at a low sensitivity. Thus the hysteresis effect becomes larger by setting the

sensitivity higher. To the same extent, 1t means that the sensitivity of the
gravimeter always changes by tilting of the ground. Usually a building is tilted
by about 1-2 seconds of arc in peak to peak amplitude due to the thermal
expansion and also of the contraction of the building wall and ground by heating
of Sun in day time and by (:ooling in night, respectively. Therelore, it is highly
possible that the observed tides, especially diurnal ones, are violated by this
thermal effect, when we use the gravimeter with the deflection mode. However,
Harrison and Sato (1984) showed that most of the problems mentioned above
can be solved by rn_oc.lif_ying the gravimeter to a feedback mode. In the feedback
mode, the spring is not stretched by the tidal force as long as its magnitude does
not exceed the dynamic range of the feedback force. Therefore, the problem
on the hysteresis due to stretching of the spring dose not appear or becomes
negligible small in the practical observation. The method of implementation of
the feedback mode, as well as its efficiency, is explained in the paper by Harriosn
and Sato (1984).

In order to avoid possible problems in the deflection mode, two L & R



gravimeters used at Syowa Station (G477 and D73) were modified to the feed-

back mode at Mizusawa before sending out to Antarctica.

6.3. Scale Factor of the SG

The scale factor, namely the conversion coeflicient from the voltage output
to the gravit); change in pGal, of the SG of Syowa Station was determined by
comparing the amplitude of the My wave obtained by the SG with that obtained
by L & R D73 gravimeter which is installed beside the SG. As the scale factor of
the L & R D73 gravimeter, we adopted here the value obtained by Kanao and
Sato(1995), which was determined based on the data obtained during one year
from 1993 to 1994. Generally, the scaling error of the D73 gravimeter directly
results in the amplitude uncertainty of the SG records. However, as a result of
manthly calibration procedures of the D73 gravimeter, it was provided that the
scale factor of D73 showed 1 % uncertainty throughout the observation period.

Bas

ed on this v('.i(‘)l'l'l1T)Ell'i$0!'l, we obtained the valies of -57.965 Gal/Volt for the
scale factor of the SG, and this scale factor is used throughout this thesis.

An error source in determining the scale factor is the error of the reading dial
of the D73 gravimeter. Calibration of the scale factor of the D73 gravimeter is
made by measuring the output voltage generated by rotating the reading dial.
By rotating the reading dial, position of the proof mass is shifted in vertical
direction through the gear system and the double reduction lever system, and
the output voltage of the gravimeter is proportional to the rotation of the reading
dial. In an ideal system, the change in the vertical motion of the proof mass,
namely, the output voltage, is proportional to the given rotation of the reading
dial. In practice, however, there exist departures from this ideal situation mainly
due to the periodic errors caused from the imperfection of the gear system,
namely, the error due to ec:c:eu‘nt:ricil‘._y: of the screws. This error is called "periodic

error’ or ‘circular error’ (Harrison and LaCoste, 1978). On the analogy of the

[y}
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measurements with the G-type gravimeter (Harrison and Sato, 1984), the short-
period circular error for the D73 gravimeter is considered to be 0.1 % at worst,
when the rotation of the reading dial to (:a-libr;,lti(m is carried out within the
range of the feecll)-c:\cl\' voltages (i.e. about 3000 pGal). Because the circular error
of the D-type gravimeters was improved to one tenth of the G-type gravimeter
(Valliant, 1991). On the basis of the above reasons, an accuracy within 1 %
amplitude calibration is believed to be maintained for t.hl(-: SG. However, it is to
be noted that we do not have the data concerning the long-period circular error
of the D73 gravimeter.

As described in the section 4.1, the sensitivity of the SG depends on the
gradient of the supporting magnetic field (Prothero and Goodkind, 1968). An-
other possible change of the SG scale factor took place when adjustinent of the
superconducting current was made on August 2 in 1994. The balancing position
of the superconducting sphere was largely shifted by the power failure occurred
in February 1994, and the sphere position was re-centered on August 2 in 1994,
In order to examine the change of the scale factor due to this adjustment, we
compared the My amplitudes of the two data subsets, that is, (a) February 23
- July 31, 1994 and (b) August 3 of 1994 - January 31, 1995. The results are
13.49740.005 pGal for the former and 13.503+£0.005 pGal for the later. The
difference was only at 0.006 pGal. Thus the adjustment made in August, 1994
gave rise to an uncertainty of less than 0.1 % of the SG scale factor.

Simultaneous observations with an absolute gravimeter FG5 was carried out
by GSI (Geographical Survey Institute) from January 20 to February 11 in
1995. Instrumental condition of the FG5 was not the best due to an unexpected
accident. Nevertheless a comparison with the SG data was done by Aoyama et
al. (1997). In order to avoid the possible degradation of the accuracy of the

!
determination of the scale factor by including bad data, the whole data were

divided into three periods taking account of instrumental condition of the FG53.
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Also bad data of ](1!()\’\/1'1 origing were rejec't(-‘:(:l. The derived is -57.4994+0.312
1Gal/Volt as an averaged of the estimates of the three periods of data spans.
As described above, two calibration factors obtained by the L & R D73
gravimeter and the 'G5, respectively, are consistent within the error of 0.8
% and the SG scale factor was stable at 0(.1 % level against to adjustment of
the superconducting current. Further, the amplitudes of My wave obtained
from different data spans are also consistent within the error of 0.1 %. These
facts clearly show that the SG of Syowa Station is calibrated at the accuracy
better than 1 %. Therefore, it is expected to calibrate the SG scale factor more
accurately using the absolute gravimeter data covering longer period than that

of the experience in 1995.

6.4. Tidal Parameters Obtained from the SG

The data used in the tidal analysis covers 677 days from March 22, 1993 to
January 27, 1995. The parameters of the short-period tides were estimated by
means of the BAYTAP-G (see in Chapter 5). The 1-1‘10111‘ data corrected for the
steps are shown in Fig.13A. The four components decomposed from this data
by BAYTAP-G are shown in Fig. 13B, C, D and E, which, respectively, shows
the decomposed tidal component, the response term to the local air pressure
changes, the trend component and residuals as the irregular part. As seen in
Fig. 13D (trend ctomponent), the SG at Syowa Station clearly observed the
long-period tides, such as the Mf and Mm waves. It is also shown from the
linear drift that an apparent decrease of 30 to 40 pGal took place during two
years. |

When instantaneous air mass attraction and load deformation by the air-
pressure changes is assumed, the associated admittance is obtained to be 0.371+£0.003
1Gal/hPa as an average over two years. Without correction of air-pressure ef-

fect, root mean square (rms) noise in each tidal constituent became twice as large
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in amplitude. The responses to air-pressure variations ( Fig. 13C) generally
have amplitudes of 20 pGal with short-period (shorter than 1 day) character-
istics. However, as described in the section 5.2, we expect that more than 80

% of the atmospheric effects may be decomposed with the adoption of in-situ

barometric data. As seen in Fig. 13E, magnitude of irregular noise series
changes with time. At an earlier observation epoch, the software bug (sign-bit
error) in the data acquisition program contributes to rise the noise level. The
spike-like noises are mainly caused fronm earthquakes and maintenance works.
However, random nature of these noises had act ually no significant effect on the
estimation of the parameters of the short-period tides.

The obtained tidal parameters of the four main waves are shown in Table 3.

For comparison, the tidal amplitudes, phases and é-factors obtained by Ogawa

¢t al. (1991) and by Kanao and Sato(1995) are also shown in this table. All these

values were estimated by using BAYTAP-G, in which the effect of the local air
pressure variations was taken into account. As described in the previous session,
both the G477 and D73 gravimeters were improved with the feedback method.
Hence, it is considered that the results obtained by the L&R gravimeters are
free from the error due to instrumental phase delay.

It is to be noted that the observation period for the L&R G477 gravimeter

is shorter than those of other gravimeters, and further that the environmental

conditions at the SV (quality of the observation pier and temperature stability)
are not good compared with those at the GOH. Due to these reasons, as seen

in Table 3, the errors of the é-factors obtained by the L&R G477 are about

10 times as large as those of the SG016. Nevertheless, Table 3 shows that
the amplitudes observed with three different types of gravimeters during three
different epochs are consistent with one other within the discrepancy of 1.8 %

for all waves. The scale factor of the SG016 was determined by adjusting its M2

amplitude to that observed with the L&R D73 gravimeter (see the section 6.3.).
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Hence, it is natural that the M2 amnplitudes of both gravimeters take almost
the same values in Table 3. Further, it is significant that both D73 and SG016
observations are also consistent within the difference of 0.1 % in the amplitudes
of other waves. It is also ascertained that the scale factor of the L&R D73
gravimeter itsell was stable within 1 % uncertainty throughout the observation
period (Kanao and Sato, 1995). Therefore, the differences of 10-14 % in the
semidiurnal é-factors between the observation and the theory (Ogawa et al.,
1991) is not considered to be caused by uncertainty of observations. Among the
three observations compared here, data span of SGO16 is longest, namely, two
years, showing the smallest ohservation errors. We, therefore, use the results of

the SGO16 for the purpose of comparison with the theoretical values.

Table 3. Comparison of the tidal parameters at Syowa Station ob-
tained with three different gravimeters during three different obser-

vation periods

G477 D73 SGO16
wave amp. phase d-factor amp. phase  d-factor amp. phase
01 23.92  -0.60 1.345 26.33 —0.62 1.2637 26.357 —0.69

+0.08 +0.17 £0.004 +0.03 +0.06 +£0.0013 £0.009 =+0.02
K1 34.55 0.39 1.180 34.99 -0.22 1.1960 35.039 —0.07
+0.13 £0.21 +0.004 40.02 +0.04 +£0.0008 £0.007 +0.01
M2 13.24  —-0.20 1.371  13.46 —0.67 1.3946 13474 -0.61
+0.02 +0.10 +£0.002 +0.01 +0.03 £0.0008 +0.002 -0.01
S2 | 6.59 0.20 1.468 6.71 1.29 1.4946 6.714 1.38
+0.04 +0.33 +0.088 +0.01 +0.06 +0.0016 £0.002 +0.02

Note for Table 3: (1) The observation period and reference: 1987.04.01-1987.06.01
for G477 (Ogawa et al., 1991); 1992.02.17-1993.01.27 for D73 (Kanao and Sato, 1993);
1993.03.22-1995.01.27 for SG016. (2) Units of amp. (amplitude) and phase are given in
p#Gal and degree, respectively. (3) Phase shows the difference between the observation

and the local potential.
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6.5. Ocean Tide Correction

The ocean tide effects were estimated by means of the program GOTIC
explained in the section 3.2. GOTIC usually prepares two kinds of digital to-
pographic maps-to represent the global ('liStl‘iI.;l.lti()l) of lands and seas, which
we call the first-order and the second-order meshes. The mesh sizes are 1°x1°
and 5" x7.5” in the directions of the co-latitude and the longitude, respectively.
However, as Syowa Station is very close to the shoreline of East Ongul Islands
(see Fig. 7), other two meshes of smaller scale were prepared to represent sea-
land distribution around Ongul Islands more in detail. They are the third-order
mesh (30” x45”) and the fourth-order mesh (7.5” x15”). Figure 14 shows the
modeled coastal topography of East Ongul Islands with the fourth-order meshes.
The number in each mesh of the figure expresses the fraction of land area in
tens of percentages. 9 means that the mesh is completely occupied with land,
while 0 with ocean. The topography to the extent of 150” x315” centered at the
observation site was modeled with the fourth-order meshes. The surrounding
regions of 40’x60’ and 30°x30° were represented with the third-order meshes
and with the second-order meshes, respectively. For all other remaining areas,
the first-order Il’leSl'l(.‘;S were used.

The MAT model by Matsumoto et al. (1995) was generated by assimilating
the T/P altimeter data with a hydrodynamic equation. As the T/P data do not
cover the polar regions outside of £G6° in latitude, they extrapolated the tidal
amplitudes and phases by means ol hydrodynarmic interpolation method. The
amplitudes and phases directly obtained from the T/P data after applying a
response method were used as the boundary conditions. Although the original
MAT model is given with the grid interval of 0.5°x(0.5°, in order to make com-
parison with the Schwiderski’s model (SCH model), we reduced the grid spacing

of the MAT model to 1°x1° intervals, by simply averaging four values given in
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the 0.5°x0.5° grid system over each 1°x1° mesh area. Both the SCH and the
MAT model were modified to satisfy the condition of the conservation of ocean-
mass, by subtracting uniformly the unconserved ocean-mass approximated with
a sheet mass from the mass of each ocean mesh (Agnew, 19383).

Due to small diameter of East Ongul Island (e.g. about 2 km) , the esti-
mation of the ocean tide effects is sensitive to the location of the observation
site (shown with the mark of 'S’ in Fig. 14). We adopted the coordinates of
69° 00’ 22.5”S and 39° 35’ 10.0"E at the GOH in accordance with the Bessel
geodetic system. The Green’s function for the 1066A earth model (Gilbert and

Dziewonski, 1975) was used in the convolution integration.

6.6. Results and Discussions

The computation results are listed in Table 4. For the comparison with
the estimates by Ogawa et al. (1991), namely, Case 1, we give in Case 2 the
results estimated only using the first- and second-order meshes and ignoring the
ocean-mass conservation. In this case, East Ongul Island is wholly included in
one element of the second-order mesh. Case 3 is the results obtained by using
the SCH model, but the 3rd- and 4th-meshes were used in the computation. In
Case 4, the MAT model was used in stead of the SCH model. In both the two
cases of Case 3 and 4, the ocean mass of the models was forced it to conserved.

The computation results shown in Table 4 may be summarized as follows.
(1) The ocean effects of Case 2, which were estimated using the SCH model and
only using the two kinds of the first- and second-order meshes, are consistent
with those by Ogawa et al. (1991). The differences hetween the two estimates
are only 0.04 pGal in amplitude and 0.2° in phase; the discrepancy may be due
to slightly different station coordinates adopted in the two computations.
(2) As compared Case 2 with Case 3, both were obtained from the same ocean

model (the SCH model), we see that inaccurate topographic effect appears more
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on amplitudes rather than on phases, and the amplitudes estimated without
finer third- or fourth- order meshes are likely to be 30-50 % underestimnated for
both the diurnal and sernidiurnal waves.

(3) When four kinds of meshed oceans are included as representing detailed
topography, the amplitudes estimated with the MAT model (Case 4) are larger
by 0.2 uGal than those with the SCH model (Case 3) concerning all of the listed
four waves. When compared with the diurnal waves, the phases of semidiurnal
waves seem to be affected more by the less accurate SCH model. As a reason of
this, we may point out that the variation in spatial distributions of amplitude
and phase of the semidiurnal waves are more complex than those of the diurnal
waves. Compared with the diurnal tides, the wave lengths of the semidiurnal
waves are short. This may contribute the difference in the complexity of the

spatial distributions.

Table 4. Comparison of the estimated ocean tide effects.

Case 1 2 3 4

model SCH SCH SCH MAT

mass non non yes yes

meshes 1st-2nd 1st-2nd 1st-4th 1st-4th

wave amp. phase amp. phase amp. phase  amp. phase
01 1.89 346.11 1.85 346.05 2.41 346.99 2.63 346.99
K1 1.39 354.42 1.37 353.31 1.88 352.19 2.08 358.11
M2 1.37 333.50 1.35 333.37 2.04 339.61 2.35 349.59
S2 1.00 352.33 0.98 352.09 1.55 352.87 1.72 358.59

Note for Table 4:

SCH and MAT mean the ocean models by Schwiderski (1980) and Matsumoto et al.
(1995), respectively. The units of amp. (amplitude) and phase are the same as those
in Table.3. The phases were converted to the values refereed to the local meridian
at the observation site (lag positive). "mass’ shows the treatment of the total mass of
the ocean models: 'non’ means the mass is not conserved and 'yes’ means that it was

forced to conserve.



As seen in Fig. 6 of Chapter 2, the theoretical §-factor shows a latitude
dependency. We have compared the observed tidal factors with the two the-
oretical values by Wahr's (1981) and by Dehant’s (1987), which take account
of the core dynamics induced by the effect of earth’s rotation. The results are
shown in Table 5. As for diurnal tides (Ol and K1), the observed d-factors
corrected with the MAT model (Case 4) agree within the difference of 0.5 %.
from the theoretical factors, while those corrected with the SCH model (Case
3) are systematically larger by about 1 %. On the other hand, as for the semid-
iurnal tides (M2 and S2), the é-factors corrected with the SCH model are larger
by about 4 % than those corrected with the MAT model. It is noted that the
6-factors corrected with the MAT model are consistent with the theoretical val-
ues within the difference of 2 % concerning any of the two theoretical models
and any of the four waves compared here. Since the amplitudes of the observed
semidiurnal waves are only half of the diurnal waves (see Table 3) but on the
contrary the magnitudes of the ocean tide effects are almost the same for both
waves (see Table 4), it is considered that the semidiurnal é-factors are likely to
be more strongly affected by an inaccurate ocean tide modeling than those for

the diurnal waves.

Table 5. Comparisons between the observed §-factors and
theoretical ones.

Observation =~ Wahr’s theory Dehant’s theory
Wave §-factor Phase 6-factor Phase 6-factor Phase

0y 1.144 0.66 1.143 0.0 1.152 0.0
K, 1.127 0.04 1.122 0.0 1.131 0.0
M, 1.157 1.41 1.136 0.0 1.157 0.0
Sa 1.111 2.34 1.136 0.0 1.157 0.0
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As seen in Table 5, the discrepancy between the observation and the theory
are complex to be correctly interpret, as its magnitude differs fromn the wave to
wave. However, if we take an average of the two waves of each tidal specie, we
obtain the values of 1.135, 1.133 and 1.142 for the diurnal specie with respect to
the observation, Wahr’s theory and the Dehant’s theory, repetitively. Likewise,
the values for the semidiurnal specie are of 1.134, 1.136 and 1.157. The discrep-
ancies between our values and the Wahr’s theory are about 0.2 % for both the
diurnal and the semidiurnal tides and those with the Dehant’s are about 0.6
% and 2 % for the diurnal and the semidiurnal tide, respectively. This implies
that the Wahr’s theory is more consistent than the Dehant’s theory with respect
to the observed é-factor. However, in order to make a definitive conclusion, it
is still needed to increase the accuracy of the scale factor of SG016, which has
an uncertainty of 0.8 % as discussed in the section 6.2. This is also desired to

discuss precisely the FCR parameters from the observation.
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Fig. 12. Offset angle. This schematically shows the suspension system of
LaCoste & Romberg gravimeter using a zero-length spring (ZLS). UH and
LH are the upper and lower hinges of the gravimeter beam, and M shows
the proof mass. LV shows the direction of the local vertical. The angle &
between the two lines of LH-LV and LH-MT is called the offset angle. By
changing the angle & by tilting the gravimeter case using foot screws, we
can adjust the sensitivity of the gravimeter. When § is set to zero, the sen-
sitivity becomes infinity in an ideal gravimeter.
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Fig.13. Results for the decomposition by BAYTAP-G. From the top: (A) 1-hour
data corrected for the steps, (B) decomposed short-period tidal component,
(C) response to the local air pressure changes, (D)trend component, and (E)
residuals as an irregular part. The data of about two years (March 22, 1993
to January 27, 1995) were used for the analysis.
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Fig.14. Coastal topography of East Ongul Island represented with the 4th
order meshes. The position of the gravity observation hut (GOH in Fig.7)
is indicated with the mark ‘S’ at the central part of this figure. The area of
the land in each mesh is represented with the number from 0 to 9. Here,
0 means that it is an ocean mesh. The number calculated with a formulae
of (9-this number)/9.0 was took into consideration for the actual convolu-
tion integral as a weight representing the contribution from each mesh.



CHAPTER 7.
Long-Period Tides

In this chapter, we deal with the long-period tides mainly based on the paper
by Sato et a. (1997) titled 'Long-period tides observed with a superconducting
gravimeter at Syowa Station, Antarctica, and their implication to global ocean

tide modeling’.

7.1. Introduction
The observation of long-period tides is believed to give us a good constraint
to study of an anelastic behavior of the earth at the low-frequency band. For
example, Chao et al. (1995) analyzed the zonal tide signals in the length of day
(LOD) data during 13 years, and concluded that the non-equilibrium ocean tide
model with an anelastic mantle explains the observation results better than the
equilibrium ocean tide model with a pure elastic mantle. On the -other hand,
gravity signals in the long-period tides are small in amplitude at mid-latitudes,
“and this makes it difficult to detect the signals clearly. Although there exists
a number of SG observation sites at mid-latitudes, sufficient amount of results
have not been obtained yet. Taking advantages that the amplitude of long-
period tides become the largest at both poles, long-term observations with a L &
R ET gravimeter have been continuing at the Antarctic Amundsen-Scott station
(90° S), (Rydelek and Knopoff, 1982). Recently, Zurn et al.‘ (1995) reviewed the
gravity studies at the South Pole, and summarized that the observed phase lags
of long-period tides showed remarkably large discrepancy fromn the theoretical
prediction deduced by the elastic model of Wahr (1981) and Schwiderski’s (1980)
ocean tide model.
| We analyze here the long-period tides using the SG data obtained at Syowa

Station. For the long-period tides, we can stress the following three advanta-
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geous points to conduct the SG observation at Syowa Station: (1) As seen in
Fig. 5 of Chapter 2, compared with the observation made at the mid latitudes,
the amplitude of the long-period tide at the high latitude is larger and its mag-
nitude obviously exceeds the detection capability of the SG (about 0.001 pGal).
For example, the amplitude of Mf wave exceeds 10 #Gal. (2) The instrumental
drift of the SG is as small as 10-20 pGal/year (see Fig. 13). (3) Syowa Station
is not affected by the ground water problem as described in Chapter 4. On the
other hand, a disadvantageous point of this site is that, as the diameter of East
Ongul Island is as small as 2 ki, the SG site is very close to the shoreline.
Therefore, the ocean tide effects on the SG observation are fairly large. We,
therefore, imbroved our computation of the ocean tide effects by incorporat-
ing the tidal parameters obtained by Odamaki and Kuramoto (1989) estimated
from the pressure-transducer water level meter set at the Tide Observation Hut

(at TOH shown in Fig. 7) in the convolution integral.

7.2. Trend Component Decomposed by BAYTAP-G

The data accumulated during 677 days data from March 22, 1993 to January
27, 1995 were used for the analysis of long-period tides. These ate the same data
set used for the analysis of short-period tides. From these data, we resampled
at the interval of one day from the trend component (see Fig. 13D). As shown
in Fig. 13D, the trend component consists mainly of the long-period tides
and the exponential drift. We observe that the trend term was superposed by
seasonal variations. However, exact estimation of their §—factors must await
longer observations. Figureld shows the FFT amplitude spectrum of the trend
component. We clearly observe the sharp peaks corresponding to the Mf and
Mm waves as indicated with the mark and the arrow. Figure 15 also suggests
that the background noises are at the level of less than 0.1 pGal at the frequency

band covering both the Mf and Mm waves, and the long-period tide was detected
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with a signal-to-noise ratio better than 100 in magnitude. From the trend
component used here, the effects of air mass attraction/load deformation was
clearly subtracted based on the local air pressure data as described in Chapter
5. The admittance of the local pressure changes was estimated as 0.37140.003
uGal/hPa as an average of two years, based on the one-hour data, assuming a

non phase lag between the gravity and pressure data.

7.3. Observed Long-Period Tides

For analyzing the long-period tides, the 1-lour series of the trend component
shown in Fig. 13D was resampled at intervals of 24 h (every 00h UT). Then we
estimated the amplitudes and phases of 10 constituents (Mf, Mm, Ssa, Msm,
etc.) using the BAYTAP-L program.

As explained in the section 5.2 regarding the BAYTAP processing, the trend
(drift) component is determined by assuming its smoothness and a random walk
model (see the equation (35)). The degree of smoothness is controlled by a
hyperparameter D and the optimal value of D of the given data is determined
on the basis of an information criterion called ABIC. In this processing, we
havel experienced a tendency that the degree of fluctuation of the trend term
is controlled to a smaller order by setting a lager hyperparameter D and wvice
versa. Since the equation (35) involves only three adjacent terms, it is suspected
that the constraining condition depending on D (in other word, separation of
the long-period tides from the instrumental and secular drifts ) may become
too weak when the decomposition is carried out with the 1-hour sampling data.
This is the reason why we used the data resampled at the 24 h interval. We
thus first examined dependency of the least-squares solution on the value of D.
Table 6 shows migration of the Mf amplitude, the phase difference and their
associated uncertainties, together with the associated ABIC value by taking the

value of D as a parameter. As seen in Table 6, the minimum ABIC is obtained
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at D = 8.0 indicated by an asterisk. This value is remarkably larger than the
usual D value (around 1.0} derived in the analysis of short-period tides using a

1-hour data.

Table 6. dependence of the Mf wave amplitude, phase difference
and the associated error, taking the value of hyperparameter D

as a parameter
D ABIC S.D. Amplitude Phase
nGal nGal deg., lag positive
0.10 -334.24 0.0734 11.623+0.223 -0.21+1.10
0.22 -379.27 0.1421 11.629+0.201 -0.1610.99
048 -464.15 0.2278 11.631+0.149 -0.1510.73
1.00 -527.33 0.3055 11.634+0.098 -0.13+0.48
220 -563.74 0.3764 11.638+0.059 -0.124+0.29
4.80 -589.60 0.4292 11.6414+0.040 -0.124+0.20
*8.00 -593.17 0.4590 11.6424+0.035 -0.12+0.17
10.00 -590.02 0.4718 11.6424+0.034 -0.124+0.17
22.00 -559.96 0.5169 11.64440.034 -0.111£0.17
48.00 -503.28 0.5647 11.648+0.037 -0.0910.18
100.00 -417.67 0.6201 11.65140.041 -0.05+0.20
220.00 -300.95 0.6910 11.652+0.045 0.00+0.22
480.00 -173.55 0.7705 11.652+0.050 0.04+0.25

Table 7 shows the obtained amplitudes, phase differences and the §-factors
of the 10 long-period waves at the adopted value of D = 8.0. Due to the effects of
time epoch selection of resampling interval, tilel'e are some uncertainties in the
estimation of long-period tides and a trade-off bétween tlx;e long-period tides and
the trend terms as méntioned tl}e above. We will di's:cuss these in the sections
7.5.1 and 7.5.2. ‘

Rydelek and Knopoff (1982) obtained 1.1589+0.0017 as Mf é-factor and
0.40°40.08° as the associated phase at the South Pole from the six years data.
As for northern latitudes, Richter (1985) obtained 1.148+0.020 and 0.2°+1.0°,

respectively, at Bad Homburg (50.2285° N) from the superconducting gravime-

71



ter data of three years. On the other hand, Melchior et al. (1996) obtained
1.1449+0.0045 and 0.006°+0.223° at Brussels (50.23° N; almost the same lat-
itude as Bad Homburg) from the SG data of 12 years. It is essential to apply
precise ocean tide correction for the analysis of Mf ‘tide. Zurn et al. (1995) and
Melchior et al. (1996) suggest that the oceanic correction is imperfect when the

Schwiderski (1980) model was integrated.

Table 7. Long-period tides estimated by BAYTAP-L
24 h Sampling

6-factor Amplitude Phase
1Gal degree
Ssa 1.0835+0.3514  5.323+1.697  -8.06+18.69
Msm 1.246740.0734  1.307+0.077  -9.384+3.38
Mm 1.1205+0.0106  6.143+0.058 0.33+0.54
Msf 1.1200+0.0332 - 1.018+0.030 2.24+1.69
Mf 1.121840.034 11.64240.035 -0.12+0.17
Mstm 1.0396+0.0709  0.392+0.027  -7.80+3.89
Mtm 1.0973£0.0155 2.18040.031 -1.58+0.81
Msqm 1.1507+0.0923 0.365+0.029 -1.86+4.61
Mqm 1.1462+0.1087  0.301+0.029 -14.95+5.43
4-5 days 1.0998+0.2793  0.084+0.021 -20.50-+14.58

S.D.=0.459 uGal
19 h sampling
Mm 1.1194+0.013 6.137+0.075 0.29+0.70
Mf 1.1206+0.0035 11.629+0.036 -0.08+0.18
S.D.=0.443 pGal

7.4. Ocean Tide Correction

The GOTIC program described in the section 1.3.2 was applied to calculate
the effects of the ocean tide on gravity. As the same reason for computing
the ocean tide effect on the short-period tides, in addition to the first and
second order mesh maps, we incorporated the third order mesh (30” x45”) and
the fourth order mesh (7.5” x15”) in GOTIC to represent sea-land distribution

in detail. For comparison, five global ocean tidé models were prepared for
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our calculation of the ocean tide effects. They are (i) equilibrium ocean tide
model, (2) Schwiderski (1980) model, (3) Dickman (1989) model, (4) CSR model
which was given by Eanes (1995), and (5) Desai & Wahr (1995) model. The
equilibrium ocean tide model was generated by using the Love numbers for the
1066A standard earth model (Gilbert and Dziewbnski, 1975) given by- Wahr
(1981). Here we neglected the effects of both deformation of ocean bottom due
to tide loading, and self-attraction of ocean mass.

Schwiderski (1980) model is based on the Laplace’s tidal equations and nu-
merical integration based on a grid system (1°x1°), using the observed tide
gauge data as boundary conditions. This model is widely used in the tidal
study as a standard ocean model. Dickman (1989) model is also based on the
Laplace’s tidal equations, but it was generated by a least squares fitting proce-
dure after solving the matrix equations which consist of the tide and boundary
constraining conditions developed with spherical harmonic ﬁuxctions. Although
the original Dickman (1989) model is specified by the coefficients of spherical
harmonics up to the degree of 15 for the untrancated dynamic solution, we
converted them for comparison into the same grid system (1°x 1°) as that of
Schwiderski (1980) model. Both the models of CSR (Eanes, 1995) and Desai
& Wahr (1995) are based on the TOPEX/POSEIDON satellite altimeter data.
The CSR model was computed by the similar way as that of Ma et al. (1994).
Since these two models do not cover polar regions outside £66° latitudes, exten-
sion to whble oceans was made using the Schwiderski model. Hereafter we call
the above (modified) models as EQO, SCH, DKM, CSR+SCH and D&W+SCH
models, respectively. In order to avoid possible computation error due to un-
conserved mass in the global ocean tide model, we slightly modified EQO, SCH
and DKM models by approximating the unconserved mass in each model us-
ing a sheet mass of uniform thickness throughout the whole oceans, then by

subtracting the sheet height uniformly from the tidal height of each ocean grid.
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Although the original CSR. and D&W models were extended to the polar regions
with the SCH model, we also have considered this mass conservation correction
to the CSR+SCH and D&W+SCH models.

Odamaki and Kuramoto (1989) analyzed the sea level variation data ob-
tained by the bottom pressure gauge installed at East Ongul Island (see Fig.
7). They obtained the amplitude and the local phase lag of the Mf wave as
0.0268 m and 196.0° and those of the Mf wave as 0.0166 m and 195.2°, re-
spectively. Sato et al. (1995b) confirmed that the direct measurement of the
sea—ice displacement using the level staff stood over the bottoin—pressure gauge
was consistent with the data obtained by the gauge within 5 % difference in
amplitude. Since East Ongul Island is located very close to the northern edge
of the first-order mesh point (0.007° difference in co-latitude, see Figure 5),
the corresponding global ocean model data together with the northern adjacent
mesh data, was replaced by the observed values above.

Table 8(a) shows the final computation results of the ocean tide effect of the
Mf and Min waves using the five global ocean models, which were computed by
incorporating the fourth-order mesh map, correction for the mass conservation,
and modification with an in-situ observed ocean tides at Syowa Station. The
Green’s function for the 1066A earth model was used in the computations.
When the original model was used in place of the in-situ observed parameters,
the scatter of the amplitudes among the ﬁve oceay models became larger by 0.01
pGal. This definitely indicates effectiveness of iu(":lusiou of observed ocean tide
at Syowa Station. The phases estimated from the EQO model are not exactly
zero because we replaced part of the model with the observed values. The error
budget of our estimates of the ocean tide effects will be discussed in the section

7.5.3, and the results given in Table 8(a) will be discussed in the section 7.3.4.
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Table 8. Comparison of the estimated ocean tide effects using the five

different models.
(@)

Mf Mm

model Amplitude Phase Amplitude Phase

EQO 0.43240.033 182.17+4.49 - 0.2374+0.019 178.23+4.60

SCH 0.3894:0.027 198.35+3.69 0.239+0.025 182.99+5.97

DKM 0.493+0.012 182.35+1.40 0.268+0.010 178.19+£2.14

ENS+SCH  0.403+0.013 200.92+1.15 0.235+0.010 181.70+2.44
" D&W+SCH  0.446+0.009 200.90+1.16 0.239+0.031 176.60+7.42

(b)

first second third fourth

M2 141 % 53.5 % 17.0% 15.4 %

01 22.0 48.3 15.6 14.1

Mf 42.6 37.1 10.8 9.5

Mm 43.3 36.3 10.9 9.5

Note for Table 8: (a) Computation results for the Mf and Mm waves. (b) Percentage
contribution of the ocean tide effects from each of the four ocean areas represented

with the first-, second-, third- and fourth- order meshes.

7.5. Discussions
7.5.1 Effect of Sampling Epoch

The results given in Table 7 were obtained from the data sampled every
24 hours at the epoch of 00 UT. It may be necessary to see differences in the
analysis results among other 23 subsets according to the shift of sanpling epoch
by 1 hour. The differences of the amplitude and the associated phase difference
were 30.015 pGal and £0.08° (the Mf wave), while £0.009 1 Gal and +0.13°
(the Min wave), respectively. It is noted that the associated uncertainty of
each wave for the 23 subsets are almost the same as those of the corresponding
parameters in Table 7. These results indicate no significant dependency of the

analysis results on the difference in the analysis epoch.



In order to investigate the effect of aliasing, similar analyses were tested using
several data sets resampled at different sampling intervals. As an example, the
results for the Mf and Mm waves obtained from the data resampled at every 19
hours are summarized in the lower column of Table 7. We can conclude that
no significant change when compared to the results of 24-hour sampli.ng case.
As described in the section 4.3, the scale factor of SG at Syowa Station has been
calibrated with L & R gravimeter D73 and an absolute gravimeter FG5. From
these calibrations, the scale factor was able to be determined at the accuracy
of better than 1 %, therefore, the absolute accuracy of the é- factors in Table
7 is considered to be estimated at the similar accuracy. This value is about two
times larger than the one expected from the formal error estimated from the

1-0 error of the residuals (irregular terin decomposed by BAYTAP-L).

7.5.2. Trade-Off Among the Tidal Parameters, Drift and Irregular
Noise

As described in the section 7.3, we examined the dependence of estimates,
namely, the Mf amplitude, the phase difference and their associated errors, the
resultant ABIC value, and the total rins residuals (S.D.), on the hyperparameter
D that constrains the sioothness of the trend component in the BAYTAP-L
analyses (see Table G). The results given in Table 6 may be summarized as
follows; (1) The rms errors of both the estimated Mf amplitude and the phase
difference show systematic tendency to decrease with increasing D value, (2)
On the contrary to (1), S.D. as the total rms residual increases with increasing
D value, and (3) The Mf amplitude itself becomes monotonously larger with
increasing D value, while the associated phase difference shifts from larger lead
toward zero within rather wide range of the assumed D values.

These suggest that some trade-off among the long-period tides, instrumental

drifts and irregular noises is inevitable when we use in the decomposition method
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of BAYTAP algorithm. Especially when D is too small, irregular noises (short-
period variations) may contaminate the trend and tide components. This is the
reason why errors of the amplitude and the phase increase with small D. On the
contrary, when D becomes too large, the linearity constraint becomes too strong.
As a result, the Mf amplitude is overestimated due to subsequent exclusion of
long-period nature from the instrumental drifts. Also occurred in this case is
increase of S.D. due to decrease of the degree of model fitting, even though
rms errors of the estimated tidal amplitude and phase decrease apparently. As
seen in Table 6, when each of the estimated parameters of amplitude, phase
and their errors and S.D. takes just their intermediate values, ABIC becomes
minimum. This suggests that the minimum ABIC criterion works well in the

analysis for the long-period tides, likewise the analysis for the short-period tides.

7.5.3. Error Budget in the Estimation of Ocean Tide Effects

Taking the SCH model as a case study, we describe the sensitivity of the
estimates of the ocean tide effects with respect to the following three points:
(1) different adoption of elastic earth model, (2) roughness of digital topogra-
phy representation around Syowa Station, and (3) the condition of the ocean-
mass conservation. As for (1), we compared two results obtained using the
two different Green’s functions, namely, those for the 1066A earth model and
the Gutenberg-Bullen standard earth model (Alterman et al., 1961) by Farrell
(1972), however, the difference was small as 0.003 xGal at most in the case of
the long-period tides. This is due mainly to the following two reasons; 1) the
wave length is long, and 2) as a nature of Green’s function, the loading effect
fromn the mass at some loading distance reflects the earth’s elastic structure at
the depth corresponding to that loading distance. Because the major differences
in the structure between two earth models of 1066A and Gutenberg-Bullen are

in the upper most parts less than a few tens km in depth.
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With regards to (2), we compute percentage contributions of ocean tide
effect from the four groups of the meshed oceans ( Table 8(b)). From this, we
see dominant contributions (80 %) from distant oceans (first— and second-order
meshed oceans). This is different from the cases of the short-period tides where
the distant oceans have relatively less prominent contributions (68-70 %). When
we replaced the fourth-order meshed areas totally with the third-order ineshed
oceans, the resultant increase of ocean tide effects was about 0.032 pGal for the
Mf wave and 0.019 pGal for the Min wave respectively. When the location of
the observation site GOH (star mark in Figure 5) was shifted artificially to the
center of the fourth—order mesh next to the north—-east direction of the original
position, i.e. putting the site GOH close to a sea shore by about 230 m, the
amplitude of the ocean tide effects increased by 0.047 pGal for the Mf wave and
0.022 pGal for the M wave, respectively. Therefore, inclusion of the fourth-
order meshes is indispensable to estimate the ocean tide effects at Syowa Station
at an accuracy better than a few 0.01 uGal.

In the case of the SCH model, the amnplitude and phase of the unconserved
sheet mass correspond to 9.3x 10~ m and 5.1° for the Mf wave, and the neglect
of this correction results in underestimate of 0.038 nGal. As for the M wave,
they are 2.4x1073 m in amplitude and 58.6° in phase, and the neglect of them
also result in underestimate of 0.039 pGal. Although the magnitude of the
unconserved mass correction varies from model to model, similar tendencies
were obtained within the ranges of 0.003—0.05 ;Gal and 0.3°~ 6.7° for the Mf
wave, while of 0.003—0.03 1Gal and 0.2°— 35.4° for the Mm wave, respectively.

Although an accurate estimate of the overall error in the computation of the
ocean tide effect is rather difficult, from the tests mentioned in the above, we
assumed here that the following three factors contribute to the overall amplitude
error. For the case of the SCH model, they are (1) 0.003 pGal error due to

different (uncertain) load Green's function, (2) 10 % influence due to miss-

78



fitting of the land-sea topography around Ongul Islands, that is respectively
0.005 ;;Gal and 0.002 pGal for the Mf wave and the Mm wave, and (3) 50 %
influence from inaccurate treatment of the unconserved mass correction, that is
0.019 uGal for the Mf wave and (.02 nGal for the Mm wave. Thus the total
error results in 0.003 + 0.005 + 0.019 = 0.027 uGal for the Mf wave and 0.003
+ 0.002 + 0.020 = 0.025 pGal for the Mm wave. Moreover, we assumed that
the phase error may result in 100 % from the combination of the above three
error contributions. For explanation, uncertainty diagram is shown in Fig.16.
The errors of the amplitudes and phases shown in Table 8(a) were estimated
in this way. If we accept the errors shown in Table 8(a), then the error of our
estimates is about 10 % in amplitude at most for both the Mf and Mm waves. It
is noted that, among the three error sources, the difference in the treatment of
the total ocean mass is a main cause for the computation error, and it introduces
the error of the similar order of magnitude as that caused by the difference in

the global ocean models used for the computation.

7.5.4. Comparison of the Observation with the Theory

When the tidal gravity coefficients for the 1066A earth model given by Wahr
(1981) are adopted, we obtain the value of 1.157 as the elastic é- factor for the
Mf and Mm waves at the latitude of Syowa Station (69.0° S). While we obtain
the value of 1.159 from those given by Dehant and Ducarme (1987) for the same
earth model. The difference between the two estimates are mainly due to the
difference in definition of the tidal forces, i.e. the radial derivative of the mean
spherical tidal potential is used in Walir (1981), while the force along the normal
to the elliptical earth is used in Dehant and Ducarme (1987). For the effect of
mantle anelasticity, Wahr and Bergen (1986) theoretically estimated its effects
on Love numbers h and k, and gave the range of correction terms dh and dk in

their Table 3, where dh and dk are complex numbers. When we substitute their
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upper and lower limits of dh and dk to the correction equation 3dk/2 + dh, and
apply to the elastic 8- factor of 1.157, we obtain the é- factors in the range of
1.158 - 1.161 covering both the Mf and Mm periods. The theoretically expected
phase delay is very small as the degree of 0.005° - 0.04° (delay positive) at the
same periods. Dehant and Zschau (1989) also .est.imatecl the effects of mantle
anelasticity on the tidal factor and phase. Using their coefficients for the case
of elliptical rotating earth gives the values of 1.159 and 0.01°.

By correcting the ocean tide effect ( Table 8(a)) on the observed amplitude
and phase ( Table 7), and by taking the ratio of the corrected amplitude to
the tidal amplitude on the rigid earth, we obtained the é- factor and phase
which can be directly compared with the theoretical value for the body tide.
Using the amplitudes and the é- factors obtained by BAYTAP (see Table 7
) gives 10.378 uGal and 5.482 nGal as the tidal forces for the Mf and Mm
waves, which are normal to the elliptical rigid earth at the latitude of Syowa
Station. The 6- factors and phases corrected for the ocean tide effects are shown
in Table 9. Where the associated errors were calculated by considering both
the observational errors ( Table 7) and the errors in the estimation of ocean
tide effects ( Table 8(a)), and no errors were assuned in the rigid tide. As
seen in Table 9, due to the differences in the five ocean models used for the
corrections, the corrected é- factors vary within the ranges of 1.157 to 1.169 for
the Mf wave and 1.163 to 1.169 for the Mm waves. However, if we take the
average of the five ocean models, then we obtain 1.1624+0.023 and 1.165+0.014
for the Mf and Mm waves, respectively. It is noted that both mean 6- factors
prefer the §- factors for the anelastic earth rather than the elastic values, even
though the errors of the observed é- factors are still large to tightly constrain

the effects of mantle anelasticity.
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Table 9. é-factors and phases for the Mf and Mm waves corrected

for the ocean tide effect.

Mf Mm
model o-factor Phase(o) b-factor Phase(o)
EQO 1.163+0.008 -0.04+0.23 1.164+0.010  0.25+0.55
SCH 1.15740.044 0.47+0.20 1.164+0.017  0.43+0.57
DKM 1.169+0.004  -0.02+0.17 1.169+0.008  0.24+£0.53

CSR+SCH  1.158+0.016 0.57+0.17 1.163+£0.008  0.38+0.33
D&W+SCH  1.162+0.018 0.64+0.17 1.164+0.021  0.1940.59

Among the five models compared here, for both the waves of Mf and M, the
DKM model gives the 8- factors which are noticeably larger than those expected
from the elastic and anelastic tide models, on contrary this, the SCH model
gives the smallest Mf §- factor. Both the models of CSR+SCH and D&\W+SCH,
which were extended into the polar regions outside of £66° latitudes by using the
SCH model, show the similar tendencies as those obtained from the SCH model,
but the 6- factors corrected with these combined models give the intermediate
values in magnitude as compared with the other models. The DKM model
not only shows a very close agreement in the 8- factors between the two waves
of Mf and Mm but also shows the smallest associated uncertainty in the 4-
factors. Moreover the phases corrected with the this model are very similar with
those with the EQO model. As the reasons for this similarity, we may point
out the low spatial resolution of the DKM model. Since the DKM model was
computed using the low degree spherical harmonic functions (up to 15 degrees),
this model is considered as relatively insensitive to local or regional changes in
the topography and ocean depth compared with other three models of SCH,
CSR and D&W. The original Dickman’s harmonic coefficients, which were used
here to generate the grid data, have been already forced to conserve the ocean
mass. This is the reason why thie errors of the 8- factors and phases corrected

with the DKM model are smallest among the five ocean models compared here.
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Recently Matsumoto et al. (1995) assimilated the TOPEX/POSEIDON altimeter—

derived tide data into a hydrodynamic interpolation method, and generated a

global ocean tide model for the diurnal and semidiurnal waves including the

polar regions. As described in the previous chapter, we reexamined the short-

period ocean tide effects at Syowa Station using this new model, and obtained

the ocean-tide corrected 6- factors of 1.144 (O1 wave) and 1.157 (M2 wave).

The discrepancy from the Wahr (1981) theory reduced drastically to 0.5 % (O1

wave) and 2.0 % (M2 wave), as compared with the previous 1-2 % (O1 wave)

and 10 % (M2 wave) larger values with the correction using the SCH model

(see Ogawa et al., 1991). The results for the short-period tides and the large

difference in the Mf §-factor suggest that, as compared with the accuracy in the

mid latitude regions, the SCH 1odel is not so accurate in the southern hemi-

sphere or in the oceans at the high latitudes where there are few observations

to constraint the model.

Finally, it is noted that the Min phases of the ocean tide effects are close

to 180° and show remarkably less dependence on global ocean modeling as

compared with those for the Mf wave (see Table 8(a)); thus the range of the

corrected phases are 0.24° to 0.43° for the Mm wave, while those for the Mf

wave -0.02° to 0.49° (see Table 9). The similar tendency is also seen in the

comparison of the §- factors; thus 1.157 to 1.169 for the Mf wave, while 1.163 to

1.169 for the Min wave. These characteristics suggest that the Mm ocean tide of

longer-period is much close to an equilibrium state than the Mf tide of relatively

shorter-period, and the associated ocean tide correction shows less dependency

on the difference in the ocean modeling. Therefore, although the amplitude of

gravity tide for the Mm wave is about one-half of the Mf wave at Syowa Station,

there is a possibility that the Mm wave gives a tighter constraint condition for

the mantle anelasticity rather than the Mf wave when the analysis with much

longer observation data than that used here is available.
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Fig.15. Amplitude spectrum of the trend component shown
in Fig.13D. The spectrum peaks corresponding to Mf and
Mm waves are clearly observed at the positions indicated
with the arrows and symbols, respectively.
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Fig. 16. Assumed error range in the estimation of the ocean tide effects.
Where A and a show the amplitude and phase of the ocean tide effects,

and 8A and &a. show their errors, respectively. We assumed the error cir-
cle (360 deg.) of the amplitude error of A results in the phase uncertinty
of da.. In the case of the Mf wave of the SHW model, A, A and da are
0.389 nGal, 198.35 and 3.69 deg, respectively.
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Chapter 8.
Polar Motion Effect and Annual Gravity Changes

This chapter describes the polar motion effect on gravity observations and
the annual changes including its effect based on the two papers by Sato et

al.(1997) and Sato et al. (2000).

8.1. Introduction

The development in the space geodetic observation techniques such as VLBI
(Very Long Baseline Interferometer) and GPS (Global Positioning System)
makes possible to observe the temporal changes of EOP (Earth Orientation

Parameters) with an accuracy of 1 mas (1 mas =1 milli arc second) or bet-

ter. The variations in EOP, either changes in the position of the rotation axis

(polar motion) or spin rate of the earth (Length of Day, LOD) cause a pertur-
bation of gravity through changes in the centrifugal force. If we can observe
the earth’s response to EOP changes at a similar relative accuracy, they give us
vel')} important and accurate information about the nature of earth’s interior in
a frequency band much lower than the seismic and short-period tidal bands and
the knowledge about a mechanical interaction between the earth’s fluid parts
and solid parts. Since there are only few kinds of observational data which are
available to measure the earth’s response at these lower frequencies, the gravity
observation is one of the useful candidates. If we assume the values of 0.6 and
0.085 as Love numbers h and k, respectively, we can expect a change in the
surface gravity of about 15 uGal at the most. This is an enough magnitude
to be detected with a conventional spring gravimeter. However, mainly due to
the unpredictable large long-terin drift of conventional spring gravimeters, such
long period gravity variation as the polar motion effect has not been successfully

observed. Recently, the observation results for the polar motion effect by SGs
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have been reported, for example, the observation at Bad Homburg in Germany
(Richter, 1990) and that at Kakioka, Japan (Seama et al., 1993).

A preliminary analysis for the polar motion effect using the two years data
(March, 1993-January, 1995) obtained from the SG at Syowa Station have al-
ready been conducted by Sato et al. (1997). They obtained the amplitude factor
(6-factor) of 1.198+0.035 and a time lag about 20 days against to the gravity
changes predicted from the IERS (International Earth Rotation Service) polar
motion data. However, the length of the SG data used in the their analysis was
too short to safely separate the two dominant periodic components in the polar
motion, i.e. annual (12 months) and Chandler (14 months) periods. Recently,
Loyer et al. (1999) analyzed the 8-year SG time series obtained from Strasbourg
in France, and estimated the amplitude factor and phase of gravity changes at
the Chandler period. Since the parameters estimated by them are dependent
on the number of waves considered in the analysis, they obtained phases dis-
tributed within a range of 9° to 22°, corresponding to a delay of 10 to 27 days
in the time domain. If we take the mean value simply averaged over their table
( Table 1. by Loyer et al. 1999), we obtain 18.0°+7.2° (21.8 days). Comparing
with the phase lag expected from theoretical estimates based on the anelasticity
of the earth (Wahr and Bergen,1986 and Dehant and Zau, 1989), the observed
phase lag is too large to be the effect of mantle anelasticity.

There are several possible sources which may produce the phase lag, includ-
ing atmospheric loading, water table changes and the ocean dynamics. Among .
them, the effect of sea surface height (SSH) variations may be a major contri-
bution on the phase lag. As the first step in our study for the earth’s gravity
response to the polar motion, the effect on the annual component at the actual
SG observation sites was evaluated. Since the annual component of the polar
motion is a forced motion, we consider that the effect on the annual component

will be much simpler and better determined than that of the Chandler compo-
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nent which is a rotational free motion of the earth. However, the SSH variations
should also cause gravity effects at other frequencies to the same extent. In or-
der to see the spatial and temporal characteristics of the SSH data used here
and the estimated gravity effects at the long-periods, we also examine the SSH
and its gravity effects in a more general way by means of a method called 'PCA’
(Principal Component Analysis, Preisendorfer and Mobely, 1988).

In the following sections, we begin by describing the problems on the analysis
for polar motion effects following those which were discussed by Sato et al.
(1997). Next, we reanalyzed the data obtained from the SG at Syowa Station
by using an analysis model which was modified so that the experience in the
previous study was taken into account. For this analysis, we used the data
much longer than thosé used in the previous study by Sato et al. (1997), and
compare with those obtained other two SC sites of Esashi, Japan and Canbérra,
Australia. Finally, we discuss the SG data focussing on the relation between
the observed and predicted annual gravity changes.

The gravity data employed were obtained from the SGs at three of the
six sites of the GGP-Japan Network which is a SG observa‘tion network being
developed by Japanese SG group: from the north, three of Esashi, Matsushiro
and Kyoto in Japan, Bandung, Indonesia, Canberra in Australia, and Syowa
Station, Antarctica ( Sato et al., 1999, Quite recently, a seventh station was
established at Ny-Alesund in Svalbard Islands, Norway). The sites used in
this study are the three of Esashi, Canberra and Syowa Station. From the
strain measurement with the quartz tube extensometers carried out at Esashi,
it is known that the observed secular ground motion at there shows very low
coherency with the rail fall (Sato et al., 1980). At Canberra, the SG observation
is made at the basement of a building that is very close to the top of Mt. Stromlo
(790 m in altitude) and the soil layer at there is very thin (less than a few

meters). As described in the section 4.2, it is known that there is no sediment
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layer around Syowa Station, which can reserve a ground water. Moreover, all
of the SGs at the three sites are installed on the piers set directory on massive
base rock. From these reasons, the effect of the water table on the gravity
observations made at these three sites is expected to be small, although it needs

to make sure the actual effect of the water table in detail.

8.2 Polar Motion Effect
8.2.1. Computation of the Polar Motion Effects

Loyer et al. (1999) gives a formula to estimate the gravity change taking
into account both effects of the polar motion and LOD based on the faithful
definition for the changes in the EOP. At the level of accuracy required for this
study (0.1 pGals), the effects of LOD changes can be safely neglected because
they are about 2 orders of magnitude smaller than that of the polar motion.
With this approximation, the gravity change Ag on the earth’s surface due to

the EOP changes may be written to first-order as
Ag = 6Q%asin 20(x cos A — ysin A) : (36)

(Kaneko et al., 1974 and Wahr, 1985, for example). Where 6 =1+ h — %k is
the gravimetric factor containing the second-order Love numbers hb and k. Qis
the mean angular velocity of the earth, a is the radius of the earth, and # and
A are the co-latitude and east longitude of the observation site, respectively.
x and y are the time variations in the Celestial Ephemeris Pole relative to
the International Reference Pole. Using equation (6.2) and assuming the delta
factor to be 1.155, a nominal value given by Wahr (1981), we estimated a time
series for Ag from the daily EOP data. We used here the '/EOPC04' EOP data
provided by IERS.

Figure 17 shows the gravity changes at Syowa Station which were computed

from the IERS data for the period of about 16 years from January, 1983 to May,
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1999. As seen in the top figure of Fig.17, the amplitude is about 7 pGals in
Peak-to-Peak at the most for the 16 years. The bottom figure of Fig.17 shows
the FFT amplitude spectrum computed from this data. We observe the largest
amplitude at the frequency of about 0.00229 cpd (i.e. 436 days in the period).
This peak corresponds to the Chandler component. Beside this peak, we observe
the peak of the annual component. From the figure, we see that the Chandler
motion is the most dominant spectll'um peak in the polar motion effecf and it
has an amplitude about two times larger than that of the annual component.
We see also in the figure that the amplitude of the semiannual component is
small compared with these two major components, i.e. about 10 % of the annual

component in magnitude.

8.2.2. Temporal Variation in the Polar Motion Effect

The IERS data used in the computation results shown in Fig. 17 were
obtained from such modern observation techniques as VLBI and GPS. When
we use the data obtained before 1983 including the optical instruments into
the analysis, the peaks become much broad ones and the obtained Chandler
period changes in time. In the analysis using the much longer gravity data, the
change in the period directly affects the reliability of the results obtained by
the analysis models given in the equations (37) and (38), which are assumed
a constant period for each of all periodic components. Therefore, prior to the
reanalysis of the polar motion effect, we have examined the temporal variation of
the semi-annual , annual and Chandler components. Especially we are interested
in the temporal stability of the Chandler period. For the test, the time series
data for Ag generated by the equation (36) were fitted to an analysis model
consisting of 5 terms, a constant, linear trend, and the three periodic terms of
the annual, semiannual and Chandler compohents.

The temporal changes of the periodic terms were examined by fitting 6 year
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segments of the data set and by successively shifting the analysis epoch by
one year. The optimum Chandler period for each 6-year data set was selected
to minimize the RMS error for the residuals within those obtained from 100
iterations which were carried out by changing the Chandler period within the
range of 410 days and 450 days. Figurel8 is an example of the results for the
6-year analysis using the EOP data from 1993 to 1998. This figure shows the
changes of the standard deviations of residuals as the function of the Chandler
period assuined in the fitting process. We see that the minimum value is attained
at around 435-436 days close to a nominal vale known as the Chandler period.
Figure 19 shows the temporal variations in the polar motion effect computed
using the EOP data of the 33 years from 1962 to 1999. A, B and C show
the variation in the period, amplitude and phase of Chandler component, D
and E show those in the amplitude and phase of annual component, and F is
the variation of SD (Standard Deviation) of the residuals obtained from each
successive G-year analysis. As noted in the home page of IERS web site, the
accuracy of the observed EOPs was greatly improved after 1983 mainly due to
the improvement in the space geodetic observation techniques. From Fig. 19,
we also recognize that large changes in the Chaundler period (Fig.19A) and the
phase (Fig.19C) for the analysis periods before 1983 are substantially reduced-
after 1983. These strongly suggest that the temporal changes in the Chandler
component observed with the optical instruments are mainly caused by some
local effects such as due to meteorological disturbances. We see in Fig. 19A
that the Chandler period is stable within the range 433.0 days to 437.1 days
over the 16 year period from 1983 to 1999, especially, in the recent period for
which we discuss the polar motion effect on the gravity observation. 435.4+1.3
days was the mean value averaged over the 16 years. We adopted here this value
as the Chandler period to be used in the fitting process described in the later

section.
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8.3. Results Obtained in The Previous Analysis
8.3.1. Analysis Model and Results

The model used in the previous analysis by Sato et al. (1997) is
y(t) = bp+bit+by exp(—t/7)

+b3 sin(wt) + by cos(w; t) + bs sin(wat) + bg cos(wat)

+b7 P(t + ) + e(t) 37),

where y(t) is the time series data of the trend component decomposed from the
original data by means of BAYTAP-G and -L, so that they mainly consist of the
time variation components having a period longer than the monthly tide; t and 7
are the time in days and a time constant of the exponential decay of y(t); w, and

wq are the angular frequencies of the annual and semiannual components (here

the periods of Sa and Ssa tidal waves, respectively); P(t 4+ 7,) represents the -

gravity changes due to the polar motion effect, which were predicted from the
IERS (International Earth Rotation Service) polar motion data by assuming the
amplitude factor of 1.0. 7, is a variable which was introduced to represent a time
lag or time advance of the gravity changes to the polar motion effect predicted
from the IERS data; e(t) is an observational error. The unknown parameters of
(6.2) are the ten of by, by, by, bs, by, bs, b, b7, T,and 7,. There were estimated by
means of a non-linear least squares method, the Levenberg-Marquardt method
(Press et al., 1989).

The results for iteration depend on not only the initial values used in the
iterations but also the assumed 7, value. Therefore, we first searched the opti-
mum initial parameter values for the given analysis data by changing 7,. From
the pilot analyses, we found that the standard deviation of the residuals (SD)
decreases when 7, takes a value close to -20 days. Here the minus sign of 7,
means a lagging of the observed gravity against to the polar motion effect pre-

dicted from the IERS polar motion data. Next, we examined the change of SDs
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by changing 7, within the wide range between -70 days and 50 days and with-
out estimating the 9 parameters of by to b; and 7 in (6.2), i.e. by fixing them
to the values obtained by the iteration with 7, =-20 days. This is because
the iteration have failed when 7, exceeds -30 days or +40 days, if all param-
eters were treated as free parameters. Figure 20 shows the behavior of SDs
by changing T, values. This figure shows that the minimum SD is attained at
around 7, = —20 days. Final results for the iteration with 7, = —20 days are
listed in Tablell as Case A. We obtained 1.198+0.035 as é-factor of the polar
motion effect. This value is slightly larger than the tl‘1e01.'et.ically anticipated

gravimetric factor for an elastic earth model (i.e. 1.16).

8.3.2. Interference Problem

To separate safely the annual component from the Chandler component,
we would need a data length of at least 6 years. Moreover, the observed data
include not only the annual component due to the effect of the polar motion but
also those caused by other origins such as the solid and ocean tides, the seasonal
variations in the ocean height, the change in the level of ground water and so
on. However, since the available gravity data does not clear this condition in
the data length, in the analysis by Sato et al. (1997), we were forced to fit the
observed SG data to the time series data for polar motion effect which were not
separated the three main effects of the semi-annual and Chandler components.

In order to see the effect of interference between the annual components and
Chandler component of the polar motion, a test was carried out by comparing
the analysis results using the two data sets which are different in the treatment
of the polar motion data. The first case (Case A) is the similar as the actual
analysis, thus the polar motion effect P(t + 7,) generated by (6.1) includes
the three effects of the semi-annual, annual and Chandler components. Other

one (Case B) is a method which first the data set for the polar motion effect

92

&



was generated by using a long time series of EOP data which has sufficient
data length to separate the annual and Chandler component (i.e. nine years
in length), and the annual and semiannual components are then removed from
this data by means of the usual least squares method. Obtained residual time
series is expected as mainly consisting of the Chandler component. The é-factor
of 1.0 was assumed to generated the polar motion effect for both the cases of A
and B. Finally, this predicted Chandler time series was fitted to the observed
gravity data. This method is the similar as that suggested by Richter(1990).
Table 10 compares the results obtained with the two methods, where Case
A and Case B show the results by the method in Section 8.3.1 and those by the
method in this section, respectively. In Table 10, first it is noted that the two
different methods give §-factors quite similar to each other, i.e. 1.198+0.035 for
Case A and 1.23040.037 for Case B. For the semiannual component, there is
not significant difference between the two cases of A and B. It may contribution
the following three on this small difference in é-factors: (1) the smallness in the
semiannual amplitude of the polar i‘m)tion effect, (2) the relatively large ampli-
tude of semiannual tide and (3) goodness in separation between the semiannual
and annual component and between it and the Chandler component. While, for
the annual amplitudes, there is significant difference hetween the two cases, as
compared with their formal errors of 0.1 pGals. The difference is at 2.34 pGals
in magnitude. If we simply take the sum of the annual amplitude for Case A (
i.e. 2.06 pGals) and that of the subtracted polar motion effect ( i.e. 1.16x1.13
1Gals = 1.31 uGals ), then we obtain the .va_lue of 3.37 pGals. Comparing this
with the annual amplitude for Case B ( i.e. 4.40 pGals), the difference is re-
duced to at a level of 1 pGal. But this difference clearly suggests that there
still remains the effect of the interference between the annual and Chandler
components. On the other hand, the amplitude of the Chandler comnponent is

estimated as 3.97 pGals (i.e. 1.23x3.23 pGals). If a half of the difference of
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1 ;tGal shown in the above equally contributes to the estimation of both the
Chandler and annual components, then it gives an error of about 15 % in the
estimation of é-factor. If so, both formal errors of the annual amplitude and
6-factor shown in Table 10 may be underestimated.

The interference problem was also examined based on the simulation data.
The simulation data were generated with the equation (6.2). The random errors
within the range of +1.5 1 Gals were added to the siinulated data, which are the
similar magnitude as those of the observation (see Fig. 13). The polar motion
effect was computed from the actual IERS polar motion data by respectively
assuming 1.16 and 0.0 as 6-factor and the time lag 1, respectively. Two data
sets were prepared for comparison: one is a data set of 677 days in length (Set
A) and the other of 3164 days (Set B). Set A has the sar-ue data length as that
of the observed SG data, while Set B has enough data length to separate the
Chandler motion from the annual component. The analysis results are listed
in Table 11 for the three components of semi-annual, annual and polar motion
effect with their true (given) values. The results shown in Table 11-suggest
that all results for the iterations give the minimum SD at around 7, = 0 days
in both simulation data sets, as expected from the given 7,-value. Table 11
suggests also that, even though the data length of Set A is short as 677 days,
the analysis results for Set A are not so meaningless a result as compared with
those for Set B of 3164 days in length, and the results obtained from the actual

SG data, too.
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Table 10. Comparison of the parameters obtained by two different

analysis methods
Term

epoch

data length

Tp

Constant

Linear
Semi-annual

Annual

Exponential

SD of the residuals

Case A

March 22, 1997

677

-20

218.04+0.16

-0.0331+0.0002
real 5.17+0.06
imaginary  0.484+0.06
real 1.774+0.01
imaginary  -1.0630.06
amplitude  10.4240.16
1/7 -0.07240.006
o-factor 1.198+0.035

0.679

Case B
March 22, 1997
677

-20
213.60+0.10
-0.0337+0.10
5.02+0.06
0.69+0.06
4.084+0.13
-1.88+0.06
11.06+0.56
-0.066x0.006
1.230+0.037
0.672

Table 11. Results for the analysis using the simulation data.

Term
data length
Semi-annual

Annual

Polar motion effect
SD of the residuals

True Set A Set B

677 3164
real 5.0 5.0040.06 4.970+£0.025
imaginary 0.5 0.68+0.06 0.682+0.025
real 1.8 1.7840.18 1.811+0.026
imaginary -1.0  -0.94+0.15 -0.969+0.027
o-factor 1.16  1.156+0.038  1.16140.008

0.264 0.265

Note: 1, was fixed to the value of -20 days.
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days

days
nGal
nGal/day
nGal
1Gal
1Gal
1Gal
1Gal
1/day

1Gal

Unit
days
pGal
pGal
1Gal
1Gal
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8.3.3. Effect of Step-Like Changes

It can be pointed out that the data of the SG at Syowa Station have a
disadvantage on the analysis for long-period components. Because, at there,
the He liquefier is operated at the period of about twice a year and many works
are carried out at the gravimeter room accompanying with the member change
between the old and new wintering parties. Though the disturbances by these
works is certain to continue the SG observation at Syowa Station, it is evident
that these noises affect on the analysis results for Syowa Station. It is also true
that the most of large step-like changes accompanying a long-term after effect
have been occurred at the time when the above works are carries out. In order
to reduce the effect of steps on the analysis, the correction for steps based on the
daily medians have been applied to the original data as described in the section
5.1. However, it is observed a tendency that the accuracy of the step correction
is reduced when the step accompanying the long-term after shock. On the other
hand, the results obtained with a linearized least-squares method are sensitive
to the quality of this correction. Therefore, we tested the effect of the inaccurate
step correction using the simulation data sets which were generated by using
the same model as (6.2) and by adding one step within the rage of -5 pGal to
+5 puGal at just mid data position of each data set of 677days in length.

The analysis was also carried out the similar method as described in the
section 6.3.1. The results for this test suggest that the estimated amplitudes
change within the range of 4.6 pGals to 5.4 pGals and 1.1 uGals to 3.3 nGals
for the semiannual and annual components, respectively, where the true values
are 5.025 puGals and 2.059 ;Gals for the respective components. The behavior
of the estimated d-factor are plotted in Fig. 21 as the function of the mag-
nitude of the given steps. We observe a tendency in this figure that é-factor
is underestimated if the analysis data include a step. This may be due to the

decreasing in correlation in the statistic structure between the observed data
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and the assumed model by increasing the magnitude of step-like change that
was artificially added. Consequently, the analysis model (6.2) can not represent
the data structure. From the test made lere, it is estimated an uncertainty of
about +1 pGal in magnitude for the step corrections based on the daily me-
dians. This error in the step correction may make an systematic error of the

observed é-factor for the polar motion effect of about 1 % at least.

8.4. Reanalysis of the Polar Motion Effect

The polar motion effect at Syowa Station was reanalyzed using much longer
data in length than those used in the previous analysis. There is a possibility
that the scale factor of the SG at Syowa Station changed during the three months
from February to April, 1996 (Tamura et al., 1997). The most probable origin
of this is the effect of change in an electronic potential caused by connecting
the gravimeter electronics to an uninterrupted power supply for a test After the
test for the three months, the interrupted power supply was disconnected from
the observation system to back it to the previous state. The change in the scale
factor is corrected for the data used in the analysis.

Referred to the experiences described in the sections 8.3.2 and 8.3.3, the
analysis model (8.2) was revised so that it can reestimate the possible error
in the step estimation based on the daily medians and it can simultaneously
estimate the phase difference between the gravity data and the IERS data with

other parameters. Thus the revised analysis model is

y(t) = bo+bit + byexp(—t/7)
+b3 sin(w@t) + by cos(w ) + bs sin(wat) + bg cos(wat)
+b7(P(t) — sAP(t)) + > e H(t — t,) (38).
k=1

The unknown parameters to be estimated are 10+n of by, by, by, bs, by, bs, bg,
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be, bg, T and ¢; to ¢,,.The terms considered in equation (38) and their notations
are similar as those for equation (37), but the treatment of two effects of the
polar motion and steps are different from (37). Thus, in (38), P(t) is not the
time series data for the gravity changes which were generated directly by using
equation (8.2) and the IERS polar motion data. Instead of this, the annual and
semiannual components have already removed from the gravity changes pre-
dicted using the IERS data which have enough data length to separate the two
of the annual and Chandler components. The method used to the separation
is the same as that described in the section 8.1 Therefore, we believe that this
time series consists mainly of the Chandler componént. We assumed here also
the value of 1.0 as the gravimetric factor §. b; is the gravimetric factor to be
estimated from the observation. AP(t) is the first time difference of P(t) which
is added to represent a time lag of the observed gravity y(t) agaius£ P(t) and
bg is the coefficient of AP(t). A similar term has been used by Mukai(1999)
to analyze SG data obtained at Kyoto, Japan. The last term represented with
H,(t) and b, is the Heaviside's step function and its amplitude, respectively.
The Heaviside step functions were introduced to re-estimate the residual magni-
tude of the step like changes (offsets) which were not correctly estimated based
on the method using the daily medians, which was described in the section 5.1.
The fitting was also carrying out by the Levenberg-Marquardt method (Press
et al., 1989).

For comparison, we also analyzed the data obtained from other two SGs
installed at Esashi and Canberra. The geographical coordinates of the sites are

listed in Table 12 with the data periods used in this study.
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Table 12. The SG data used in this study.

Site Latitude Longitude Altitude SG Analysis period (days
Esashi 39.148°N " 141.335°E 393 m  TT#007 1995.01-1999.04 (1337
Canberra 35.321°S  149.008°E 724 m  CT#031 1997.01-1999.04 ( 776
Syowa Station 69.006°S  39.586°E 24m  TT#016 1993.03-1997.12 (1552

note: TT and CT show the old type SG and the new compact one, respectively.

Figure 22 shows a comparison of the observed trends and the model
values. From the top, they are the results for Esashi, Canberra and Syowa
Station. Long interruptions are observed in the trends of Esashi and Syowa
Station. These are mainly due to the trouble of observation instruments or the
large local earthquakes (i.e. earthquakes within a few hundred kilometers in an

epicentral distance and of the maguitude larger than or equal to IV in the seis-

mic intensity listed in the table of Japan Meteorological Agency). The data of

these periods were rejected from the analysis data. In general, a large step and
long interruptions of the data occurred at these parts, and it is very difficult to
correctly estimate the magnitude of this kind of steps from the daily medians.
This is the reason why we included the term for step correction into the analysis
“mode. Although the observed data were affected by several disturbances, we
recognize from Fig. 22 that the observed gravity changes are well represented
by the analysis model given by the formula (38). The annual and semiannual
components due to the EOP changes are obtained together with the effects of
the tides, SSH variations and other perturbations. Table 13 gives the obtained
parameters for the annual component with their formal errors which were es-

timated from the 1-0 error for the residuals. The phases are those referred to

00h UTC of January 1, 2000.

)
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Table 13. The observed annual amplitudes and phases

obtained at the three SG sites.

Site Amplitude Error Phase Error SD .
(1Gals) (nGals)  (degrees)  (degrees)  (uGals)

Esashi 1.30 +0.11 -2.1 +6.5 1.09

Canberra 188  +0.09 -147.8 - +7.0 0.32

Syowa Station 0.77 +0.08 31.2 +5.6 0.91

As described in the section 6.3.4, the accuracy of the correction for offsets
affects on our results. We have introduced here a Heaviside step function into the
analysis model in order to reexamine the magnitude which could not accurately
estimated from the method using the differences of the daily medians. This
method works well to reduce the error, especially, to improve the effect of such
offsets accompanying long interruptions. For example, in the analysis of the data
for Syowa Station, we have reestimated the six offsets with a total magnitude
exceeding 30 pGals in the original data. OQur analysis indicates that, compared
with the data corrected for offsets using daily medians, the SD is improved
using the step function in the fit by about 15 % (i.e. from +1.05 uGals to £0.91
pGals). Of course the ideal way to maintain the sensitivity and calibration
of gravity record is by carrying out regular comparison observations with an
absolute gravimeter at an accuracy of 1 uGals or better. In order to increase
the accuracy of analysis for the annual and Chandler components, it is desirable

to carry out such comparison observations twice a year at least.

8.5. Effect of SSH Variations on Gravity
In order to clarify the ocean effect on the gravity observations, the effect of
SSH variations was estimated and compared with the observations made at the

three sites. The computations were carried out based on the two kinds of SSH
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data. One is the POCM (Parallel Ocean Climate Model, Stammer et al., 1996).
Other one is the TOPEX/POSEIDON altineter data.

8.5.1. SSH and SST data

We used here a 3.2 year series of the POCM data which corresponds to the
TOPEX/POSEIDON (T/P) repeat cycles 2-119 (Qctober 17, 1992 to December
22, 1995). These data were provided by NPS (Naval Post Gracduate School of
USA). The POCM s a general circulation model for the ocean, and the data
used here are from the recent POCM _4B version (Stammer et al., 1996). This
model covers the ocean regions between 0° and +75° latitude. Although the
SSH data from the model are given on a grid with a nominal lateral resolution
of 1/4° in both latitude and longitude, we averaged the original data over 1°by
1° grid area. To estimate the steric effect in the SSH variations, we used the
SST data which were used to drive the POCM (Tokmakian, 1998). This data
was also provided by NPS.

For comparison, we carried out the computation with the T/P data which
were also provided by NPS. The data used here are ’ﬁltéred T/P data’ of 2° by
2° gird, which were smoothed by applying the spatial low-pass filter proposed by
Shapiro(1970) in order to reduce stationary small scale sea surface fAluctuations
mainly related to geoid errors. In addition to the steric effect, the altimeter
data are also affected by the sea surface pressure changes. The T/P data has
therefore been corrected for the pressure effect using the inverse barometer (IB)
hypothesis (Stammer, 1996). For the POCM data, it is not necessary to make
any preésure correction because the model has been run assuming the sea surface
free from static pressure changes. The sea surface may, however, be affected

indirectly by the pressure changes through the wind stress.
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8.5.2. Steric Coefficient and the Annual Field

The SSH variations include a signal which is due to the steric effect of the
thermal expansion of the water columi. This signal does not cause any signifi-
cant gravity changes. Thus we need to apply a steric correction to estimate the
gravity effect of the SSH variations. We estimated the steric coefficient «; ; as
a linear regression coefficient between the SSH and the SST by fitting following

equation by means of the least squares method:
ASSH(0;,Aj,t) = a; jASST(0;, A, ) (39),

where 0; and \; are co-latitude and longitude of each ocean grid; ¢ is time of
each data point; ASSH(#;,);,t) and ASST(6;,\},t) are the deviation parts
of SSH and SST on each grid, obtained by subtracting their mean values.
From the fit based on the POCM SSH data, we have obtained values for
;; within the range from -1.30 x1072 m/°C to 1.58 x107? m/°C. In order
to see the characteristics in the spatial distribution of the obtained «; ; val-
ues, we averaged them zonally over 10° wide belts across each ocean bhasin of
the Pacific, Atlantic and Indian oceans. The averaged values vary between -
0.06x1072 m/°C and 1.09x1072 m/°C. Low «; ; values (0.2x10~2 m/°C to
0.3x1072 m/°C) were found at high latitudes in botl the northern and southern
hemispheres. In low latitude regions within £20°, «; ; shows complex spatial
variations and the averaged value ranges from -0.06x10~2 m/°C to 1.09x10~2
m/°C. In mid latitudes, ocean regions where strong western currents such as
Kuroshio or the Gulf Stream flow also showed a complex spatial distribution of
; j, but its variation was smaller and distributed around a value of 0.6x1072
m/°C. For the mid latitudes, the southern hemisphere region of the Pacific
ocean showed relatively low mean «;; values (for example, 0.36x1072 m/°C

at 40°S), compared with those for the northern hemisphere region (for exam-
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ple, 0.81x1072 m/°C at 40°N), however, this tendency is not so clear in the
Atlantic ocean. A similar latitudinal dependency of the mean a; ; values men-
tioned above was obtained from the analysis using the T/P data except for the
high latitude in the northern hemisphere (i.e. a value of about 0.5x10~2 m/°C
for the T/P data). ‘

The value of steric coefficient clearly varies with the location but as an
approximation, we have evaluated an average coefficient a; ; over the central
regions of the Pacific and Atlantic oceans. We chose these regions for the fol-
lowing two reasons: (1) a reliable mean steric coeflicient could be evaluated from
the ocean regions where a high correlation between SST and SSH is observed,
and (2) we avoid possible disturbance due to the effect of strong ocean currents.
Consequently, we obtained a value of 0.60x10~2 m/°C from the POCM SSH
data, and 0.52x10~2 m/°C from the T/P data. In what follows we adopt a
value 0.60x1072 m/°C to correct for the steric effect in both the POCM and
T/P SSH data.

The EOFs (Empirical Orthogonal Functions) obtained by PCA (Principal
Component Analysis, Preisendorfer and Mobely, 1988) indicate that the annual
component is the dominant signal in both the SSH and SST variations. However,
these data did not show a simple annual sinusoidal variation in time. Instead,
they usually include an overtone of the annual period. Therefore, we evaluated
the annual fields of the SSH and SST by applying an analysis model which
consists of constant, linear, annual and semiannual terms, to each ocean grid.
By considering the semiannual component in the analysis, we expect to reduce

the estimation error of the annual component.

103



8.5.3. EOF of SSH Data

First, the EOFs were evaluated using the data for the steric heights estimated
from the SST data and the original POCM SSH data which were not corrected
for the steric effect in order to examine the characteristics in the timne-spatial
variations of these data. The obtained spatial patterns of the principal three
modes are given in Plates 1 and 2 for the SST data représehted with the term
of steric height and the original POCM SSH data, respectively. As is to be
expected, the most dominant signal in both the SST and SSH was the annual
changes, and this signal appears clearly and commonly in the first modes which
show a symmetrical spatial variation about the equator (see Plates 1a and 2a).
For the SST, the temporal variations in the second mode consist of mainly
two of the annual and semiannual components, however, the dominant signal
in the third mode is a long-termn behavior whose period is longer than 1 year.
Different from the SST, the dominant period of temporal variations in SSH is 1
year for both the second and third modes. The contributions of the first, second
and third modes to the total variations were estimated at 90.4 %, 2.9 % and
2.0 % for the SST and at 28.8 %, 17.9 % and 11.7 % for the SSH, respectively.
Different from the SST, the first mode of the SSH has not an overwhelming
large magnitude over the second and third modes. From these discrepancies
in both the magnitude in contributions and dominant periods between the two
data sets, the SSH variaﬁons are believed to be partially caused by the tllérm&l
effects, although it is evident that the effects of SST on the SSH are very large.

Next, based on the SSH data corrected for the steric effect, we re-evaluated
the EOFs. Plate 3 shows the spatial distribution of the EOFs computed using
the corrected POCM SSH data. From the top, the three principal components of
the first, second and third modes are displayed. Among the features observed in
the corrected EQFs compared with those shown in Plate 2, the notable points

are: (1) in the first mode (Plate 3a), the strong symmetrical spatial pattern
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about the equator is moderated especially in the Pacific and Atlantic oceans,
(2) in the second mode (Plate 3b), a symmetrical oscillation about the equator
which is localized in the tropical regions is observed, and (3) in the third mode
(Plate 3c), the ENSO (El Nino Southern Oscillation) like oscillation clearly
appears. For the temporal variations, the periodic signal of 1 year is still a
dominant signal of both the first and second modes. However, it is notable that
a long-period trend of a bow like shape, which has a positive peak at about 600
days from September 28, 1992 (i.e. at around the mid of May, 1994), is the
most dominant signal in the third mode, instead the 1 year period.

From the features mnentioned above, we believe our steric correction works

well to reduce the thermal steric effect including the SSH.

8.5.4. Calculation of The Gravity Effect

The gravity change due Vt.o the effect of SSH variations (i.e. each effect of
attraction and loading) can be evaluated by convolving SSH data with a gravity
Green’s function over the whole ocean area. This computation has been carried
out using a modified version of the computer program ‘GOTIC’. In order to
improve the accuracy of the topographic digital global maps, the 2nd order
méps prepared for the original version of GOTIC were replaced with the 5'x5’
'ETOPOS’ digital map (National Geophysical Data Center, 1988).

For modeling of SSH variations, it is very difficult to realize the condition for
a conservation of the ocean mass rigorously because to do so we need to take into
account all of the hydrologic cycle over the oceans such as density profiles and
temperature variation in the water columnn, for example. Therefore, instead of
mass conservation, POCM is constrained so that the total volume of the oceans
is conserved (Tokumakian, 1998). Following this procedure, we forced both
the data of POCM and T/P to conserve their volumes by adjusting the mean

SSH height over all ocean grids. Thus we estimated an ocean height which is
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obtained by averaging the SSH data of each day over the whole ocean grids, and
subtracted it uniformly from the SSH data of enéh gric. Because the original
POCM fields have been already conserved their volume, the volume adjustment
may be needed not to do any more. But, since the steric field does not conserve
its volume, we applied the correction for unconserved volume to the POCM
data, too. Different from the case of the modeling of ocean tides, the magnitude
of the correction value can vary every day. Last, the value of 1.025x1073 kg/m?®

was adopted for sea water density throughout the whole ocean.

8.6. Results and Discussions
8.6.1. Spatial Distribution of Steric Coefficient and Axmua.l SSH
Variations

Figure 23 compares the latitudinal variations in the annual amplitude of the
POCM SSH and SST averaged over latitude belts of 1° width. From Fig. 23,
we can see some of the characteristics in the spatial distribution of «; j described
in the section 8.6.2. Thus, this figure clearly shows the low coherence in the low
latitude zones and the high coherence in the mid latitude zones. Moreover, it
suggests that the high SSH amplitude in the region around 10°N to 20°N may
not be due to the effect of SST, because the annual amplitude of SST at there
is very small compared with other latitude zones.

Plate 4 shows the spatial distributions of the annual amplitude and annual
phase evaluated from the POCM SSH data. Three kinds of the amplitude and
phase fields are displayed in Plate 4. From the top, they are for the original SSH,
the steric component and the SSH corrected for the steric effect, respectively.
The amplitude and phase fields are displayed in Plates 4a, 4c¢ and 4e and in
Plates 2b and 2d, 2f, respectively.

From the comparison of the amplitude field shown in Plate 2a with that in

Plates 2e, it is clear that the large high amplitude zone in the central parts
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of both the Pacific and Atlantic oceans in the northern liemisphere (i.e. the
area roughly spanning 20°N to 50°N and 150°E tol95°E ) is significantly re-
duced by correcting for the steric effect. We also observe a siniilar tendency in
the southern hemisphere mid latitude regions in both the Pacific and Atlantic
oceans, although the degree of changes is small compared with the northern
hemisphere. In contrast to this, amplitude changes from the steric correction
are not clear in either the Indian ocean or low latitude regions of the Pacific and
Atlantic oceans. This is a result of the low coherency between SSH and SST in
these regions, as seen in Fig. 23. Plate 4c¢ and de also indicate that the SST
is not the dominant source of the annual SSH change there.

From the comparison between the uncorrected SSH amplitude (Plate 4a)
and the corrected one (Plate 4e), it is apparent that the large extent of high am-
plitude regions accompanying the two western boundary currents (i.e. Kuroshio
and Gulf Stream) is substantially reduced by correcting for the steric effect.
However, the steric correction is not so effective on the circumpolar current in
the southern high latitude ocean region. On the other hand, we observe an effect
of over-correction in the north high latitude regions. As described in the section
3.2, in the north high latitude regions, we have obtained a small mean value
for steric coefficient (i.e. about 0.25x1072 m/°C) compared with 0.60x10~2
m/°C used here for the correction. The mean amplitude of annual SST changes
in that latitude zone is not so small (see Fig. 23). This effect is also observed at
the northern part of Bering sea or that of Sea of Okhotsk (i.e. a high amplitude
region in this case), for example.

Stammar(1997) presents images similar to Plate 4, which have been ob-
tained from the 3-year T/P data from repeat cycles 7 through 116 (see Plate
6 of his paper). The steric field shown by him, which was computed by inte-
grating the sea surface heat fluxes in time, is more rigorous than that obtained

here from only the simple temporal correlation between the SSH and SST fields.
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However, the two SSH fields corrected for the steric effect show very similar spa-
cial variations in amplitude. This may be important for practical application
to gravity observations when only the SST data are available for the steric cor-
rection. For the phase, it is not easy to visibly inspect the difference between
Stammer’s figures and owrs due to the difference in the analysis epoch used.
But two computation results by him and us give also similar features in the
steric fields. Recently, Leuliette and Wahr (1999) have investigated the time-
space coherence between the T/P SSH fields and the SST fields prepared by
NCEP (National Centers for Environmental Prediction of USA) by means of a
modified EOF analysis called ‘coupled mode analysis’ (Bret.l'lert.o‘n et al., 1992),
and found that the Indian ocean basin as well as basins at low latitudes have a
distinctly different character in the correlation between SSH and SST compared
with that in the Pacific and Atlantic basins described above (see their Fig. 4

and Table 2).

8.6.2. Computation of the Annual Gravity Changes

Plate 5 shows comparison between the variabilities of the annual grav-
ity changes on land, which were respectively estimated from the POCM SSH
data uncorrected (Plate 5a) and corrected (Plate 5b) for the steric effect.
0.60x10~2 m/°C was used for the correction. The data are averaged with the
grid system of 5°x5°. We can see in Plate 5a that, in the places close to the
oceans, the annual amplitude exceeds the magnitude of 1 pGals and reaches to
1.5 pGals, however, at the most of inland places, it is less than 0.5 pGals in
magnitude. While, Plate 5b indicates that most of the high amplitude areas
(i.e. at where the variance is larger than 1.5 pGals) are removed by correcting
for the steric effect. From Plate 5b, it is concluded that, except for the coastal
or island observation sites, the gravity effect induced by the annual SSH changes

is less than 0.5 pGals in amplitude at most inland sites in the world.
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Figure 24 shows the comparison between the observed and predicted annual
components at the three observation sites, Esashi, Canberra and Syowa Station,
respectively. This kind of plot is frequently called ’ phasor plot’ in the tidal
study. The horizontal and vertical axes show the cosine-term and sine term,
respectively. Thus, the amplitude is represented by the length of vector and
the phase angle as its angle measured from the cosine axis, counter clockwise
for a lag. The phases of all vectors shown in this figure are referred to the
epoch at 00 h UTC of January 1, 2000. Four effects, the solid tide, ocean tide,
polar motion and SSH were used here to estimate the predicted vectors. In Fig.
24, the solid tide vectors for the Sa wave were evaluated using Tamura’s tidal
potential (Tamura, 1987) assuming values of 1.155 and 0.0° as nominal values
of the gravity tidal factor and phase lag for the long-period tides, respectively.
The ocean tide vectors were evaluated from the global ocean tide model for the
Sa wave which was computed by Takanezawa (1998) based on integrating the
hydrodynamic equation without assimilating any observed data. The vectors
of the annual polar motion effect were evaluated by equation (1) using the
amplitude and phase of the annual polar motion effects which were obtained
from the IERS EOP data for the 16 year period from 1983 to 1998. A value of
1.155 was also assumed as an amplitude factor. The SSH -vectors inferred from
the POCM SSH data are illustrated in Fig. 24. Three vectors are shown in the
figure, differing in the magnitude of steric coefficient used for the correction.

As seen in Fig. 24, the effects of both the solid and ocean tides on the Sa
wave are very small at Esashi and Canberra located in mid latitudes, but the
effect of solid tide is not so small at Syowa Station. The amplitudes at Esashi,

Canberra and Syowa Station are 0.109, 0.000 and 0.926 pGals for the solid tide

-and 0.002, 0.003 and 0.070 pGals for the ocean tide, respectively. In contrast

to this, the magnitude of the annual polar motion effect is up to 1.73 uGals

at Canberra. Fig. 24 also shows that the SSH variations cannot be ignored
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if gravity observations are made at an accuracy of better than 1 pGal, though
the effects of solid tide and polar motion are the dominant part, . As clearly
seen in the case of Esashi, an important point for the SSH eftfect is that its
estimation is strongly affected by the magnitude of the steric coefficient used
in the computation. As a test, we have compared here three cases respectively
used three values for the steric coefficient, i.e. the three of 0.0x10~2 m/°C,
0.60x1072 m/°C and 1.0x1072 mn/°C. The first case corresponds to no steric
effect (the yellow vectors), the second is the preferred value estimated from the
POCM SSH and SST data above (the blue vectors), and the last is a test value
for comparison (the pink vectors).

Among the three sites, the SSH vectors of Esashi have the largest amplitude
and show a large difference in both the amplitude and phase by different values
of the steric coefficient. The amplitude of SSH variations is large around Japan
(see Plate 4a and 4e) and the distance from the sea at Esashi relatively small
(about 40 km). These factors may contribute to the large amplitude there.
Adding to this is the complex spatial distribution of annual phase in the ocean
region around Japan mainly caused by such strong ocean current as Kuroshio
(see Plate 4b and 4f). This may also contribute to the difference among the
estimated SSH vectors because, due to the nature of both the Green’s functions
for the attraction and loading, the gravity effect from each ocean mesh is not
simply proportional to its loading distance. The observation at Canberra in mid
latitude also indicates the similar results with those for Esashi. For Syowa Sta-
tion, however, it is more difficult to judge which steric coefficient of 0.60x 102
m/°C or 1.0x1072 m/°C is favored by the observation. At least, we can say
that the SSH vector estimated by ignoring the steric effect shows the largest
discrepancy in the phase. For this site, we must note that (1) the observation
is affected by the maintenance works made at a frequency of about twice a year

as described in the sections 4.4 and 5.1, (2) the observation site is very close to
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sea (i.e. within 0.5 km) and (3) the value of 0.60x10~2 m/°C that was deter-
mined for the seas in mid latitude may be not suitable for the steric coefficient
of the sea around Syowa Station, which is in high latitude. Related with (2)
and (3), the ETOPOS digital map used here and the SSH data in high latitude
may be not enough to estimate the effect at Sybwa Station accurately. Further
investigation is needed for this site.

For comparison, we have also evaluated a phasor plot similar to Fig. 24
using SSH vectors derived from the T/P data, and it is shown in Fig. 25.
Because the Syowa Station is located at 69°S latitude, beyond the £66° limit
of the T/P data, we extrapolated SSH variations for a few degrees into the area
around Syowa Station from the nearby oceans by means of a spline mmethod. The
results from the T/P data indicate a very similar dependence on the magnitude
of the steric coefficients used in the computation. At Esashi, for example, both
the amplitude and phase of the SSH vector obtained using 0.60x1072 m/°C
are intermediate in magnitude between those obtained using 0.0x10~2 m/°C
and 1.0x1072 mn/°C. However, compared with the vectors estimated from the
POCM data, the amplitudes estimated from the T/P data are systematically
small by about 10 % to'40% and the phases also show a systematic difference
of about 20° in the sense of advance. It is noting that Canberra in mid latitude
also indicates the similar tendency as seen in Esashi. We suspect that these
differences may be mainly due to the coarseness in spatial resolution of the T/P
which was averaged over 2° by 2° grid cells. In general, the ocean region up to
30° to 40° distant has the dominant effect on a gravity observation at a site near
the oceans (approximately 80 % to 90 % of the total oceanic effect). Of cause,
this percent is changed by several factors as described above. For example, in
the case of the gravity effect of the M2 ocean tide on the Esashi observation,
it is known that the loading in the ocean region less than 20° supplies the

contribution more than 80 % (Sato and Hanada, 1984). Therefore, an SSH field
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with a spatial resolution of 1° by 1° or better may be necessary to explain the
observed SSH effect to an accuracy at 0.1 uGals level for some observation sites
near the seas. .
Although there exist some systematic differences between the estimations
from the POCM and those from the T/P and Syowa Station is affected by the
local problems, Fig. 24 and 25 show that the agreement between the observation
and prediction is excellent for the mid latitude sites. The present results indicate
that we can reproduce the observed annual gravity changes at the accuracy
of the order of 0.1 uGals. It is worth noting that the observations favor a
steric coefficient of 0.60x10~2 m/°C. This means that the gravity observations
made in the mid latitudes support the steric coefficient which was independently
estimated from the SSH and SST data in the mid latitude ocean regions. We
~ will discuss the observational errors for the annual component from the point

of view of the correlation among the model parameters in the section 8.7.5.

8.6.3. Effect of Correction for Ocean Volume

As described in the section 6.7.3, we have applied the correction for the
ocean volume to the SSH data in order to avoid a possible computation error
which is caused by the unconserved ocean volume (i.e. correction for volume
conservation). Importances of this correction are: (1) for most observation sites
on land, the correction gives a similar effect in magnitude, and (2) the magnitude
of the correction is not so much small compared with that of estimated gravity
effect, (3) this correction makes a systematic error in both the estimations of
amplitude and phase. For exé.mple, for (1), the variation of 1x107% m in an
uniform ocean heiglit (i.e. here the thickness of the unconserved sheet mass to be
subtracted from the SSH data) makes an estimation error of 0.052 uGals, 0.045
#Gals and 0.045 uGals at Esashi, Canberra and Syowa Station, respectively.

As an example at a mid continent, we also computed the effect at 45°N and
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90°E (i.e. near the west end of the Altai Mountains in Mongolia), and 6l)tailled
a value of 0.027 pGals. In our case using the SST data for the 3.2 years, the
range of the temporal variations of the unconserved steric height is about 2
x10~3 m in peak-to-peak magnitude. This makes an error of about 0.1 uGals
in our gravity estimation using the POCM SSH data, if the volume correction
has been ignored. As seen in Fig. 24 or 25, the amplitude of the most favorable
annual SSH vector at Esashi is about 0.4 pGals in magnitude, and the error of
0.1 pGals corresponds to 24 % of the estimated annual amplitude. It is sure
that all of this magnitude does not straightly reflect to the estimated annual
amplitude but it is also evident that treatment of the ocean volume gives a
significant effect.

Compared Fig. 25 with Fig. 24, the annual SSH vectors evaluated from
the T/P data show the systematic differences with those from the POCM data
in both the amplitude and phase. We have discussed some possibilities of this
difference in the previous section. In addition to these, there is a possibility that
the atmospheric pressure correction applied to the T/P data assuming the IB
hypothesis may be also an error source. Because the error in the estimation of
the spatial mean pressure over the ocean has the similar effect with the correc-
tion for ocean volume and this kind of correction is one of the candidates which
can make a comunon error on the estiinations at the three observation sites con-
sidered here. The changes in the mean pressure themselves do not affect on the
pressure response of the actual ocean as a consequence of volume conservation in
the ocean (Wunsh and Stamimer, 1997), however, the error of the mean pressure
load applied to the T/P data does contribute to our gravity estimation. It is
known that the spatial mean over the ocean has a dominant periodic component

-of 1 year and of about 1.2 hPa in amplitude, but the accuracy of the estimated
amplitude is not known well (Wunsh and Stamuner, 1997). According to their

estimation, the standard deviation of the curve of the mean pressure changes
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is about 0.54 hPa in magnitude. The error of 0.54 hPa (i.e. 5.4x1073 m in
height change of the ocean) corresponds to an estimation error of about 0.26
pGals at Esashi at the most. Further study inclusive of the problem on voluine
conservation is needed in order to clear the meanings of the difference between

the two SSH data shown here.

8.6.4. Statistic Error for the Observed Annual Component

The formal errors (i.e. internal error) of the annual components listed in
Table 13 are the 1-0 error estimated from the standard deviation (SD) of the
residuals after fitting the data to equation (2). However, the magnitude of the
errors, which were derived from a linearized least squares fit, may be somewhat
optimistic from the point of view of the correlation among the unknown param-
eters. As seen in Fig. 24, the observed annual vectors favor the SSH vectors
computed using a steric coefficient of 0.60x1072 m/°C. In order to verify this
statement, we examined the confidence interval of the observed annual vectors
based on Monte Carlo simulation. Since the effect of SSH variations at the
Esashi site is largest among the three sites, we describe here the results for
Esashi.

As a test, we generated the 1000 hypothetical data sets by adding Gaussian
random errors to each data point of a mgdel time series which was computed
using the optimum parameter values and equation (2). The variance of the
added noise is the same as that observed at Esashi and the data length of each
'hypothetical data set is the same as that of the observed data. However, in the
simulation we did not include the step-like changes (offsets) sometimes seen in
the actual data. The correlation matrix indicates that the annual component
shows a relatively high correlation (i.e. 30 % to 50 %) with the Chandler
component and some of the offsets. Moreover, the correlation between the

cosine-term and the amplitude factor of the Chandler component (i.e. b3 and

114




by in equation (2)) is higher than that with the time delay (i.e. bg). These are
considered to be due to the interference problem between the two components of
the annual and Chandler. We, therefore, estimated here the confidence interval
of the annual amplitude from the distribution in the two dimensional parameter
space bs — b7. For the same reason, the confidence interval of the phase was
estimated from the distribution in by — bg space (i.e. the sine term of annual
component and the time lag of Chandler component). Figure 26 shows the
correlation in the by — bg space (top) and that in the by — by space (bottom).
In this figure, the mean value of each parameter (i.e. expected value used in
the simulation) is subtracted in this figure. The simulation suggests that, at
the 90 % confidence level, the confidence intervals of by and b, are at +0.21
pGals and +0.14 pGals, respectively. Using these values, we obtain a range
of 1.09 pGals to 1.52 uGals and -9.7° to 4.9° for the observed amplitude (1.30
#Gals) and phase (-2.1°), respectively. Comparing these confidence intervals
with the difference between the observed vector and the three predicted vectors
in Fig. 24, we see that, even with the correlation of the parameters taken into
account, our observation still prefers the SSH vector estimated from the steric
coefficient of around 0.60x10~2 m/°C rather than other two values, when we
use the POCM SSH data for the estimation.

Leuliette and Wahr (1999) considered the coupled coefficients of the principal
first mode for the seasonal SSH and SST variations in the Pacific and Atlantic
basins. Based on the T/P SSH data and NCEP SST data of about 5 years
in length, they obtained values of 0.79x10~2 m/°C and 0.94x10~2 m/°C for
Pacific and Atlantic, respectively (see their Table 2). The values of 0.60x10~2
m/°C or 0.52x1072 m/°C, which are estimated here from the POCM and from
the T/P respectively, are about 40 % lower than their values. It is not easy
to identify the reasons for the difference in the magnitude of steric coefficient

between the two estimations, since there are great differences in the analysis
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method and data length used in each study. Moreover there is a difference
in the exact sea regions which are used in each computation.- However, the
difference may be significant. Our value is clearly preferred by the actual gravity
observations, especially by those made at the mid latitude sites, but the SSH
vectors estimated from the T/P data are systematically small compared with
those estimated from the POCM data. Therefore, the different values for the
steric coefficient may point to a way of improving our knowledge of the effect of
SSH variations on gravity by further studying the relation.among the gravity,
POCM and T/P data. On the other hand, in order to clear the differences
between the estimations from the POCM and T/P, it is also needed to analyze
the data obtained at other SG sites and to compare with the results obtained

here.

' 8.6.5. Effect of the Sea Ice

As an error source in the estimation of the ocean tide effect on the SG
observation at Syowa Station, which is not experienced in the observation made
at the mid latitudes, we may point out the effect of the sea ice. Lutzo Holmn Bay
surrounding Ongul Islands is covered with sea ice year-round. The thickness of
the sea ice reaches to about 2 m at maximum. We included the observed ocean
tides at Syowa Station with the ocean bottom pressure gage (OBPG) in order to
improve the accuracy of the correction for the ocean tides. Sato et al. (1995b)
examine the effect of sea ice on the tides measured with OBPG.

According to the observation by Sato et al.(1995Dh), there is a clear seasonal
variation in the amplitude ratio between the variations in the sea ice height and
the pressure changes observed with BPG. They suspect the seasonal variation
in the sea water density around BPG (or in the bay), because the hardness of
the sea ice and its thickness becomes significantly weak and thin in the summer

season. We suspect that the state of sea ice might affect on the hydrodynamics
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in the sea of Lutzo Holm Bay through the changes in the surface friction to the
tidal current as a boundary condition. This problem is still opened to study,
but it is needed further study for this sea ice effect on the ocean tide, especially
on the seasonal variation of the SSH at around Ongul Island. Recently, Aoki
(2000, personal communication) carried out the measurement of the vertical
motion of sea ice at the similar position where Sato et al. (1995h) done with
a GPS (Global Positioning System) receiver, and obtained a result that the
actual changes in the sea water density including the sea ice affect on the tidal

amplitude observed by the BPG.
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Fig. 17. Polar motion effect at Syowa Station. top: time variation in gravity
changes for the period of about 17 years from January, 1983 to May, 1999.
The computation was carried out using EOPCO04 data of IERS by assuming
the &-factor of 1.155 as a nominal value. bottom: amplitude spectrum esti-
mated from data shown in the above.
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Fig. 18. Changes of standard deviations against to the Chandler period
assumed in the analysis. The EOP data for the period from 1993 to 1999
were used for the analysis. This graph shows that the standard deviations
take its minimum value at around the period of 435 days as expected.
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Fig. 19. Temporal variation in the polar motion effect at Syowa Station. From the
top: A: Chandler-period, B: amplitude of the Candler component; C: its phase; D:
amplitude of the annual component; E: its phase; F: standard deviation of the re-
siduals. These figures are obtained from the anlaysis using the 38-years IERS

polar motion data by successively shifting the analysis epoch by 1 year. The data

span is 6 years in length for each analysis.
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Plate 1. EOFs (Empirical Orthogonal Functions) of the SST data.
This figure draws the SST variations converted to the thermal
steric variations which were computed using the constant
coefficient of 0.60E-2 m/degree, therefore, the color scale is given
in unit of meter. From the top, the first, second and third modes of
the principal components are displayed in Plate 1a, Plate 1b and

Plate 1c, respectively.
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effect of SSH variations evaluated using the steric coefficients of 0.0E10-2 m/deg, 0.60E-2 m/deg and 1.0E-2 m/deg,
respectively.
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Chapter 9.
Conclusions

In Chapters 6 and 7, we estimated the effect of the ocean tides on both
the short-period and long-period gravity tides, mainly, based on the SG data
obtained at Syowa Station. Further, in Chapter 8, we evaluated the effect of the
ocean surface height variability at the period of one year and compared it with
the SG observations made at the three sites of GGP-Japan Network including
Syowa Station. One of the objectives of Chapter 8 is examining reliability of
the SG observations as a measure to study the earth’s responses at the period
much longer than those treated in the previous chapters. From this point of
view, it is clearly shown from our results that the SG observations provide a
basis to study the earth’s response to the polar inotion as a long-period gravity

change.

The results for the present studies are summarized as follows.
(1) On the short-period gravity tides at Syowa Station:

Based on the SG data, we obtained the values of 1.144, 1.127, 1.157 and
1.111 as the é-factors for the four short-period tidal waves of O, Ky, My and
Sa, respectively, where the ocean tidal effects were corrected by means of the
MAT ocean tide model (Matsumoto et al., 1995) and also in taking account of
the detailed digital topographic maps in the computation. It was made :clear
that, when the computations are made without using the finier third- and fourth-
order meshes, the estimated ocean tide effects likely to be underestimated by
30-50 %. Further, éompared with the ocean tide effects estimated from the MAT
model, those estimated from the SCH model (Schwiderski, 1987) are systemat-
ically small by about 10% for any of the four waves considered here. However,

the observed amplitudes themselves obtained from three different observation
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periods, namely, Ogawa et al. (1991), Kanao and Sato(1995) and by the present
study, are consistent each other within the discrepancy of 1.8 % for all of the
four waves. Moreover, the observations corrected for the ocean tide effects by
using the MAT model are more consistent with the theoretical §-factors pre-
dicted at the latitude of Syowa Station. From these results, it can be concluded
that the discrepancy between the observation and theory, which exceeds 10 %
in the semidiurnal §-factors as pointed out by Ogawa et al. (1991), is mainly
caused by their inadequate estimation of the ocean tide effects.

It is also concluded that the MAT model is more consistent with the obser-
vation than the SCH, because the discrepancy between the observation and the
theory is remarkably reduced by correcting for the ocean tide effects with the
MAT model when compared with the SCH model. Further, it is indicated that
the Waln’s (1981) theory explains more consistently the observation at Syowa
Station than the Dehant’s (1987) theory. This is an in’lport:ant result obtained
in the present paper, although there still remains a problem on the uncertainty
in calibrating the scalar factor of the SG. In order to draw 11'1()1'é affirnative con-
clusion concerning latitude dependency of the é-factor, and more comparison is
required between the results obtained at Syowa Station and those obtained at
other SG sites distributed worldwide.

A point of ambiguity in confirming the latitude dependency of é-factors is
the discrepancy of the observed semidiurnal é-factors between My and S» tides.
A possil;le cause is inadequacy of the ocean tide correction applied i this paper.
Quite recently, the MAT model was revised using the TOPEX/POSEIDON
altimeter data covering much longer period than that used in 1995 (Matsumoto,
2000, private communication). It may be worth while to reestimate the 8-
factors using the newly revised MAT model in order to identify the origin of the

difference in the semidiurnal §-factors.
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(2) On the long-period gravity tides at Syowa Station:

Using the 2-year SG data, we obtained the amplitudes and phase lags of
11.64240.035 pGal and —-0.12°40.17° for the Mf wave, and 6.14340.030 pGal
and 0.33°40.54° for the Mm wave, respectively. By means of the existing five
global ocean tide models, we estimated the ocean tide effects as the connection
of the observed long-period gravity tides. Then the corrected é- factors were
compared with two theoretical values which are predicted using the elastic earth
model and the anelastic one, respectively.

Due mainly to the differences of the five ocean tide models, the corrected é-
factors vary within the ranges of 1.157 to 1.169 and 1.163 to 1.169 for the Mf and
Mm waves, respectively. The mean of the five ocean models were 1.162+0.023
for the Mf wave and 1.165+0.014 for the Mm wave. Although the errors of our
6- factors are still large, it is noted that both Mf and Mm é- factors indicate
slightly larger values than those expected from the theory of the elastic tides. In
order to give a more reliable constraint with respect to the mantle anelasticity
from our observation, it is needed to improve the accuracy of calibration of the
gravimeter, as well as the ocean tide models, as in the case of the short-period

tides.

(3) On the gravity effects due to the sea surface height variations:

Finally, we evaluated the effect of Sea Surface Height (SSH) variations on
the observed gravity changes, mainly focusing on the annual variation. On these
purposes, we first estimated the spatial distribution of the gravity response to
SSH variations by using SSH data corrected for the stéric effect. The steric
coefficient employed is 0.60 x10~2 m/°C, which were obtained by averaging
the steric coefficients over the central parts of the Pacific and Atlantic oceans.
The estimated gravity changes have an amplitude of more than 1 ¢Gal in some

coastal areas.
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Then the observed annual gravity changes at the three SG sites were com-
pared with the predicted gravity changes evaluated by taking account of the
effects of solid tides, ocean tides, polar motion and SSH variations. It was sug-
gested that, at all three sites, more than 80 % of the annual gravity changes
can be explained by the sum of these four effects. The present comparison also
suggests that the effect of SSH variations composes an important parts of the
observed annual changes, and further the gravity observation supports the steric
coefficient around 0.60x10~2 m/°C, which was obtained independently by the
relation between the SSH and the SST (Sea Surface Temperature).

After careful applying these corrections, we could successfully reproduce
the observed annual gravity changes at an accuracy of 0.1 uGals. This also
indicates that there is a possibility to study the excitation and dumping of the
Chandler motion by using gravity data covering an enough span to separate the
Chandler and the annual components. The present results also suggest that the
annual SSH variation is one of the major origin making a large phase difference
between the observed gravity changes and those predicted from the IERS data.
In dealing with the polar motion effect in the long-period gravity changes, it
is important to carefully maintain the zero point of the SG record, as well as
accurately estimate the data offsets. In order to reduce ambiguity due to the
data offsets, it is desirable to maintain the SGs by comparison with an absolute

gravimeter at least twice a year.

135



Chapter 10.
Concluding Remarks

The resulté of this paper clearly indicate that the SGs could precisely detect
the ocean signals related to various phenomena covering the wide periodic ranges
up-to one year. Further it was confirmed that we can recover the observed
gravity changes at the accuracy of better than 1 pGal based on recent our
kndwledge of the solid tides, ocean tides, polar motion and SSH variations.

Regarding the effect of the SSH variations at other frequency bands which
were not discussed in this paper, gravity changes induced by the ENSO-like
oscillation in the oceans (Plate 3c¢) are of further interest. The convolution re-
sults using the corrected SSH data suggest existence of a seesaw-like oscillation
of the gravity changes in the Pacific ocean. Our analysis also suggests that the
ENSO-like ocean oscillations produce an effect of 2 to 3 uGals in peak-to-peak
amplitude at an observation point in the equatorial region of the Pacific ocean.
Although some of the SSH variations are considered to be contaminated by vari-
ations due to baroclinic currents which should cause no gravity changes, these
seesaw-like gravity changes are consider to be detectable by careful observations
with a superconducting gravimeter network, such as GGP and GGP-Japan net-
work. Further, GRACE (Gravity Recovery and Climate Experiment) scheduled
for lunch in 2001 under the joiut project of USA and Germany) will provide us
with more detailed data. Thus , combination of the gravity data, the satellite
altimeter data and the ocean bottom pressure gauge data will produce accurate
steric information. it would be emphasized again that gravity observations can
possibly be used to constrain the amount of mass changes in the oceans, which
is deeply related to the problems ou the excitation and damping of the polar
motion.

For the short-period tides, one of the important targets of the SG obser-
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vations at Syowa Station is to determine the parameters of free core resnance
(FCR) by stacking with the data obtained at other worldwide SG sites. On this
standing point, as described in Chapter 6, the SG data of Syowa Station are
sufficiently accurate for this purpose. However, in order to use the data fully,
we still need to improve the estimation accuracy of the ocean tide effects. For-
tunately, it is obvious that, by using the high accurate altimeter data such as
produced by TOPEX/POSEIDON altimeter, the modeling for the short-period
ocean tides has been remarkably improved. Use of the improved ocean tide
. models and comparison with the obtained convolution results should revise our
knowledge of the FCR parameters previously obtained by Sato et al. (1994)
based on the SG data at the three sites in Japan.

However, as regards the observation at Syowa Station which is located at
high latitude place where the TOPEX/POSEIDON altimeter does not cover,
it is indispensable to improve the ocean tide model by comparing the actual
gravity observations with the predicted ocean tide effects. In implementing the
ocean tide model around Syowa Station, effects of the sea ice on the tide should
be carefully evaluated.

In this paper, we mainly examined the gravity changes whose periodicity
is known. We believe that detecting and interpreting the periodic phenomena
provide us with a base to clarify any other gravity changes whose temporal
nature is still not clearly understood. From this viewpoint, we could say that
the SG at Syowa Station is certainly detecting the gravity changes dué to any of
the short-period tides, the long-period tides and the long-period SSH variations
within an accuracy better than 1 pGal. Further, the drift of the SG at Syowa
Station shows seems to a tendency of decreasing with time. Therefore, it is
highly possible to observe non-tidal gravity changes accompanying with such
crustal motion as related to the motion of the glaciers around Syowa Station,

for instance.
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