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1. Introduction

During the period 1999-2002, several major international symposia related to geodesy were held
in Japan, e.g. International workshop on GEodetic Measurements by the collocation of Space
Techniques ON Earth (GEMSTONE) at Tokyo in 1999, the 1999 Global Positioning System (GPS)
International Workshop (GPS'99) at Tsukuba, the 2000 Earth Tide Symposium (ETS2000) at
Mizusawa, and the 2002 International Very Long Baseline Interferometry (VLBI) Service General
Meeting (IVS2002) at Tsukuba. They were attended by many researchers both from Japan and
overseas, and papers presented there are summarized in specia issues of journals[1, 2, 3,4]. The
National Council of Geodesy has sent officia delegates to general meetings of International
Association of Geodesy (IAG), held in Birmingham in 1999 and in Budapest in 2001. In addition
to international activities, the Geodetic Society of Japan (GSJ) has two general meetings every year
and atutorial school for young geodesists every summer. GSJ awards an eminent young geodesi st
with the Tsuboi Prize once a year, and during 1999-2002 they were given to Drs. Yuki Kuroishi
(Geographical Survey Inst.,, GSl), Masato Furuya (Earthquake Res. Inst.), MikioTobita
(Geographical Survey Inst.) and Xu Peiliang (Disaster Prevention Inst., Kyoto University). The
Group Tsuboi Prize started in 2001, and has been given to the BAYTAP-G development group
(represented by Dr. Yoshiaki Tamura, National Astr. Obs., NAO), and the VLBI research and
development group of the Communications Research Laboratory (CRL, represented by Dr. T.
Kondo).

Severa new facilities were established in this period; the number of receiving stations of the
nationwide continuous GPS network GEONET, run by GSl, exceeded one thousand in 2002 and
attained the original goal of nationwide dense deployment. An independent GPS network has also
been run by Japan Coast Guard (JCG). The GEONET data became available to researchers on line
at the GSI's web page (www.gsi.go.jp). The Keystone stations of CRL, space geodetic network
composed of four stations in the Tokyo metropolitan area equipped with VLBI, SLR and GPS,
ceased observations in 2001. It produced valuable data of crustal deformation since 1993 and
provided ideal situations for inter-technique collocation studies. NAO built a new VLBI network
VERA (VLBI Exploration of Radio Astrometry), composed of four domestic 20 m radio tel escopes.
This network is dedicated to radio astrometry using differential VLBI (AVLBI) technique. It will
be also used as the ground stations to track the SELENE (Selenological and Engineering Explorer)
lunar orbiter with AVLBI.

Apart from such government-lead activities, university researchers have been performing field
observations of crustal deformation with extra-dense campaign type deployment of GPS stations.
Areas studied in such activities include the Median Tectonic Line, the foca region of the 2000

Tottori earthquake, the area of the Izu and Tokai area where a sequence of the volcanic eruption,
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dyke intrusion and a silent earthquake has been continuing since 2000, and those around major
active faults e.g. the Atotsugawa Fault, the Hanaore Fault, etc.. Continuous observations by the
worldwide deployed superconducting gravimeters (SG) have been performed under internationa
cooperation of the Global Geodynamics Project (GGP), in which Japanese participants maintain SG
at Canberra (Australia), Svalvard (Norway), Syowa (Antarctica), Bandung (Indonesia), in addition to
domestic points. Absolute gravimeters (AG) have been used to calibrate such SG, and have been
deployed in fields to detect subtle gravity changes associated with earthquakes and volcanic
eruptions.

Research and development studies of seafloor positioning using GPS/acoustic techniques have
been actively performed by university groups and JCG. A new project has been launched in 2002
by a multi-agency group in order to realize a new-generation satellite gravity mission based on
low-low satellite-to-satellite laser interferometry. Development of on-board instruments for the
coming lunar exploration mission SELENE, such as laser atimeter, relay satellite to enable direct
measurement of the lunar farside gravity fields by high-low satellite-to-satellite tracking, on-board
radio transmitter for earth-based AVLBI tracking, has been done mainly by NAO toward the launch
of SELENE in 2005 summer.

Events that occurred 1999-2002 in Japan contributed great deal to our knowledge on various
crustal deformation phenomena. They include the 1996/2002 silent earthquakes at the Boso
Peninsula, the 2000 summer sequence of the eruption of the Miyake Island, the intrusion of the
submarine dyke connecting Miyake and the Kozu Island, followed by the Tokai silent earthquake
that still continues now, the 2000 Tottori earthquake and its small afterdlip, the 2001 Geiyo
earthquake, and many others. Secular crustal movement studies in the Japanese Islands have
revealed the existence of a zone of concentrated strain running from Niigata to Kobe. Secular
vertical crustal movements have become accurate enough to be used for inversion studies of
interplate coupling at trenches together with interseismic horizontal crustal movements. Seasonal
components often found in GPS time series have been studied, and the large part was found to be

driven by seasonally changing surface loads such as snow.
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2. Positioning

2-1.Single technique

Space geodetic techniques have been applied to determine the precise position of the stations. The
activities are reviewed (Fukuzaki, 2001; Shiba, 2000; Takashima, 2000). To update the geodetic
network in Japan, the method was investigated by Sugihara (1999) and Takahashi (1999). Aiba et
a. (2002) used the GPS observations to monitor the Philippine Sea plate motion and Matsuzaka
(1999) analysed the GPS observations to establish a reference datum in the Asia-Pacific region. An
experimental real time positioning system using virtual reference station method.was created by
Tsuzuku (2001).

Bibliography

Abe, K., O. Ohtaki, J. Fujisaku, Y. Kikuta, T. Kometani, M. Kusaka, H. Kawawa, and A. Hotta
(1999): Drift of GPS-based control station caused by frost heave, Tech. Rep. Geogr. Surv.
Inst.,A.1-N0.210, 15-18.(in Japanese)

Aiba, M., and H. Hamazaki (2002): Displacement of the Okinotorishima Island from February 1999
to February 2002, J. of Geogr. Surv. Inst, Vol. 99. (in press) (in Japanese)

Fujisaku, J. (2000): Meteorological effects on GEONET, Tech. Rep. Geogr. Surv. Inst.,A.1-N0.223,
9-10.(in Japanese)

Fukuzaki, Y., and GSI VLBI group (2001): Geodetic VLBI activitiesat GSI, Rev. Comm. Res. Lab.,.
47, 17-22. (in Japanese)

Matsuzaka, S. (1999):Analysis of APRGP98 GPS data set by GSI, Proceedings of the Second
Workshop on Regional Geodetic Network, Ho Chi Minh City- Vietnam 1999, 38-45.

Shiba, K., S. Kurihara, K. Takashima, M. Ishihara, K. Nemoto, M. Iwata, M. Onogaki, K. Kobayashi
(2000): The results of domestic VLBI experiments, Kokudochiriin Jihou Vol.93, 44-51. (in
Japanese)

Sugihara, K., and T. Akiyama (1999): Study on updating heights of trig points for JGD2000. Geogr.
Surv. Inst. Tech. Rep.A1-No0.225, 33-36.(in Japanese)

Takahashi, Y. (1999): Geodetic coordinates 2000 - present status and problems of Tokyo Datum -, J.
of Geogr. Surv. Inst., Vol. 91, 1-8.  (in Japanese)

Takashima, K., S. Kurihara, M. Ishihara, K. Nemoto, M. lwata, K. Shiba, M. Onogaki, and K.
Kobayashi (2000): Status and results of GSI domestic VLBI networks, Bull. Geogr. Surv. Inst., 46,
1-9.

Tamura, T., F. Suga, M. Takahara, J. Fujisaku (2000): The effects of the waver of sun-baked
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2-2. Multiple techniques

In the IAG Integrated Global Geodetic Observing System (IGGOS) is proposed recognizing the
importance of multi-technique observations. Yoshino (1999a) discussed the benefit of collocation
between the space geodetic techniques and the status was reported with the example of Keystone
stations. Method of local tie was studied by Hasegawa et a. (2002) with the precision of 1.5mm at
the Keystone stations and by Matsuzaka et al. (2000) with a sub-mm tie at Tsukuba and Aira VLBI
stations. Nemoto et al. (1999) discussed a strategy for mm-level local tie survey between VLBI
station and IGS station at Tsukuba. Loal tie measurement was performed at at four VLBI stationsin
Japan (Ishihara et al., 1999), Matsuzaka et al. (1999) reported the local tie survey between GPS and
VLBI at Tsukuba. Coordinates of the Key Stone Project observation sites determined from VLBI,
GPS, and SLR are compared by Koyama et a. (1999d, 1999e and 2000a) and.Otsubo et a. (1999c).
Inconsistency is discussed. Ogi et a. (1999) compared the 1000 km baselines obtained from the
regular VLBI experiments and daily GPS measurements. Watanabe et a. (1999) compared the
GPS/GLONASS receiver precision, The baseline vectors agree within 25 mm.
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3. Development in technology

3-1. VLBI

The Key Stone Project was performed until the end of 2001 running space geodetic network
consisting of four sites around the Tokyo metropolitan area with VLBI, SLR and GPS facilities. To
achieve the daily or sub-daily monitoring of the site positions, both observation system and data
analysis system were fully automated (Koyama et al. 1999a and 1999b). Koyama et al. (1999c)
used the automated data analysis system to estimate earth orientation parameters from real-time
VLBI observation data with a delay less than one day independently. Koyama et a. (2001a)
investigated the flux density variations of compact radio sources observed by Key Stone Project
VLBI network.

Giga-hbit VLBI system has been developed by CRL to improve sensitivity of the VLBI observations.
The first successful geodetic VLBI experiment was reported by Koyama et al. (2000b). After the
developments of the prototype Giga-bit VLBI system, the hardware specification of the VLBI
Standard Interface (V Sl) was established and the new Giga-bit VLBI system based on the VS| was
developed. Koyama et al. (2001 b) reported the developments of the VS| based Giga-bit VLBI
system and the IP-VLBI system which was developed to realize real-time VLBI observations over
the high speed TCP/IP network. Koyama et a. (2003) then reported the results of experiments using
the VSI based Giga-bit VLBI system and the IP-VLBI system.

Using the 32m antenna at Tsukuba VLBI station of Geographical Survey Institute, Fukuzaki et al.
(2001) received pulsar signals to apply for high precision positioning and Kobayashi et al. (2000)
studied the relationship between temperature and vertical deformation of the 32m antenna by field
surveys.

Tamura et al. (2002) summarized a newly developed VERA (VLBI Exploration of Radio
Astrometry) system and its application to the geodetic observation.
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3-2.SLR

For satellite laser ranging system of the Keystone project, analysis software was developed for
regional short-arc analysis and global analysis (Otsubo et al., 1999b). Katsuo et a. (1998, 1999)
proposed a technique to determine the telescope reference point and system delay (Multi-target
calibration) in the KSP-SLR system.

Otsubo et a. (1999a, 1999d) made it clear that the station-dependent satellite signature effect
should be taken into account for the AJISAI satellite through an orbit analysis of laser ranging data.



Otsubo et a. (2001) extended this approach to the flat reflector array of Russian GLONASS
satellites and found a systematic range offset of afew cm in multiphoton detection systems.

Otsubo et al. (2000) devised a method to estimate the spin motion of AJISAI. It utilized a small
cyclic signal in the full-rate laser range residuals.  This study was succeeded to Otsubo et a. (2002)
where a unique reflector array for the H2A-LRE satellite was designed for monitoring the optical
degradation of retroreflectors.

Kunbo-oka (2000) developed a new model of the non-gravitational forces on a satellite such as
atmospheric drag, solar radiation pressure and abedo from the Earth. By combining this new
non-gravitational force model with GEODY N-I1 orhit analysis software, in a simulation, the orbit
determination accuracy of ADEOS-I1 isimproved.

Range biases in the SLR data obtained at Shimosato Hydrographic Observatory is treated as time
variable and estimated in the analysis of global SLR data by Fukura et a. (1999) and Sengoku,
(1999). The estimated biases of three satellites Ajisai, Lageos 1 and 2 for 1995-1997 were about 3- 5
cm. Those of Lageos 1 and 2 are dlightly greater than that of Ajisai, which means that range biasis

dependent on the intensity of return signal.
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3-3.GPS

Kinematic and Real Time Kinematic GPS are studied. Fujita et a. (1999) evaluated the accuracy of
long baseline kinematic GPS (carrier phase base) positioning of survey vessel in the sea area by
comparing the results of short baseline (about 10 km) and long baseline (about 100 km) reference
stations. The difference for vertical component is less than 10 cm. Isshiki et a. (2000b) proposed
KVD (Kinematics for precise Variance Detection) Method by relative GPS measurements. Kato et al.
(2000; 2001) developed a new system to detect a tsunami before it reaches the coast employing the
RTK-GPS technique. The system consists of dua-buoys: the Support-buoy, and the Sensor-buoy.
The system has been anchored at about 2km away from the coast. Sea surface height is monitored.
Uchida (2001) discussed the utilization of the precise vertical positioning of survey vessels with (red
time) kinematic GPS (carria phase base) positioning technique for hydrographic survey. Precise
height determination with sub-decimeter accuracy in the sea area will be useful for the sea bottom
survey. A new positioning method (PVD: Point precise Variance Detection) by a single point GPS
receiver is proposed by Isshiki et a. (2000a) aiming at the wave measurements by an ocean buoy
and earthquake measurements with a simple and low-cost measuring system. It is demonstrated by
Takanashi, Y. (2001) that the coast line is able to be surveyed with 1 meter accuracy by the public
Differential GPS service. Nakamura, K. (1999) developed the software which runs on the
Microsoft Windows95/98 to display a crustal deformation using GEONET data of GSI. Li et a.
(2000) applied autoregressive moving average method for the GPS time series modeling. Hatanaka
et a. (2001a; 2001b) investigated the phase characteristics of GEONET stations. Phase maps for
each antenna-monument types for GEONET stations are obtained by a calibration experiment. The
new phase maps are effective to reduce systematic error of the solutions. Tabei et a. (2002) extracted
spatially correlated common-mode errors in the GPS coordinates time series of the Japanese
nationwide continuous GPS array by using spatia filtering technique. The high resolution
ionospheric modeling technique is developed by Rocken et al. (2000) for correction of GPS data.



The performance of the method is demonstrated with a 25-site network of Geographical Survey
Institute. lonospheric TEC measurement by GPS is evaluated by Sekido et al. (2001; 2003).
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3-4 Other techniques

Technical study of Interferometric SAR (Synthetic Aperture Radar) is made to get the results
efficiently. Fujiwara et al. (1999) applied a correction method that the error due to the differential
tropospheric delay between the two SAR scenes is removed by subtracting the DEM multiplied a
coefficient. Tobita et al. (1999) proposed an image coregistration algorithm for SAR interferometry.
Regarding this technique, Fujiwara et al. (1999) described an introductory guide for the geodetic
researchers, and shows its principle, analysis processes and its error sources.

Satellite altimeter data is utilized. Using the Topex/Poseidon data in the Pacific ocean at the
Kuroshio region, Yoritaka et al. (1999) reported the estimation of the dynamic heights and
geostrophic currents with technical aspects. ERS-2 atimetry data is anayzed by Yamamoto et a.
(2001) to obtain Kuroshio Extension paths. It is demonstrated that the sensitivity of ERS-2 altimetry
data is sufficient for the estimation of Kuroshio Extension path. Japan Hydrographic Association
(2002) created several datasets of water depths at mesh points by merging sea bottom topography
derived from satellite altimetry data and echo sounding data compiled for many years. The dataset of
1'x1".mesh covers the north-western pacific ocean, the widest area.

Takemoto et al. (1999) developed a 3-D rea time measurement system of crustal strains by
Electronic Speckle Pattern Interferometry. An EPSI recording system designed for monitoring
crustal deformation was installed in the tunnel of Kamigamo Geophysical Observatory, Kyoto, Japan,
in June 1997.
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4. General Theory and Methodology

Many papers have been published on the change of Japanese geodetic system to a new geocentric
one by researchers in Geographical Survey Institute as seen in the list below (e.g. Murakami and Ogi,
1999). They also distribute a program to perform conversion between the old and the new systems
from their website (Tobita, 2002). Xu Peiliang, Kyoto University, has been active in variety of
theoretical problems in geodesy, and was awarded with the 10" Tsuboi Prize by the Geodetic Society

of Japan for one of his theoretical works related to random tensor.
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5. Determination of the Gravity Field

5.1. International and domestic gravimetric connections

The Geographical Survey Institute (GSI) carried out part of the second-round, and is carrying out
the third-round, national gravity connection survey with LaCoste & Romberg (LCR) model-G
gravimeters in association with absolute gravity measurements. From April 1998 to March 2001 the
second-round relative gravity measurements were made at 10 Fundamental Gravity Stations (FGSs),
31 first-order gravity stations, and 131 first-order benchmarks. Starting in April 2001, the
third-round survey is underway from the southwest end to the northeast of the Japanese Islands:
relative gravity measurements have been performed at three FGSs, 24 first-order gravity stations and
15 benchmarks up to March 2002.

Korea Ingtitute of Geology, Mining and Materials (KIGAM) and the Geological Survey of Japan
(GSJ), Nationa Ingtitute of Advanced Industrial Science and Technology established a gravity
calibration route “"Korean Gravity Calibration Route -Bohyeonsan Mountain" near Taegu City in
2000. With the result of this gravity calibration route, Japan-Korea gravity compilation was
performed and Bouguer anomaly map was produced (Geological Survey of Japan and Korea
Institute of Geology, Mining and Materias, 2001).

5.2. Absolute gravimetry

In 1999, the absolute gravimeter FG5 #210 was introduced into Department of Geophysics, Kyoto
University.  Since then, Department of Geophysics, Kyoto University has repeatedly carried out
absolute gravity measurements at the Fundamental Gravity Station (Kyoto C) in Kyoto University, at
superconducting gravimeter stationsin Matsushiro and Esashi, and at Aso Volcanological Laboratory.
Absolute gravity measurements have been also carried out repeatedly at Cape Muroto of Shikoku
District, in order to detect secular gravity changes at a subducting plate margin (Higashi et al.,
20014).

The GSI carried out absolute gravity measurements at 13 FGSs with one of the three FG5 absolute
gravimeters (Micro-g Solutions Inc.: #104, #201 and #203). Five of these stations were newly
occupied: Obihiro, Mt. Iwate, Mt. Fuji, Nobeoka, and Ishigaki Island FGSs. The rest were the
existing FGSs: Kushiro, Hirosaki, Tsukuba, Omaezaki, Kochi, Aira, Fukuoka, and Naha FGSs.
Though standard deviation of a single drop for the measurements varies from 9 to 44 u gals, final
gravity values were determined at a precision better than 2 u gals. Under an agreement at the 26th
Japan-Korea Conference for Cooperation in Geodesy and Cartography held at the National
Geography Institute of Korea (NGI) in Suwon, Korea in June 1999, the GSI carried out absolute
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gravity measurement with FG5 #203 at NGI in December 1999. The standard deviation of a single
drop was 12 1. gals and the final gravity value was determined at a precision better than 2 . gals.

The National Metrology Institute of Japan (NM1J), National Institute of Advanced Industrial
Science and Technology participated in the sixth International Comparison of Absolute Gravimeters
(ICAG-2001) with the absolute gravimeter FG5 #231, which was held in BIPM (Bureau
International des Poids et Mesures), Sévres, France, July 2001.

The GSJ purchased a portable absolute gravimeter, FG5-L #003, in 2001 in order to evaluate
whether an absolute gravimeter is capable of geothermal reservoir monitoring.

As a result, it was found to be difficult to achieve a sufficient accuracy in geothermal areas
(Sugihara, 2001), though FG5-L has an advantage of portability.

Moreover, in 2002 the absolute gravimeter FG5-L #003 was upgraded to FG5 #231, therefore the
GSJ examined if it is accurate enough for geothermal reservoir monitoring. The GSJ participated
in Domestic Comparison of Absolute Gravimeters with FG5 #231.

5.3. Gravimetry in Antarctica

The GSI conducted the fourth absolute gravity measurement with FG5 #203 from December 29,
2000 to January 25, 2001 at Syowa Station (International Absolute Gravity Basestation Network,
IAGBN No. 0417) as an activity of the 42nd Japanese Antarctica Research Expedition (JARE)
(Kimuraet a., 2001; Kimura, 2002). Nearly continuous observation was carried out for one month.
Standard deviation of a single drop was 17 u gals and final gravity value was determined at a
precision better than 2 .. gals. The value agrees within 2 . gals with the adopted one obtained
from the third measurement in 1996.

Terada et a. (2001) produced a new gravity anomaly image around Antarctica from 10 Hz
sampled satellite atimetry data. They applied a combination of binarization, clustering and thinning
techniques to the data and succeeded to extract detailed sea floor information.

Shibuya et al. (1999) estimated geoid height at the Scientific Committee on Antarctic Research
(SCAR) GPS reference point on WGS84 reference frame with 20-30 cm accuracy, employing the
Doppler Orbitography Radiopositioning Integrated by Satellite (DORIS) beacon marker's position,
results of geodetic tie between the marker's position and  GPS point, and elevation of the GPS point
above sealevel.

Sato et a. (2001b) anayzed effect of sea surface height (SSH) variations on three
superconducting gravimeter observation sites. Mizusawa (Japan), Canberra (Australia), and Syowa
Station (Antarctica). Annual gravity variations estimated from the effects of solid tide, ocean tide,
polar motion and SSH variation agree with the observations within 0.2 2 gals in amplitude and 20°in
phase.
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Higashi et al. (2001b, c) carried out gravity survey along the traverse routes from Syowa Station
to Dome Fuji Station, East Antarctica. They determined the gravity values within an accuracy of 1
mgal. The calculated Bouguer gravity anomalies show a large negative anomaly trending inland
toward Dome Fuji, in the most southern observation area, at about —200 mgals. They suggest that the
depth of the Moho discontinuity around Dome Fuji Station, which is located about 1,000 km from
coast, isabout 45 km.

5-4. Tidal Gravity Changes and Loading Effects

Traditional Green's functions for load deformation have been used for estimating the effect of
oceanic loading upon modern geodetic observations, such as superconducting gravimetry, GPS,
VLBI and SLR. To improve accuracy of the load Green functions, Okubo and Tsuji (2001)
introduced the effects of the earth's anelasticity while considering its frequency dependence
(Absorption Band Model). It turns out that phase lags of Green's functions are of order 2 degree or
less but they are strongly dependent on Q structure. Physical dispersion disturbs the real parts of
Green's function by 2 % or less.

Earthquake Research Institute (ERI), University of Tokyo and Disaster Prevention Research
Institute (DPRI), Kyoto University detected 5-10 1 gals diurnal/semidiurnal gravity signals of ocean
tide origin by an FG5 absolute gravimeter at two stations in Sakurajima Volcano located 300 m and
2,500 m away from the shore (Yamamoto et al., 2001c, d).

They computed the gravity originating both from the global ocean tides and from the local onesin
Kagoshima Bay, considering the fine-scale sea-land distribution around the stations. The observed
FG5 records and the theoretical ocean tides agreed well with each other in both amplitude and phase,
indicating that the oceanic loading effects can be predicted to an accuracy better than 2 1. gals within
several hundred meters of the shore in Sakurgjima.  The apparently puzzling errors that have so far

arisen on nearshore relative gravity measurements were resolved by the correction of the effects.

5-5. Non-tidal gravity changes

5.5.1 Gravity Changes Associated with Crustal Deformation and Seismic and Volcanic Activity
Laboratory of Geothermics, Kyushu University carried out gravity monitoring at the central part
of the Kuju Volcano, centra Kyushu, Japan which began to erupt in October 1995 (Ehara et dl.,
20003, b; Nishijima et a., 2001a). Gravity values around the new craters and the pre-existing
fumaroles decreased rapidly during two months after the eruption, but the decrement slowed down
thereafter. It was shown that the hydrological state beneath the Kuju Volcano is reaching a new
equilibrium state gradually after the eruption, based on the subsurface water mass balance deduced
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from the gravity change and an estimation of volcanic steam discharge rate.

The ninth precise gravity measurement was conducted in and around the Sakurajima Volcano in
April 1997. Successive gravity increase observed around the center of the volcano since 1975 seems
to slow down after the last 1992 measurement. The results may reflect the lowering activity of
summit eruptions since 1993 (Yamamoto et al., 1998).

Precise gravity measurements have been repeated in the Sakurgjima Vol cano since 1975 by using
LCR gravimeters. To clarify both spatial and time changes of gravity field accurately and in an
absolute sense, the FG5 absolute gravity measurements were started in 1998. Results by the LCR
gravimeters are reviewed and then the FG5 measurements are introduced (Yamamoto et al., 2001c).

Diurnal/semidiurnal gravity signals of ocean tide origin were detected by an FG5 absolute
gravimeter at stations in the Sakurajima Volcano. The FG5 records and the theoretical ocean tides
computed both with global ocean tides and with local onesin Kagoshima Bay agreed well with each
other. This result indicates that the oceanic loading effects can be predicted accurately within several
hundred meters of the shore in Sakurgjima (Yamamoto et al., 2001d).

Unequivoca coseismic gravity change was detected for the first time by absolute gravimetry
through cooperation of the GSI and ERI (Machida et al., 2000; Tanaka et a., 2001b). The
measurements were done just one day before and only seven days after an M6.1 earthquake. The
absolute gravity change was —6 1 gals, significantly larger than the observational error of about 1 u
ga. Of particular interest is that the observed spatial gravity variations agree remarkably well with
those expected from an elastic dislocation model constructed on displacement data alone. The
result strongly encourages us to perform a simultaneous inversion of both gravity and displacements
to have better insight of earthquakes.

ERI carried out hybrid microgravity measurements on the Miyake-jima Volcano, Japan,
employing both absolute and relative gravimeters. They detected significant gravity changes, e.g.,
exceeding -1,000 u gals during the course of their measurements since June 1998 (Furuya et al.,
2001b). The spatio-temporal gravity changes provide us with strong evidence of preexisting vacant
space beneath the island before the summit collapse of the volcano. Also the data are totaly in
conflict with the so-called magma drain-back model, suggesting that the magma flowed out laterally.

ERI carried out both absolute and relative gravity measurements in the Izu Peninsula just before
and after the March 1997 earthquake swarm (Yoshida et al., 1999). The measurements revealed
significant absolute gravity changes, which appear to be made of three spatial components. The
first one is located near Cape Kawana, and would be associated with the volcanic activity that
caused the earthquake swarm. The second one would be associated with shallow and localized
magma intrusion just beneath Ito. The third one may be due to a change in the deep region beneath
the Kita-lzu Fault System, which is considered to be a mgjor tectonic line of this region. The

gravity changes can be used to detect underground mass movement.  For this purpose, they first use
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crustal movement observations to construct an elastic dislocation model with two tensile faults and a
left lateral fault. Then, they use the gravity changes to constrain the density of the material which
filled the tensile faults. They find that the density is likely to be small, and that the gravity changes
of the first component are reproduced well by the fault model. The smallness of the density implies
that highly vesiculated magma or water would have injected into the faults.

ERI, Hokkaido University, and Kyushu University carried out microgravity
measurements around Mt. Usu, Hokkaido, Japan, after its eruption on March 31, 2000
(Furuya et al.,, 2001a). Comparing the gravity values acquired by previous
measurements in June 1993, they detected significant gravity changes presumably
associated with the magma movement. The largest change detected as of May 2000
was -820 u gals at the southern rim of the summit. Both gravity and height changes
were successfully reproduced by prescribing a shallow inflation source and a deeper
deflation source at depths of 2,000 and 3,000 meters, respectively. Total intruded mass
flux is estimated to be 3.6 10”10 kg. They constructed an absolute gravity network
consisting of three sites around the Toya Lake, and precisely determined absolute
gravity values. Moreover, from May 16 to June 29, 2000, they took continuous absolute
gravity measurements at the Usu Volcano Observatory, and detected a significant
post-eruptive gravity change. The absolute gravity decreased steadily by 0. gals until around
May 25, 2000. Since then, the absolute gravity gradually recovered 10 1 gals in one month. The
post-eruptive gravity changes can be interpreted as a continuing uplift followed by a commencement
of land subsidence.

Basalt magma sometimes moves through volcanic conduits causing only minor deformation. In
that case, we may detect magma movements directly by microgravity observations.  After the 1986
eruption of the Izu-Oshima Volcano, ERI observed anomalous gravity variations localized at the
summit. Based on a vertical cylindrical conduit model, they estimate the time variations of the
head of magma in the summit conduit and clarify the magma drain-back process after the 1986
eruption (Watanabe et al., 1998).

ERI and the GSI have repeated absolute gravity measurement several times a year since 1996 at
Omaezaki where the Tokai earthquake is anticipated to occur in a near future (Okubo et a., 2001).
Gravity values there gradually increased at arate of several u gals/year until 1999, but it appears to
begin decreasing since 2000.

The Hydrographic Department of Japan (JHD) carried out gravity surveys at volcanic idands of
the lzu-Ogasawara arc from 1998 to 2000 in order to detect a vertical crusta movement
(Hydrographic Department, 1999a, 2000a, 2002a).

5.5.2 Gravity Changes Associated with Groundwater Level
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Laboratory of Geothermics, Kyushu University carried out repeated gravity measurements at three
geothermal fields in Kyushu (Hatchobaru, Takigami and Yamagawa geothermal fields, Ehara et al.,
1998; Saito et al., 1998; Ehara et al., 1999; Fujimitsu et al., 1999, 2000; Nishijima et al., 1999,
2000a, b, c, 2001c; Yoneshige et a., 1999) and at two non-geothermal fields in Kyushu (a new
university campus and an abandoned coal mining area, Nishijima et al., 1998; Kudou et al., 1999).
At the geothermal fields the gravity values decreased in the production zone and did not change so
much in the reinjection zone. The recharge rate of water to the geothermal reservoir was estimated,
based on water mass balance deduced from the gravity change and production and reinjection rates
of geothermal fluids. At the non-geothermal fields, a good correlation between gravity change and

shallow groundwater level change was detected.

5.5.3 Gravity Changes Associated with Sea Level Variation

Fukuda et al. (1999a, b) calculated gravity effects of SSH variation from which the steric
components had been removed. They applied the EOF (Empirical Orthogonal Function) analysisto
both SSH data and induced gravity changes and showed that one of the EOF components was
strongly correlated with ENSO (El Nino/Southern Oscillation) like SSH variations. They also
showed that the amplitude of expected gravity changes in the Pacific equatorial regions reached 2 to
3u gds, the amount of which can be detectable enough through precise gravity measurements of

ground base and/or satellite gravity missions.

5.6. Gravity Survey in Japan

5.6.1 General

Chubu University carried out gravity measurements at about 640 points in tectonically important
areas, covering the Nohbi Plain, Byobu-san Fault and its vicinity and the Atsumi Peninsula, Tokai
District, and Rokko Mountain area and its vicinity along the Rokko Fault Systems, Kinki District.
The aim of the measurements is to condense observing stations and to draw detailed patterns of
gravity featuresin these areas.

Nagoya University conducted gravity surveys in Southwest Japan since 1978 and constructed a
significant gravity database in 2001 (Shichi and Yamamoto, 2001a). During the period concerned,
about 11,000 new gravity data are obtained and added to the database, so that number of gravity data
reaches about 53,000 intotal. Areas covered by these data are the central part of

Kyushu District, surrounding area of seismic source region of the 1995 Hyogo-ken Nanbu

20



Earthquake, Hokuriku and Hokusin-etsu regions in the northern part of Chubu District, the Sado
Idland in Niigata Prefecture, coast of Enshunada and the Nohbi Plain in Toka District. By
performing total revision on all gravity data collected from over 40 other institutes and organizations,
Nagoya University and Hokkaido University compiled a gravity database, which covers
southwestern Japan very densely with high precision gravity data for over 144,000 points. Among
the data contained in the database, they published 90,298 net gravity data in a tabulated as well as
digital formin 2001. Shichi and Yamamoto (2001a) published 49,004 net gravity data measured by
Nagoya University during the periods from 1955 through 1957 and from 1978 through 2001. On
the other hand, Gravity Research Group in Southwest Japan (GRGSWJ) published 41,294 net
gravity data measured by the organizations other than Nagoya University (Gravity Research Group
in Southwest Japan, 2001a). All those published data were also provided in a computer-readable
form (CD-ROM) together with other information (Shichi and Yamamoto, 2001b). By compiling al
the available gravity data, GRGSWJ constructed several kinds of large-sized precise gravity mapsin

Southwest Japan (Gravity Research Group in Southwest Japan, 2001b-f).

Owing to increased portability, stability and accuracy of modern gravimeters such as LCR and
Scintrex CG-3M, microgravity survey has been used in various scientific and engineering fields. The
expected structure scale detectable by microgravity anomaly isto be of the order of 1 m; accordingly,
the typical spacing between gravity stations will be about 1 m. Examples of such
microgravity survey are found in detecting very shallow artificial objects as buried remains,
abandoned mine shafts, buried dlags in reclaimed land, as well as natural density anomalies in very
shallow sedimentary layers down to severa tens meters. Karube (1997) successfully applied
microgravity survey to non-destructive investigations for preserving archaeological sites in
congtruction projects. He emphasized importance of the non-destructive nature of microgravity
survey, together with other geophysical methods such as resistivity, magnetic and ground penetrating
radar (GPR).

5.6.2 Hokkaido Area

The GSJ conducted gravity surveys around the western and northern parts of Hokkaido area and
newly obtained 1,500 gravity data during the period from 1992 to 1997. These data were aso
published with CD-ROM (Geological Survey of Japan, 2000&). Further, Morijiri et al. (2000a)
published gravity data of the eastern part of Hokkaido.

Yamamoto and Ishikawa (2002) performed gravity surveys around the southern part of the
Oshima Peninsula, Hokkaido, Japan, in order to revea a fine subsurface structure beneath the
Peninsula.

These gravity stations number more than 600 and are used to construct a new Bouguer anomaly
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map. Fortunately, an experiment of explosion seismic observations was conducted in 1990 aong
an E-W profile, extending over a distance of about 70 km, in the southernmost part of the Oshima
Peninsula using quarry blasts in the center of the profile.  They forwarded crustal models iteratively
in the same profile across the Oshima Peninsula, using the result by analyses of explosion seismic
observations and geologic information, until their gravity attractions would make a best fit to the
observed Bouguer anomalies. They further proposed a crustal model which well explains the
observed gravity along this profile. The obtained crustal model implies that the light Quaternary
sediments in the western margin of the Hakodate Plain extend to a depth of about 1.5 km assuming a
density contrast of 0.7 g/cm®.

Yamamoto et a. (2001a) carried out gravity surveys around the southern part of the Hidaka
Mountains (Hidaka Collision Zone), Hokkaido, Japan, to improve station coverage of gravity
measurements and to detect the inclined structures of the Hidaka Main Thrusts (HMT) beneath the
Hidaka Mountains. The number of newly established gravity stations amounts to more than 500,
including 54 stations measured on the national route inside the tunnels. A new Bouguer anomaly
map of the Hidaka Mountains was produced on the basis of these data and pre-existed data
(Yamamoto et al., 2001a; Yamamoto, 2002c). An enlarged migrated depth section obtained from
vibroseismic studies shows two listric-shaped reflectors, corresponding to HMT and the Hidaka
Western Thrust (HWT), and a duplex structure between them. Arita et al. (1998) and Yamamoto et al.
(2001a) inverted gravity data together with the results from seismic data and obtained a best fit
model as a preliminary crustal structure across the southern part of the Hidaka Mountains.
Synthetic gravity showed a good agreement with the observed one along the three profiles across the
Hidaka Mountains. Conseguently, they obtained the crustal model which well explains the observed
gravity around HMT. Moreover, Yamamoto (2001) argued about the relationship between seismicity
and Bouguer anomaly over the northern Hokkaido, where significant changes in geological and
gravimetric features are observed across the northward extension of the Hidaka Collision Zone. He
showed that low Bouguer regions well correlated with those of active seismicity (Yamamoto, 2001;
Yamamoto, 2002b).

For the purpose of investigating the subsurface structure beneath the Horoman Peridotite Region
(HPR), located in the southernmost part of the Hidaka Collision Zone, Yamamoto et al. (2001b)
conducted gravity surveys around HPR and established more than 400 stations including 75 new
dataaround HPR. A new Bouguer anomaly map revealed an excellent correlation between tectonic
boundaries or known faults and Bouguer anomaly distributions, and also suggested that high gravity
anomalies in the Horoman and Nikanbetsu Peridotite Complexes and their surroundings are
intimately related to their surface geology. In addition, surficia density distributions were
theoretically inverted by the ABIC (Akaike's Bayesian Information Criterion) method using newly
obtained gravity data and the results suggested that the Horoman and Nikanbetsu Peridotite
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Complexes have a significant density contrast of more than 1.0 g/cni. They aso obtained the crustal
model which well explains the observed gravity along this profile. The obtained crustal model
implies that the Horoman and Nikanbetsu Peridotite Complexes are directly linked together at depths
of morethan 1 km.

Geological Survey of Hokkaido (GSH) carried out gravity survey at 277 stations around the
Hakodate-Heiya-Seien active fault zone (Tgjika et al., 1999), the Hakodate Plain, southern Hokkaido.
Tajikaet al. (1999) estimated a two-dimensional subsurface structure aong a profile across the fault.
Density boundary was assumed along the boundary fault, which forms topographic boundary
between the Kamiiso Mountain and the Hakodate Plain. They found that the Kamiiso Mountain
thrusts up over the plain.

GSH carried out gravity survey at 103 stations with the fast static GPS positioning along four
profiles across the Ishikari-Teichi-Toen active fault zone, the Ishikari Plain, central Hokkaido (Oka
et a., 2001). In order to delineate the subsurface structure associated with the reverse faulting in
Tobetsu active fault zone, central Hokkaido, GSH (Ohtsu et al., 2002) also carried out extensive
gravity surveys. They made regional gravity measurements at 66 stations over the 13 kmXx 16 km
area as well as a dense measurement along a profile across the Tobetsu Fault. GSH (Hokkaido
Government, 2002) conducted more gravity surveys in the Tokachi-Helya active fault zone, the
Tokachi Plain, eastern Hokkaido. They carried out regional gravity measurements over the area of
6.5 kmX 8 km and newly established 115 stations. Dense measurements were also done along the
four profiles across the fault zone.

Shimane University made 134 gravity measurements around the Mashu Cadera in eastern
Hokkaido. These data are not published yet.

5.6.3 Honshu Area

The GSJ conducted gravity surveys at Mt. Fuji from 1999 to 2002 at about 200 stations, and found
two narrow high anomaly belts concerning dike structure. The GSJ carried out gravity surveysin the
Fukui Plain from 2000 to 2002 for investigation of underground structure and active faults, so that
total number of gravity measurement points amounted to 540. Electric Power Development Co., Ltd.
carried out a sea bottom gravity survey in the Tsugaru Strait in 1998 for investigation of active faults,
and obtained about 100 gravity data. They produced a detailed gravity map with compiling land,
shipborne and sea bottom gravity data.

In order to evaluate capability of one dimensional micro-gravity investigations, Iwano et al.
(2001) carried out two test surveys across the Katagihara Fault in the southwest of the Kyoto Basin
and the Fumotomura Fault at the foothills of Suzuka Range, the faults in which seismic reflection

survey had already been carried out. They conducted precise gravity measurements and leveling
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surveys at about a 50 meter interval, and applied terrain corrections using the 50 meter Digital
Elevation Model (DEM) provided by the GSI and partially using a 10 meter DEM compiled by
themselves. Conseguently, they obtained Bouguer anomalies with 0.1 mgals level precisions for
amost al the survey points. Because one dimensional gravity survey is quite easy to conduct with
very low cost, they recommend that gravity surveys should be carried out whenever seismic
reflection survey is conducted.

Kyoto City Office (1999) carried out gravity data analysis for the purpose of investigating
subsurface structure in the Kyoto Basin by compiling existing 1,319 gravity data. Kyoto City
Office (2001) also carried out gravity surveys in the basin and newly established 525 gravity points
ina20 km by 10 km area.

The National Research Ingtitute for Earth Science and Disaster Prevention (NIED) conducted
gravity survey in the area of the Atera Fault zone, Gifu Prefecture in the central part of Japan (Ikeda
et a., 2001). Gravity structure was compared with the resistivity structure and the physical
properties determined from the borehole logging data and core samples from six boreholes drilled
around the Atera Fault. Gravity measurements have been conducted at 242 points and an existing
data set of 250 points in the area of 12 kmX 12 km was compiled for the analyses. A two-layer
model is assumed in this study. Arrangement of the active faults agrees well with the linear
low-gravity basement. The linear arrangement of the gravity low shows **S" shaped geometry. These
fabrics are similar to the strain field in the shear zone. The gravity high between the °S" reflects
the boundary of the segments in the fault system. This inhomogeneity of the gravity basement along
the fault suggests the existence of a mechanical barrier in the fault system.

Three dimensiona structural analysis based on 2,264 gravity data revealed that the buried graben
under the Shinjiko-Nakaumi Lowland is more than -2,000 m in depth (Komuro et a., 2000b). This
graben is segmented into the western and eastern parts by a central transfer zone. The graben
seems to have been subsided asymmetrically because of atilted floor rimmed by a steep one margin
and a gentle opposite margin. The calculated basement depth is controlled by the data of three
wells. The best fit value of the Bouguer density is 2.4 g/cm’. A density contrast between the
basement and graben fills is estimated as 0.4 g/cm®, because they consist of Paleogene granite and
Miocene sedimentary rocks, respectively.

The Pliocene Teragi Group, located astride the eastern edge of Tottori Prefecture and the
northwestern edge of Hyogo Prefecture, about 25 km southeast of Tottori City, consists of volcanic
rocks, pyroclastic flows and clastic sedimentary rocks. The main part of this group fills a volcanic
collapse basin. Komuro et al. (2002) named this volcanic collapse structure the ““Teragi cauldron.”
They constructed a detailed map of Bouguer gravity anomaly on the basis of gravity data from 612
observation points and suggested that the low gravity anomaly over the Teragi Group is not a

funnel-shaped, but a pan-shaped gravity depression. The outline of the Teragi cauldron is distorted
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hexagon which coincides roughly with the margins of the gravity depression. Accordingly, the low
gravity anomaly represents the subsurface structure of the Teragi cauldron. Further, they showed
that the mass deficiency estimated from Gauss' theorem is about 3.0X 10'* kg. The relation
between this value and the cauldron diameter is comparable with those of the Quaternary calderas
elsewhere in Japan.

Besides the above measurements, Shimane University made gravity measurements around Hikimi
area in western Shimane Prefecture (120 points), around the epicenter of the 2000 Tottori-ken Seibu
Earthquake (176 points), and around the epicenter of the 1995 Hyogo-ken Nanbu Earthquake (373
points), respectively. These data are not published yet.

Geophysical surveys, such as gravity, artificial earthquake and microseisms, are carried out in the
Ohmi Basin, east of Lake Biwa, to study its basement structure. It becomes possible to find
trough-like structure corresponding to the route of Kobiwako (Old Lake Biwa) going north in
Cenozoic Pliocene-Pleistocene and a partial structure of old caldera formed between the last part of
Mesozoic and the beginning of Cenozoic era under the area (Nishimura et al., 2001).

ERI carried out gravity surveying along a profile of the reflection seismological prospecting in the
northern part of the Itoigawa-Shizuoka Tectonic Line (ISTL) (Okubo et al., 2000). Combined use of
gravity and seismic data enables them to construct a 2-D subsurface density model. They aso
present a 3-D model which is consistent with the previous works on gravity and reflection/refraction
prospecting. Both 2-D and 3-D models show a reverse fault structure dipping toward the east.
They do not find any thrusting structure dipping toward the west as implied from uplifting of the
Hidarange.

Satomura (1998) showed Bouguer gravity anomaly maps of four tectonic lakes (Lake Biwa, Lake
Yogo and Tokusa Basin in Japan, and Dead Sea) and explained that gravity measurements are useful
to investigate the subsurface structure beneath tectonic lakes.

Hagita et a. (2000) revealed subsurface structure of the Yoro Fault in the west of the Nohbi Plain,
central Japan. They estimated the depth of the Yoro Fault to be about 2,000 m and the gradient of
the fault plane to be over 60° .

Tono Research Institute of Earthquake Science (TRIES) carried out gravity surveys in order to
delineate basement structures of active faults in Tono area, the southeastern part of Gifu Prefecture,
and accumulated 1,300 stations since the commencement of gravity measurements in 1997. All of
the data are included in the “"Gravity Database of Southwest Japan" (Gravity Research Group in
Southwest Japan, 2001a; Shichi and Yamamoto, 2001b). TRIES calculated the strong ground
motion in Tono area based on basement structure inferred from gravity anomay (Tono Research
Ingtitute of Earthquake Science, 1999). TRIES compiled the results of investigation of the
Byobu-san Fault and described a few steep gravity gradients originated from the reverse faulting
(Tono Research Ingtitute of Earthquake Science, 2000). Tanaka et al. (2001a) revealed the precise
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basement structure in the overstep part of the Enasan Fault by use of microgravity method and tried
to discuss the history of stress field. TRIES compiled the results of investigation of the Atera Fault
and compared the precise gravity anomalies with geological maps and depth sections derived by
seismic reflection method (Tono Research Institute of Earthquake Science, 2002). Moreover,
Tanaka et a. (2002) gave a preliminary interpretation of the fracture zone along the Atera Faullt.

The Regiona Construction Bureau of the Lower Kiso-River of the Ministry of Land,
Infrastructure and Transport (LKRMLIT) carried out microgravity survey entrusting to OYO
Corporation (OY O) to detect an ancient deversoir of the Satsuma-Araizeki in the lower part of the
Nagara-River, Gifu Prefecture (Regional Construction Bureau of the Lower Kiso-River of the
Ministry of Land, Infrastructure and Transport, 1997). LKRMLIT established 250 stations in total
over the survey area of 50 mX 70 m. According to the expected depths to the target shallower
than several meters, the interval of the gravity stations ranges from 2.5 mto 10 m. Asaresult, the
horizontal extent of the buried deversoir was detected corresponding to high gravity anomalies with
amplitudes of 20-60 v gals.

Asaka City Office (ACO) carried out microgravity survey together with other geophysica
methods such as resistivity and GPR with the help by OY O (Asaka City Office, 1998). The purpose
of the survey isto detect a buried ancient tomb mound. ACO established 91 gravity stationsin a 12
mX 12 m rectangular area near the top of the mound.

Chiba City Office conducted microgravity survey around the ancient mound of the
Daikakuji-yama-Kofun with the technical assist by OY O (Chiba City Office, 2001). The number
of gravity stations amounted to 136 in the 14 mX 16 m survey area. To achieve a more reliable
understanding of the subsurface conditions around the Daikakujiyama-Kofun, an integration of
microgravimetry together with GPR was introduced over the survey area.

Committee of Education of Yasu-cho Town Office, Shiga Prefecture (CEYTO) aso carried out
microgravity survey with the help of OY O around the ancient mound of the Otsukayama-Kofun,
Yasu-cho Town, Shiga Prefecture (Committee of Education of Yasu-cho Town Office, Shiga
Prefecture, 2001). CEYTO established 66 stations in the 10 mX<X 10 m survey area. To achieve a
more reliable understanding of the subsurface conditions around the Otsukayama-Kofun, an
integration of microgravimetry with resistivity method and GPR was introduced over the survey
area.

The Yumigahama Peninsula in Tottori Prefecture, northern part of Chugoku District, sustained
considerable damage by the 2000 Western Tottori Earthquake (M7.3). Supplementary gravity
measurements were carried out at 371 stations around the peninsula and added to the pre-existing
gravity data (575 stations by the GSJ and 1,490 by Nagoya University) to reveal subsurface structure.
Tottori University estimated the average density of the basement rock beneath the peninsulato be 2.4

g/cii by CVUR (Comparison of Variance of Upward-continuation Residual) and G-H function
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methods. Results of borehole investigations showed that density of the sand layer of the peninsula
is 1.9 g/ai. They also found a remarkable high gravity anomaly in the northern part of the
peninsula, as well as a belt-like low anomaly zone around the Nakaumi are, the central part of the
peninsula.  Further, assuming a density contrast of 0.5 g/cii, they constructed a two-layer
subsurface density model along a N-S profile, passing through the peninsula, across the low anomaly
zone. Results indicated that the very shallow upper (sand) layer at the south end of the profile
gradually deepens northward and reaches its maximum depth (900 m) around the Sakai Channel near
the north end of the profile, where the upper layer shallows abruptly northward across the channel.
The 1943 Tottori Earthquake (M7.2) occurred in a shallow location on land, and its focal region
was near the Tottori Plain.  The damage was concentrated in the Tottori Plain where the soft ground
is extensively distributed. For the purpose of investigating 2-D density structure beneath the focal
area, gravity measurements were carried out around four regions, (1) at 197 points at 200-300 m
intervals in central Tottori City, (2) at 192 points at 50-200 m intervals in the Yoshioka hot spring
area, (3) at 43 points in the mountainous area surrounding the plain, and (4) at 296 points around the
Yoshioka-Shikano Fault area and its peripheral mountains. These data were added to 417 gravity
stations at 500 m interval (Nishida et a., 2001) for 2-D crustal modeling. They estimated average
density of the basement layer to be 2.4 g/cii. In order to extract the features of short-wavelength
components of Bouguer anomaly, they removed the gravitational effects due to subsurface materials
deeper than 1 km. The filtered anomaly is characterized by a high and low anomaly pair near the
coast and inland, respectively. They also inverted gravity data to obtain a density structure model
across N-S and E-W profiles around the plain. The N-S profile ischaracterized by a sharp
inlandward increase of thickness of the light sediments and its gradual decrease toward the center of
the plain. Shallow sediments at the west end of the E-W profile keep constant thickness toward the
center of the plain, and gradually increase their thickness eastward and take the maximum value

around the east end of the profile.

5.6.4 Shikoku and Kyushu Area

In order to delineate basic feature of gravity anomalies inthe Kyushu area, the GSJ conducted
gravity surveys at about 2,500 stations during the period from 1999 to 2001. For the purpose of
improving station coverage of gravity datain a part of Chugoku and Shikoku district, the GSJ further
obtained about 700 gravity data until March 2002.

For searching hot spring and geothermal resources in detail, the GSJ conducted gravity surveys at
310 gravity stations in Tashiro town, Kagoshima Prefecture, and at 220 gravity stations in Fukiage
town, Kagoshima Prefecture.
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Laboratory of Geothermics, Kyushu University carried out gravity surveys around two active fault
zones (the Minou and Kego Faults) in north Kyushu to clarify the detailed fault structures and
established new gravity stations that amounts to 1,256 from 1996 to 2001 (Kawaguchi et a., 1999;
Nishijimaet a., 2001b). Steep lateral changes in gravity were detected and fault structures in both
areas were clarified. Results of the gravity surveys showed a good agreement with those by seismic
reflection and drilling data.

Komuro et a. (2000a) produced a Bouguer gravity anomaly map of the Unzen volcanic area on
the basis of newly established 590 gravity stations. The map implied the following volcanic
structures: (1) The gravitational Unzen graben shows a linear north rim along the Chijiwa Fault.
However, the gravitational south rim does not coincide with the Futsu Fault which is the
topographica south rim of the Unzen graben. (2) The source of a low gravity anomaly in
Tachibana-wan Bay has been considered as mass deficiency of caldera origin, but it may in fact be
due to the emplacement of alarge magma body.

Kagoshima University carried out dense gravity measurements in the Sakurajima Volcano in order
to reveal detailed gravity anomaly distributions (Miyamachi et al., 2000). They showed that the
positive Bouguer anomaly is dominant over the southeastern part of the volcano. They also found
high gravity anomaly in the western and northwestern parts of the volcano, which is well correlated
with the lava flow regions.

Nagasaki Prefectural Investigation Bureau of Haruno-tsuji Remains (NPIBHR) conducted
microgravity survey with atechnical help by OY O (Nagasaki Prefectural Investigation Bureau of
Harunotuzi Remains, 1999). The aim of the survey isto investigate the existence of ancient port(s)
in the remains expected to be buried at very shalow depths down to 10 m or so. NPIBHR
established 378 gravity stations over the area of 65 mX 65 m. Results of the survey show some
gravity highs corresponding to the possible ancient piers and gravity lows to the possible ancient
creeks.

5.7. Gravity Survey in Foreign Countries

Gravity surveys are carried out around the Bandung Basin and around the Guntur Volcano 40 km
southeast from Bandung in cooperation with Kyoto University and Bandung Institute of Technology,
Indonesia (Nakamura et al., 1998, 2000, 2001). Results are summarized asfollows.  In the Bandung
Basin area the surficial density of the Tangkuban Volcano 15 km north from Bandung was assumed
to be 2.0-2.2 glem®. Trend of basement structure around the Bandung Basin inclines to north in
large scale.  The basement structure of the area plays a key role in determination of rock density.
Also an abrupt change of gravity anomaly was found to be near the south boundary of the Bandung

Basin, suggesting the existence of a fault with sharp and large gap. In Guntur volcanic area the
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surficial density of the Guntur Volcano was assumed to be 2.5 g/cni. Gravity anomaly increases near
the central part of the surveyed area. The Guntur Volcano is enclosed by relatively low gravity
anomaly areaasif it looks likeidland in the crater lake.

As a part of the project of “International Joint Research on Seismic Microzonation of Metro
Manila' between Kanto Gakuin University and the Philippine Institute of Volcanology and
Seismology (PHIVOLCYS) of the Philippines, Nagoya University and Aichi Institute of Technology
conducted a dense gravity survey in the area of Metro Manila during the period from 1999 through
2001. Inthe surveyed area that includes the entire zone of the Metro Manila, about 28 km by 27
km (from 14° 30" N through 14° 45 N and from 120° 57" E through 121° 12" E), they
obtained more than 850 precise gravity data. The average spacing between neighbouring stations
was about 1 to 2 km. To perform terrain corrections precisely, a set of topographic mesh data with
the KS-110 format by the GSI was created from 1/2,500 topographic maps provided by Japan
International Cooperation Agency (JCA). By using precise gravity data thus produced, Yamazaki
et a. (2001) revealed subsurface structure of the concerned area, with special reference to the
Marikina Fault System. Apart from this Metro Manila area, Nagoya University made gravity
measurements at 170 stations in and around the area of the Taal Volcano and the southern part of the
Marikina Fault System, adjacent to the south of Metro Manila from 1999 to 2000.

The GSJ and PHIVOLCS conducted a gravity survey using differential GPS in order to verify
whether Laguna de Bay is an assemblage of many calderas or it was a graben in 1999 and 2000 in
and around Laguna de Bay, a lake located in the south of Manila metropolitan (Komazawa et a.,
2000). The total number of measurement points amounted to 360, and 25 stations are taken at the
cottage on the lake.

The GSJ conducted a gravity survey in the geothermal area, the central Flores Island, eastern
Indonesia, in 1999 to 2001. The total number of measurement points amounted to about 800, and
about 170 stations were taken at very short intervals, about 200 m, in the Mataloko geothermal area.
The location and altitude were determined by differential GPS and the accuracy was within 1 m or
better.

The GSJ conducted a gravity survey at the Vulcano Volcano and the Lipari Volcano, the Eolia
Idlands, southern Italy, in 2000 and 2001. The total number of measurement points amounted to
about 510, and short station intervals were taken at about 200 m - 1 km. The surface density of the
Vulcano Volcano was estimated to be about 1.8 g/cm®, which is very small as compared with that of
other volcanoes. DPRI and the GSJ conducted a gravity survey in the Lijiang Basin, which is located
in the Yunnan province of China, in 1998 and 1999. A seismic refraction survey was performed at
the same time. The total number of measurement points amounted to about 400, and about 70
stations were taken at the seismic refraction observation point.  Topographically, the Lijiang Basin

has a typical basin structure, but underground structure, i.e., thickness of sedimentary layer or the
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location of active fault which caused the 1996 Lijiang Earthquake, is less certain.  To investigate
the underground structure, a gravity survey was carried out in August 1998 together with a seismic
refraction survey.

DPRI and the GSJ conducted a gravity survey in the Adapazari Basin, western Turkey, in 2000
and 2001 to study the cause of severe damage to Adapazari central city during the 1999 Kocaeli
Earthquake. The total number of measurement points amounted to about 645. A 3-D bedrock-model
was obtained from gravity anaysis, and a possible cause of strong input-motions in the area was
discussed.

The Research Group of Andes Science (Hokkaido University and University of Tokyo) collected
al the data of gravity measurements carried out over the last 40 years by Instituto Geofisico del Peru
(IGP). Because of the long time since data collection, some of the information needed for data
reduction were lost over the years. Accordingly, there was a need for independently determined
gravity stations to which the measurements done by IGP may be compared. In order to provide
reference gravity values, they utilized Japanese survey data collected between 1980 and 1984, and
conducted more surveys in various parts of Peru in the period between 1995 and 1998. These gravity
stations number more than 800, and provide three or more reference points for each of the IGP
survey routes. Using these references, the Research Group calculated the absolute gravity values for
the IGP dataset and established more than 9,000 gravity stations over the Peruvian Andes (Fukao et
a., 1999). Consequently, they produced a Bouguer anomaly map of whole Peru on the basis of
these gravity data and pointed out the main features of the Bouguer anomaly map together with the
reliability of the reduced data and all the procedures involved in the data reduction.

5.8. Marine Gravimetry

An ocean bottom gravimeter with acoustic release mechanism was developed for use with a
submersible or stand-alone seafloor measurement under a joint research work between ERI and
OceanResearch Ingtitute (ORI), both in University of Tokyo (Fujimoto et a., 1998). Free gimbal
suspensions with an oil damper mechanism keep a sensor package of Scintrex CG-3M/SB roughly
vertical, and the effect of the remaining tilt is numerically corrected. Results of a seatrial on shallow
seafloor for one day show that resolution of the gravimeter is about 10 gals. Gravity values
measured during the transits from Tokyo to the seafloor agreed with those measured by LCR
model-G gravimeter (G #124) within a few tens of u gals. The drift rate was 0.34 mgals/day
(Fujimoto et al., 1998).

An underwater gravimeter for use with a submersible or a large autonomous underwater vehicle
(AUV) is under development (Fujimoto et al., 2000). It is designed that a platform controlled by a
vertical gyroscope keeps a gravity sensor of Scintrex CG-3M/SB vertical. The system assumes fairly

30



stable motion of an AUV or submersible, but it is rather difficult to attain such a condition during an
actual experiment due to sea conditions and water currents.

The GSJ has conducted marine gravity surveys since 1974 as a part of the geologica mapping
program of continental margin around the Japanese Islands. The survey vessel ““Hakurei-maru (No.
2)" has been used since 2000 after the retirement of the 26-years-old ““Hakurei-maru (No. 1)." The
cruises during the period from 1998 through 2001 are listed in Table 1. The gravity measurements
were conducted using the same straight-line sea gravimeter, LCR SL-2, in al the cruises. Free-air
and Bouguer anomaly maps were published as appendices of ““Marine Geology Map Series' at a
scale of 1:200,000 (Geological Survey of Japan, 1999, 2000b, 2001).

Table 1.Cruises for marine gravimetry by the GSJ during the period from 1998 to 2001

CruiselD Period Survey Area

GH98 Jun. - Aug. 1998 Off Rumoi and Teshio (west of Hokkaido)
GH99 Jun. - Aug. 1999 West of Hokkaido

GHOOAug. - Sep. 2000 Okhotsk Sea northeast of Hokkaido
GHO1Aug. - Sep. 2001 Okhotsk Sea northeast of Hokkaido

The JHD carried out marine gravity surveys using three survey vessels “ Shoyo" (3,128 gross tons),
“Takuyo" (2,600 gross tons) and ~"Meiyo" (550 gross tons) during the period from 1998 to 2002.
These vessels are equipped with the sea gravimeter Bodenseewerk KSS-31 or KSS-30. The cruises
from April 1998 through March 2002 are listed in Tables 2, 3 and 4 (Hydrographic Department,
1999b, 2000b, 2001, 2002b).
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Table 2.Cruises of “ Shoyo" for sea gravity surveys conducted by the JHD during the period
from April 1998 to March 2002

Cruise Period Survey Area
Sep. 1998 Around Myozin Syo
Oct. 1998 Japan Trench (Offing of Fukusima)
Feb. - Mar. 1999 Northern sea area off Minami-Tori Shima
Apr. - May 1999 Southern sea area off Ishigaki Shima
Jun. 1999 Around Myagjin Sho
Jun. - Aug. 1999 Fukutoku Okanoba
Oct. - Nov. 1999 Japan Trench (Offing of Fukusima)
Jan. 2000 Southern sea area off Minami-Tori Shima
May -Jun. 2000 Southeastern sea area off Kyushu
Jun. - Jul. 2000 Western area off Miyake Jima
Oct. - Nov. 2000 Eastern part of the Southeastern sea area
off Minami-Tori Shima
Feb. 2001 Western area off Miyake Jima
Feb. - Mar. 2001 Offing of the Southeastern sea area
off Minami-Tori Shima
Jun. - Jul. 2001 Western part of Daito Ridge
Aug. 2001 Minami-Hiyoshi Kaizan
Sep. 2001 Western sea area off Mariana Trench
Oct. - Nov. 2001 Japan Trench (Offing of Fukusima)
Nov. - Dec. 2001 Eastern sea area off Mariana Trench
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Table3. Cruisesof " Takuyo" for sea gravity surveys conducted by the JHD during the period
from April 1998 to March 2002

Cruise Period Survey Area
Jun. 1998 Minami-Tori Shima
Oct. - Nov. 1998 Eastern sea area off Minami-Tori Shima
Feb. - Mar. 1999 Southeastern sea area off Minami-Tori Shima
Jun. 1999 Northeastern sea area off Minami-Tori Shima
Oct. 1999 Northwestern sea area off Minami-Tori Shima
Nov. - Dec. 1999 Southwestern sea area off Minami-Tori Shima
Nov. - Dec. 1999 Easternmost part of Ogasawara Plateau
Jan. - Feb. 2000 Offing of the Southern sea area
off Minami-Tori Shima
Apr. - May 2000 Southern sea area off Shatsky Rise
Jun. 2000 Offing of the Eastern sea area
off Minami-Tori Shima
Jan. - Feb. 2001 Eastern part of the Offing of the Southern
sea area off Minami-Tori Shima
Apr. - May 2001 Ogasawara Plateau
Apr. - May 2001 Southern sea area off Minami-lo Shima
May -Jun. 2001 Eastern part of Daito Ridge
Jan. 2002 Western part of the Offing of the Southern

sea area off Minami-Tori Shima

Table4. Cruisesof “"Meiyo" for sea gravity surveys conducted by the JHD during the period
from April 1998 to March 2002

Cruise Period Survey Area

Jul. 1998 Kii Suido

Jul. 1998 Western sea area off Danjo Basin
Nov. 1998 South eastern part of 1zu Peninsula
Feb. - Mar. 2000 Bungo Suido

Jul. - Aug. 2000 Western area off Miyake Jima
Aug. - Sep. 2000 Offing of Simane

Oct. 2000 Western area off Miyake Jima
Aug. 2001 Offing of Simane
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Satomura et a. (1999) and Segawa et al. (1999) carried out sea-surface gravity measurements as
well as interferometry GPS measurements with three antennas on the Pacific Ocean, south off
central Japan. Root Mean Square (RMS) of the gravity value based on interferometry GPS
positioning was about 0.85 mgals at cross points, and it was much more precise than that based on
single positioning, while precisions of three kinds of gravity values based on a single antenna

position, center of the three antennas and gravity sensor position, were approximately equivalent.

5.9. Data Handling and Gravity/Geoid Maps

The GSJ published eight detailed complete Bouguer anomaly maps at a 1:200,000 scale, called
“Gravity Map Series" The eight maps cover the following eight areas. Obihiro Digtrict,
Asahikawa District, Nemuro District, Kitami District, Nayoro District, Tenpoku District, Oita
District and Fukuoka District, respectively. They were produced from about 80 thousands of data
as part of the gravity mapping program of the Japaneselslands (Hiroshimaet a., 1999; Makino et al.,
1999; Morijiri et al., 2000b; Murata et al., 2000, 2001; Hiroshima et al., 2001; Komazawa €t al.,
2001; Morijiri et a., 2002). The GSJ published nation-wide detailed complete Bouguer anomaly
maps of 1:1,000,000 scale (Komazawa et a., 1999) and a CD-ROM, Japan Gravity CD-ROM
(Geological Survey of Japan, 2000a). The 136,698 gravity data measured by three organizations, the
GSJ, New Energy & Industrial Technology Development Organization, Japan (NEDO) and Metal
Mining Agency of Japan (MMAJ), are aso recorded on the CD-ROM.

Leni et a. (1998) and Leni and Fukuda (1999) derived an Indonesian marine gravity map using
the GEOSAT (GEOdetic SATellite) Geodetic Mission (GM). Leni and Fukuda (2001) proposed a
simulation technique to estimate influence of variation of SSH on  accuracy of the satellite derived
gravity map. This simulation is based on a distribution of SSH variability derived from
Topex/Poseidon (T/P) data. They concluded that influence of the SSH variation on the gravity map
around Indonesian waters was within the range of 0.8-93 mgals.

Teradaet a. (2001) produced a new gravity anomaly map around Antarcticato derive detailed sea
floor information from 10 Hz sampled GEOSAT GM data. They applied a combination of
binarization, clustering and thinning techniques to the obtained gravity image, and revealed several
lineaments located off the Gunnerus Ridge in the South Indian Ocean. In the middle of the
lineaments they found a fossil ridge; the existence of which suggests that the direction of spreading
changed during the early stage of sea floor spreading between Antarctica and India

In March 2000, the GSI produced gravity anomaly anaglyphic maps of Japan in collaboration with
Nagoya University, the GSJ, and Hokkaido University (Geographical Survey Institute, 2001). The
gravity data were compiled by Nagoya University (about 108,000 sites), the GSI (about 14,000 sites),
and the GSJ (about 228,000 grid points in the northern part of Japan). Complete Bouguer anomalies
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were computed with the following parameters:. vertical gravity gradient of 0.3086 mgals/m (1 mgal =
3X10 ° misec®) for free-air corrections, and nominal density of 2.67<10° kg/m for the
topographic masses in both Bouguer and terrain corrections. A digital elevation model on a grid of
7.5 arc-seconds in latitude by 11.25 arc-seconds in longitude, prepared by the GSI, was used for the
terrain correction computation. The GSJ gridded the Bouguer anomalies on a 7.5 by 11.25
arc-second lattice. The geographical distribution of Bouguer anomalies in Japan was visualized in
three anaglyphic stereograms, namely (a) Northern (b) Central (c) Western Japan. The following
parameters were used:

Scale: 1:1,000,000,

Elevation angle: 2°

Vertical intensification: 10 times,

Angleof incident ray of light: N55° W for (a), N45° W for (b),and N30° W for (c).

In April 2002, the GSI aso published a map of the geoid model for Japan, called GSIGEO2000, at
a scale of 1:6,000,000 by Mercator projection (Geographical Survey Institute, 2002). The geoid
model and its development will be described in Chapter 11.

With regard to the gravity field modeling for Japan, Kuroishi (2001a) studied on the improvement
of marine gravity data around Japan and the resulting gravity field model was used for the
development of an improved gravimetric geoid model, JGEOID98 (ditto). Comparing the gravity
field model with an atimetry-derived global marine gravity model, KM S98, Kuroishi (2000c) found
the existence of systematic errors of the order of 10 mgals, southwest-off and northeast-off Hokkaido,
in the gravity field model from marine data and tried to correct the errors by applying a
cosine-tapered low-pass filter to the gravity differences between the two gravity field models. The
correction significantly reduces the errors at long wavelengths, but worsens the resulting geoid
model at short wavelengths in Suruga, Sagami, and Toyama Bays, which indicates the existence of
errors of afew tens of mgalsin KMS98. Kuroishi and Denker (2001) handled marine and altimetric
gravity datato yield an improved gravity field model for Japan. Evaluations in terms of accuracy of
the recovered geoid models show that a network adjustment of crossover errors in marine gravity
data with alinear trend model in time on a per cruise basis is superior to that with a bias model on a
per track (linear section in cruise measurements) basis, and that the de-trending (plane fitting of the
gravity field model to the reference global geopotential model) effectively reduces the errors at long
wavelengths.

The GSlI published their point gravity data set obtained from the nationa first-order and
second-order gravity surveys, in October 2000 on the web site of the GSI
(http://vidb.gsi.go.jp/sokuchi/gravity/main.html). The data set contains gravity values in the Japan
Gravity Standardization Net 1975 (JGSN75) for 112 first-order gravity stations from the first-order

gravity survey, and for 13,475 points from the second-order gravity survey.
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5.10.Gravity DataAnalysis

Kuroishi (1998) evaluated errors of surface gravity at national benchmarks estimated from a
Bouguer anomaly grid and their effects on determination of Helmert heights at the benchmarks. The
results show that the Helmert heights can be estimated at a maximum error of 10 mm from the
Bouguer anomaly grid. The method was employed to introduce Helmert (orthometric) heights as the
national height system for the benchmarks in Japan, which was put in force on April 1, 2002.

Iwano and Fukuda (2000) studied accuracy of gravity terrain correction using the 50 m DEM
published by the GSI. They prepared a 10 m DEM from 1/2,500 city planning maps and compared
two Bouguer gravity anomalies obtained by using the 50 m DEM and the 10 m DEM, respectively.
The result shows that about 0.2 mgals or a better terrain correction can be obtained by using the 50
m DEM in topographically flat area, although more detailed DEMs are required in mountain areas or
to achieve an accuracy better than 0.1 mgals.

We require terrain corrections to evaluate complete Bouguer anomalies particularly for gravity
measurements made in a rugged topography, where the magnitude of terrain corrections can be
comparable to Bouguer anomalies. Yamamoto (2002a) gave a comprehensive description of a
method to compute spherical terrain corrections for a gravity survey using the 50 m DEM provided
by the GSI. Surface topography nearest to a gravity station is strictly approximated by truncated
cones or cylindrically-truncated rectangular prisms for first nine square compartments of the 50 m
DEM, whilein the distant area from a gravity station topography is approximated by a standard right
rectangular prism.  Spherical terrain corrections are computed as a function of the radius (/) within
which terrain effects are systematicaly estimated in order to clarify quantitatively to what spatial
extent the terrain corrections should be made. The radial distance R, .s km at which the terrain
correction takes a value 0.5 mgals smaller than that at /.5 + 10 km is a good index to investigate
the spatial extent. The numerical results suggest that most of the gravity stations more than 3,000
m high take a value of 80~ 90 km for A .5 except for Mt. Fuji which takes Ro.5=120 km.
Finally, Yamamoto (2002a) showed that the overall accuracy to compute spherical terrain corrections,
using the 50 m DEM, for gravity stations in mountainous regions with rugged topography is
remarkably good, on the order of 1~2 mgals, which may be better than that estimated by using the
250 m DEM.

Quantitative analysis of gravity anomalies relies heavily on the accuracy of Bouguer reduction
density about which we need a priori information. An error of 0.1 g/cm® in the reduction density,
corresponding to an error of nearly 0.42 mgals in Bouguer anomaly for every 100 m, is not a very
large error in itself but an error of 0.1 g/cm® in the density may have a large effect on the

interpretations of Bouguer anomalies. Yamamoto (1999) summarized and reviewed several methods,
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developed independently during the last sixty years, which furnish an optimum reduction density
from surface gravity measurements. He also gave a theoretical overview of these methods, where
mathematical expressions and their significance are extensively discussed.

Since 2001, NIED has been promoting a national project for earthquake disaster mitigation named
he National Strong-Motion Mapping Project which will be lasted for four years. As one of the
main parts of this project, NIED attempted to construct 3-D underground structures for strong
ground motion prediction, covering nationwide 20 areas of main plains or basins that include urban
areas where serious damages might be caused by potential great earthquakes (Fujiwara et al., 2001).
In the course of constructing these structure models, existing gravity database such as one by the
GSJ (Geological Survey of Japan, 2000a), which isgiven in aform of grids, is employed to complete
the lack of existing seismic data such as refraction and reflection surveys, etc.

In the period from April 2001 to March 2002, NIED, under the assist by OY O Corporation (OY O)
and Ohsaki Research Ingtitute, Inc., constructed two 3-D structure models with the aid of gravity
data provided by the GSJ (Geologica Survey of Japan, 2000a). One of them is for the area along
ISTL, where a 3-D and non-stratified multi-layer model with reverse faults was constructed on the
basis of gravity data. Because of the complicated geology in this area, imaging of the model is
based on interpolation of the results of 2-D gravity analyses. The other is for land and offshore
area of Miyagi Prefecture, northeast Japan. For this area, a 3-D and stratified multi-layer model
was constructed by utilizing the correlation between gravity and seismic data. For the purpose of
earthquake disaster mitigation, these results were applied to strong ground motion prediction.
Results of subsequent analyses will be published later.

The 1995 Hyogo-ken Nanbu Earthquake induced serious strong ground motions corresponding to
seven of IMA (Japan Meteorological Agency) Seismic Intensity Scale in arestricted strip-like zone,
called ““the Shinsai no obi (Strip of earthquake disaster)." After the earthquake, researchers pointed
out that outbreak of the zone was induced as a result of the local site effect of geological structure
around edge zone of the Osaka Bay sedimentary basin on seismic wave propagation. Also many
researchers pointed out the importance of taking account the deep underground structure, i.e., the
geological structure of basement rock down to several km from the ground surface and upper layers
in the sedimentary basin into prediction of seismic ground motions, and the necessity of two or three
dimensional response analysis on the seismic ground motions.

After the 1995 Hyogo-ken Nanbu Earthquake, the Japan Society of Engineering Geology (JSEG)
and the Japan Geotechnical Consultant Association (JGCA) formed the Committee on Geotechnical
Mapping of Underground Structures in Urban Areas for Earthquake Disaster Mitigation, and carried
out practical researches cooperatively on dynamic properties of ground motion, earthquake disaster
of artificial structures, etc. In the course of these researches, the JISEG and the JGCA investigated
the deep underground structure in the Nohbi Plain based on the analyses of existing gravity data
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provided by Nagoya University, and inductively discussed the methodology to construct deep
underground structures (Baba et al., 1999). The JSEG and the JGCA (Baba et al., 2001) carried
out 2-D response analysis on the seismic ground motions based on the 3-D multi-layer underground
model in the Nohbi Plain area as derived from gravity data analysis. Baba et a. (2000) also
summarized the strategic methodology of constructing 3-D multi-layer geological structure of
sedimentary basin for strong ground motion prediction that is based on the analyses of gravity

anomaly distribution.

5.11.Theoretical Studies on Geoid and Gravity Field

In respect to the geoid modeling for Japan, Kuroishi (1999) studied effects of the bias fitting of a
marine gravity field model to the reference global-geopotentia-model-induced gravity field, and of
the removal of the Stokes kernel approximation error associated with use of the single-band 2-D FFT
method of spherical Stokes integration in aremove-restore manner. The fitting of -4.9 mgals yielded
areduction of tilt from 2.2 to 1.9 ppm, and of RMS errors from 23.6 cm down to 18.7 cm in short
wavelength (after a tilted plane removal) over the Japanese Ilands, in the resulting gravimetric
geoid model with respect to the geoid undulations data from the national net of GPS at benchmarks.
The kernel approximation results in geoid errors in a range of -25 cm to 15 cm  with a 2-3 cm
RMS.

Kuroishi (2001a) developed an improved gravimetric  geoid model for Japan, JGEOID98 on a 3
by 3 arc-minute grid by the 1-D FFT method with Earth Gravity Model 96 (EGM96) as a foundation.
The coverage expansion of marine data and their reprocessing with tighter criterion in the crossover
adjustment improve the geoid model over the pre-existing model, JGEOID93: 29 % in short
wavelength and tilt reduction from 2.1 to 1.4 ppm. Kuroishi (2001b) further developed the latest
gravimetric geoid model for Japan, JGEOID2000 on a1 by 1.5 arc-minute grid, with an intensive
nclusion of dense land gravity data (as a result of the inclusion, total number of land gravity points
eaches 244,569). The 1-D FFT method of spherical Stokes integration in a remove-restore manner
as used with EGM 96 as afoundation. De-trending of a marine gravity field model with respect to the
EGM96 gravity field effectively reduces the errors of the gravity field/geoid models in long
wavelength. Compared with the nationwide net of GPS at benchmarks, JGEOID2000 shows
substantial improvements over previous gravimetric geoid models: a standard deviation about the
mean differences is 21.4 cm, tilt is 0.40 ppm, and a post-fit RMS (after a tilted plane removal) is
14.3 cm.

Under a joint study between the GSI and Kyoto University,Kuroishi et a. (2002) developed a
hybrid geoid model for Japan, GSIGEO2000, from JGEOID2000 and the geoid undulation data of

the nationwide net of GPS at benchmarks. (Strictly, the model is a conversion surface from
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GPS-derived ellipsoidal heights to orthometric heights, or a geocentric position model of the
Japanese Vertical Datum, the Mean Sea Level of Tokyo Bay.) Least squares collocation method was
applied to correct/fit JGEOID2000 to the geoid undulation data. The GPS/leveling data were
re-analyzed, in advance, in terms of leveling-derived orthometric heights and GPS-derived
ellipsoidal heights with tighter constraints to the permanent GPS array of Japan, GEONET (the GPS
Earth Observation Network of the GSI) in ITRF94 (International Terrestrial Reference Frame 1994,
epoch 1997.0) frame. The changes range from -14 to +22 cm with a 6.1-cm SD about the mean of
3.5cmin ellipsoida heights, from -41 to +30 cm with an 11.4-cm SD about the mean of -1.5 cm in
orthometric heights, and from -30 to +58 cm with a 12.5-cm SD about the mean of 5.0 cm in geoid
undulation. The model is, therefore, adapted to the newly adopted Japanese geodetic reference
system, the Japanese Geodetic Datum 2000. Kuroishi et a. (2002) estimated the precision of
GSIGEO2000 at 4 cm throughout the region. The GSI adopted it as the official model to be effective
onApril 1, 2002 and published a national geoid map (Geographical Survey Institute, 2002).

Kuroishi (2000a) evaluated the geocentric positions of the Japanese vertical datum with respect to
the EGM 96 geoid and found that the mean differences, in areas of about 1.5 by 1.5 arc-degree extent,
between the datum and EGM96 geoid show geographically gradual variations of the peak to peak
amplitude of about 50 cm. The errors are attributed to the errors of EGM96 at medium wavelengths
over the Japanese | slands.

Kuroishi (2000b) discussed relation between the Helmert/Stokes and Molodenskii's approaches.
Under spherical assumption in the radial derivatives of the disturbing potential and consideration of
Molodenskii series up to the first order term, Kuroishi (ditto) showed that the geoid height can be
given by adding the indirect effect of the topographic masses condensed on the geoid surface with
respect to the co-geoid height to, and by subtracting the indirect effect with respect to the height
anomaly at the (normal) ellipsoid from, the height anomaly at the ellipsoid multiplied by the ratio of
normal gravity at the telluroid to that at the ellipsoid.

Sun and Okubo (1998) presented a numerical formulation for computing elastic deformations
caused by a dislocation on a finite plane in a spherically symmetric earth, based on their previous
theoretical work. The formulation enables them to compute the displacement, potential and gravity
changes due to an earthquake modeled as spatially distributed dislocations. As an application of
the finite-fault dislocation theory, they made a case study of the theoretical and observed gravity
changes. The computed results are in excellent agreement with the observed gravity changes during
the earthquake. The gravity changes in the near field can reach some 100 . gas, which can be
easily detected by any modern gravimeter. In the far field they are still significantly large: | 6 ¢| >
10 2 gals within the epicentral distance < 6° ;|6 ¢|> 1xga within 0 <16 ;|6¢|>01u
gals within® < 40° ; and |6 ¢| > 0.01x gals globally. They also caculated the geoid height
changes caused by the 1964 Alaska Earthquake and by the same earthquake with revised parameters
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and an assumed barrier. They found that the earthquake should have caused geoid height changes
aslargeas1.5cm.

For precise geoid determination, terrain correction is necessary and important. Sun and Sjsberg
(2001) studied convergence and optima truncation of binomial expansions used in isostatic
compensations and terrain corrections. A binomia expansion is a powerful tool in geodetic research.
It is often used in terrain correction and isostatic compensation. In this research, they investigated
behavior, convergence and truncation of the binomial expansion. Through some theoretical and
numerical results, they discussed relations of topographic height, spherical harmonic degree and
binomial series term. According to the relation, they determined truncation number for reaching an
accuracy of 1 %, which indicates how many terms (or power numbers of topography) should be used
in practical calculations.

Sun (2001, 2002) further proposed a genera formula for gravimetric terrain corrections using
powers of topographic height. The application of Stokes formula to create geoid undulations
requires no masses outside the geoid. However, due to existence of the topography, terrain
corrections must be applied in order to satisfy the theoretical requirement, and refine the geoid
determination. A common way to deal with the topography is to expand the inverse of a spatia
distance into spherical harmonics, which contain factors as functions of the mean radius of the earth
and the topographic height. Then, the factors are expanded into a binomial series, since they can
dramatically simplify formula derivations and numerical computations. In this research, he
investigated terrain corrections while considering the topographic potential. By introducing auxiliary
equations, he derived and presented a general formula for calculating the topographic potential,
which isafunction of the binomial term and is expressed in terms of powers of topographic height.
This formula can be directly used for calculating the terrain effects in geoid determination and
isostatic compensation, by truncating the series according to an accuracy requirement. It can also be
used to estimate the effects of each individual power of the topographic height on terrain corrections.

Nozaki (1999) examined the gravitational behavior of a thin spherical cap of axia symmetry,
which is one of the most fundamental elements of gravity correction. The derived formulae and
their characteristics entirely revealed the gravitational behavior at points along the symmetry axis
of agiven spherical cap with asmall thickness.

Nozaki (2001) presented a new formula of the generalized Bouguer anomaly using Prey reduction,
which is reduced onto an arbitrary equi-potential surface. He introduced the following four
variables: dtitude of datum reduction level, geiod height, regional vertical gradient of gravity (VGG)
anomaly, and truncation angle of the spherical-shell system of gravity correction. Compared with
conventional schemes, the new formula has the advantage that a specific atitude can be determined
in order to eliminate gravitational effects due to topographic undulation for any Bouguer density.

On the basis of this new formula of the generalized Bouguer anomaly, Nozaki and Iwamoto (2001)
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discussed the possibility of a new method to construct Bouguer anomaly distribution without
gravitationa effect due to topographic undulation. The method is intended to determine the
Bouguer density and the regional VGG anomaly so as to satisfy the condition to eliminate the
topographic gravitational effects. For this purpose, the authors introduced new concepts of ““the
specia datum level such that the value of the Bouguer anomaly becomes invariant for any Bouguer
density" and ““the special datum levels such that the quantity of Bouguer and terrain corrections
becomes zero for any Bouguer density.” Based on the new concept of the generalized Bouguer
anomalies with special datum levels, Nozaki and Iwamoto (2001) presented an approximate equation
to be satisfied by Bouguer density and regional VGG anomaly. The authors also presented an
explicit formula to estimate Bouguer density under the assumption that regional VGG anomaly is

Zero.

5.12. Space Gravimetry

5.12.1 Lunar and Planetary Gravimetry

To discuss the shapes of celestial bodies Yatabe (2000a) introduced the residual gravity field,
which is defined as the acceleration field subtracted the self-gravitation. As an application of the
formulation, he considered Mercury's shape and suggested that Mercury has an almost spherical
shape. Next, Yatabe (2000b) discussed the lunar shape and the history using the Goddard Lunar
Gravity Modd 2 (GLGM-2) and the Goddard Lunar Topography Model 2B (GLTM-2B). Thereisa
strong positive correlation between the residual gravity and the lunar geoid. From this correlation, he
discussed the lunar rotational velocity and the distance from the Earth at that time of the lunar
surface solidification. A correlation between the residual gravity and the topography has a regional
difference. The correlation on the far side is strong. On the contrary, the correlation on the near
side isweak. Yatabe (2000b) explained this difference as follows: When the magma ocean solidifies,
the lunar topography must have an equilibrium shape fitting the residua gravity field at the time.
After that, the mare formation erases the topography affected by the residual gravity on the near side.
Moreover, from the correlation on the far side, it is inferred that the Moon is synchronously rotating
when the lunar surface is covered by the magma ocean.

In the SELENE (SELenological and ENgineering Explorer) project which is Japanese lunar
program to be launched in 2005 by the Institute of Space and Astronautical Science (ISAS) and
National Space Development Agency of Japan (NASDA), RISE (Research In SElenodesy) group in
National Astronomical Observatory, Mizusawa (NAOM), NASDA, Kyushu University and other
ingtitution proposed to measure angular distance between aradio transmitter on arelay satellite, that

on the Moon and quasars by differential VLBI and determine amplitudes of the physical librations,
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gravitational harmonic coefficients of the Moon and lunar ephemeris with an accuracy of one or two
orders higher than before in cooperation with 4-way Doppler measurements and two-way Doppler
and ranging measurements by using the lunar orbiter and the relay satellite

(lwata et al., 1998, 1999; Kawano et a., 19983, b, 2000a, b, 2001; Hanada, 1999; Hanada et d.,
1999, 2000; Namiki et al., 1999).

RISE group developed a specia recording system for the differential VLBI Observation (Hanada
et a., 1998; Kono et a., 1998), developed a thermal insulating system for the radio source on the
Moon (Tsuruta et al., 1998, 1999, 2000a, b), developed sub-satellites for Doppler and VLBI
observations (Iwata et al., 2000a, b, 2001, 2002), developed data reduction system and observation
system (Ishikawa et a., 2001; Tsuruta et al., 2001 Hanada et al., 2002) and made a preliminary
VLBI observations of Lunar Prospector (Kono et a, 2000a, b, 2002) in order to proceed the RISE
project.

RISE group aso examined possible effects of spin, antenna pattern and inclination of the
sub-satellites upon Doppler measurements in order to improve Lunar Gravity models (Kono et al.,
2000c, 2001; Ping et al., 2000a, b, 20014, b; Kikuchi et a., 2001).

As theoretical problems, Ooe and Matsumoto (2001) estimated effects of lunar tides on lunar
orbiters, Hanada (1998) showed that gravity observations in SELENE can put a constraint upon the
density of the lunar core, and Matsumoto et al. (2002) showed that planned satellites configuration
will improve lunar gravity field in wide range of wavelength as well as far-side selenoid by
numerical simulation.

Kawano et a. (1999a, b) proposed a new method named inverse VLBI method which is able to
detect not only rotation and deformation of the Moon but also those of other planets with almost the
same accuracy as that of VLBI applications on the Earth, and Hanada et a. (2001) investigated if
there are interesting phenomena related to the rotation or the deformation on the planets and
estimated how accurately we can measure such phenomena by the inverse VLBI method.

Lunar gravity field has been measured only in the line-of-sight directions using the two-way
Doppler method. Heki et a. (1999) showed that combination with differentia
very-long-baseline-interferometry enables measurements of the components perpendicular to the
line-of-sight direction. Because the orbital motion and the spin of the Moon are synchronous, we can
measure its gravity field only at itsnearside.  Matsumoto et al. (1999) showed that the four-way
Doppler measurement of a lunar orbiter via a relay satellite makes it possible to measure the farside
gravity field directly. Such observations are planned in the SELENE project.Namiki et al. (1999)
summarized the general description of the three geodetic missions in the SELENE project, i.e.,
VRAD (VLBI RADio Transmitter) / RSAT (Relay SATellite) for lunar gravimetry and LALT (Laser

ALTimetry) for lunar topography measurements.
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5.12.2 Satellite Gravity Missions

Characteristics of the ocean response to the atmospheric surface pressure variations are essentially
unknown, even though it isimportant for many studies such as precise gravimetry, satellite altimetry,
crustal deformation, the Earth rotation and so on. Foldvary and Fukuda (2001a) proposed severa
ocean response models, i.e, IB (Inverted Barometer), NIB (Non-Inverted Barometer), and
intermediate ones, and calculated their effects on gravity variations. They showed that resulting
degree power differences of the gravity fields variations are distinguishable by expected GRACE
(Gravity Research and Climate Experiment) mission data.

Foldvary and Fukuda (2001b) tried to model geoid heights changes caused by the hydrosphere and
the atmosphere, and composed them to simulate the measurable signals by GRACE. Then, they
decomposed the signals by considering, (1) different ocean responses to atmospheric pressure
changes, and (2) different time-frequencies of the variations of the hydrospheric contributors.
These tests prove that an appropriate assumption for the ocean response is important to minimize
decomposition errors.

Recent progress of precise gravity measurements using superconducting gravimeters (SG) and/or
absolute gravimeters (AG) enables us to study the very weak signals (less than a few u gals in
amplitude) of long-term gravity changes due to polar motion effects, post-glacia rebounds, crustal
movements, sea level changes, and other various phenomena. Fukuda and Foldvary (2001) proposed
a practica method and discuss some problems related to corrections for the gravity effects of fluid
envelope of the Earth, using coming satellite gravity mission data.  Further, they concluded that the
coefficients obtained by the satellite gravity mission data could be used for the correction of the

gravity changes due to the global mass redistribution.

5.13.Superconducting Gravimetry

Routine observations of gravity changes have been performed in Kyoto (Japan) and in Bandung
(Indonesia) by employing SGs. Takemoto et al. (1998a) reported the first results of the precise
gravity observation in Bandung where only one station exists near the equator. They revealed that
the noise level in Bandung is relatively smaller than that in Kyoto.

Takemoto et al. (1998b) reported the precise observation of two SGs during the period from 1988
t0 1997 in Kyoto. Sun et a. (2001) studied precise tidal gravity recorded with three SGs at stations
Wuhan (China) and Kyoto (Japan). They clarified that the precision of the main tidal amplitudesis
at the same level of 0.01 . gas. They also found that the oceanic tide models developed by the
analysis of measurements from T/P altimeters have the best fit to the SG measurements.

Mukai et al. (2001) clarified characteristics of phase lags of oceanic loading tides using two SGs
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datain Kyoto and Bandung. The observed phase has a deviation about 10 degrees from the
predicted phase in major parts of tidal constituents, though phase lag due to viscosity in the Earth is
expected to be 0.1 degree or less.

Ogasawara et al. (2001) carried out simultaneous observations with SG and absolute gravimeter
FG5 to determine the calibration factor of the SG in Kyoto. The precision of calibration factor
could not reach 0.1 % with less than one week data sets because of environmental noise such as
urban noise, meteorological disturbances and regional earthquakes. They showed that at least one
month observations would be necessary to achieve the accuracy of 0.1 % from simultaneous
observations of SG and AG.  They aso showed that the gravity values obtained at Kyoto C are
apparently decreasing at arate about 3 u gals/year. It is not sure the cause of gravity decreasing at
present time.

Imanishi and Segawa (1998) summarized the six years observations of gravity at the Kakioka
station with a superconducting gravimeter TT70 #11. Parameters of the free core nutation were
estimated based on the tidal analysis results, but they were strongly dependent on the corrections of
minor oceanic tides. The residua gravity data showed correlation with polar motion and local
rainfall. The gravimeter was moved to a new station Matsushiro in 1995.

Imanishi (2000) reported the status of the superconducting gravimeter observation at the
Matsushiro station. He found that instrumental drift of the gravimeter is well modeled by a very
slowly decaying exponentia function of time, with the current rate of about 20 . gals per year. There
was a strong correlation between the local rainfall and the gravity changes. Unlike most other gravity
stations, gravity decreases after rainfall at Matsushiro. Since the gravimeter is located inside a tunnel,
Newtonian attraction from the mass of water above the gravimeter horizon may be responsible for
this correlation. Finally, a gravimetric factor of 1.22+ 0.03 was obtained for the polar motion effect
from the analysis of the residual series.

Imanishi (1999) and Imanishi (2001) reported development of a high-rate and high-resolution data
acquisition system and its application to superconducting gravimetry. This system is based on a
real-time computer operating system called RT-Linux. Combining a rea-time clock module
synchronized to an external GPS clock and the GPIB (General Purpose Interface Bus) interface
board, the system shows extremely high performances in terms of timing accuracy and resol ution of
recording. Applications to the superconducting gravimeter observation system at the Matsushiro
station have yielded very promising results.

Cooperating in GGP (Global Geodynamics Project, Crossey et a., 1999), which is an
international gravity observation project using SGs, Japanese SG group is developing an observation
array of SGs caled GGP-Japan Network (Sato et al., 1998; Takemoto et a., 1998a). With the
cooperation of Norwegian Mapping Authority, a new SG site was established at Ny-Alesund in

Svalbard, Arctic in September 1999. Now the network is consisted of following seven observation
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sites: from the north, Ny-Alesund (78.9° N) in Arctic, Esashi (39.1° N), Matsushiro (36.5° N) and
Kyoto (35.0° N) in Japan, Bandung (6.8° S) in Indonesia, Canberra (35.3° S) in Australia, and
Syowa Station (69.0° S) in Antarctica.  An advantageous point of this network is its longitudinal
distribution of the observation sites on the earth. This is an important point to study many gravity
signals such as those due to the Earth's free oscill ations, earth tides and the effect of the polar motion,
which essentially imply alatitude dependency in their amplitude and phase.

Many studies were carried out using the SG data over the period from 20 seconds to 1.4 years or
longer. For the seismic norma mode, Nawa et al. (1998) had an important discovery from analysis
of the SG data at Syowa Station, i.e., an incessant excitation of the Earth's free oscillations, recently
caled “Earth's background free oscillations.” Since then, many researchers confirmed the
existence of this oscillation not only from analyzing SG data, but also from analyzing the data
observed by long-period seismometer networks. Nawa et a. (2000) analyzed SG data obtained
from severa sites of the GGP network to examine the spatial characteristics in seasonal variations of
the background free oscillations.

The data obtained from SG networks can be used for a comparison with those obtained from
satellite gravity missions. Related to this, Fukuda et al. (1999a8) studied the effect of SSH
variations on the gravity measurements from the space. One hand, Fukuda (1998) and Sato et al.
(2001b) studied its effect on the gravity measurements made on the ground. From the analysis of the
SG data of Esashi, Canberra and Syowa, Sato et a. (2001a) showed that the observed annual
signals are well recovered from the sum of four effects of the solid and ocean tides, the polar motion
and the SSH variations, and their results suggest importance of the SSH variations to explain the
observed gravity changes. There is a possibility that the SG at Bandung detects an ocean oscillation
related to ENSO like motion in the Pacific Ocean. Steric changes in SSH variations should be
corrected when one estimates their effect on gravity measurement, however, this is not easy to do
correctly, because of the complex ocean motions that are two mixed effects of the baroclinic and
barotropic modes. Related to this, it is also important to know the frequency characteristics in the
ocean response to sea surface pressure changes (Foldvary and Fukuda, 20018). In order to study
these problems, a Japanese group started a project in 2001 to compare the SG data with the T/P
satellite altimeter and ocean bottom pressure gauges set at the three cross over points of T/P in off
Sanriku of the north-west Pacific Ocean.

To make precise ocean tide correction to the recent high precision gravity and displacement
measurements, Matsumoto et a. (2001) developed a new computer code called “"GOTIC2". In this
code, the ocean tide models devel oped by Matsumoto et al. (2000) and Takanezawa et al. (2001) are
used for the short-period and for the long-period, respectively. GOTIC2 can also treat other tidal
components such as the tilts, strains and deflections of vertical. Many studies related to the

calibration of SGs and instrumentation and the environmental effects on gravity observations have
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been carried out (for example, Sun et al., 2000; Imanishi, 2001; Mukai et al., 2001; Ogasawara et al.,
2001; Sato et al., 20014, b).

During the period of 1998-2001, GGP-Japan group coordinated a meeting called GGP
Workshop at the frequency of once or twice ayear to discuss the topics mentioned above and related.
Papers presented at the meetings were published in the volumes 8 to 10 of “Proceedings of
Workshop on SG" and in ““Proceedings of Workshop on Geodesy in Antarctica expected from the
New Satellite Gravity Missions and the Ground Base Observations’, printed in March 2001 by
National Institute of Polar Researches. Many papers related to the SG observation were presented at
the 14th International Symposium on Earth Tide held in Mizusawa in 2000, and they were published
inVol. 47 No.1 of Journal of the Geodetic Society of Japan.

5.14.Air-Borne Gravimetry

1998 was the year when the first comprehensive experiment for air gravimetry started in Japan,
though some similar attempts had been made since 1980's. The School of Marine Science and
Technology, Tokai University, manufactured a new air gravimeter for helicopter use with the aid of a
specia support from NEDO. The project of helicopter-borne gravimetry is the result of co-operation
of three GO (Governmental Organization) and NGO (Non-Governmental Organization)
organizations, i.e., the GSJ, Aero Asahi Corporation and Tokai University (Segawa et al., 2000q). A
new air gravimeter for helicopter use employs a servo accelerometer for gravity sensor and an
optical fiber gyro for level. Inthefirst stage of experimental measurements they met with numbers
of problems as to mechanical vibration of helicopter and stabilization of flight. They mostly used
the Bell 412 model helicopter and made measurements at altitude of about 610 m with a speed of 90
knots. After severa technical improvements including the correction for horizontal acceleration
they could attain to an accuracy of approximately 1 mgal by the test made in 2000, so that they
proceeded to practical measurement in the following stages (Segawa et al., 2000b, 20014, b).

The objectives in practical air gravimetry are to investigate detailed gravity anomaly structuresin
land-to-sea bordered areas as well as sea floor surrounded by volcanic islands. In tectonically
active zones such as the Japanese Islands, land-to-sea bordered areas are usually cut by conspicuous
active faults which cause significant earthquakes. Although tectonic faults on land have been
comparatively well identified they disappear offshore, so that tectonic blocks on the continental
shelves are left unidentified. It is well known that tectonic active faults generate characteristic
gravity anomaly patterns. These patterns can be traced seawards over the coastal lines by air
gravity measurement. They actually made such measurements in southwestern Japan by this
project and obtained pieces of evidence showing that it is feasible (Segawa et a., 2002).
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In the following are listed the areas where gravity were measured by helicopter gravity measuring
system in the period from 1998 to 2002.

(1) Saitama, Ibaraki and Offshore Kashimanada
(2) The Suruga Bay
(3) Tokai Coastal Zone from Omaezaki Pt. to Atsumi Pt.
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6. Crustal Deformation

Thisisthe field where great amount of important works have been published 1999-2002, due partly
to the completion of the nationwide continuous GPS network, GEONET, and to the occurrences of
events such as inland earthquakes (e.g., the 2000 Western Tottori Earthquake, the 2001 Geiyo
Earthquake), silent events at plate boundaries (e.g., the Tokai silent event 2000-present) and volcanic
eruptions (e.g., 1999 Usu, Hokkaido, and 2000 Miyake-Jima). In this chapter, papers are classified
into those related to secular (interseismic), transient (coseismic, postseismic, etc.) and periodic
crustal movements. There have been alot of works concerning a series of event that started with
the eruption of the Miyake-Jima in 2000 summer, followed by the submarine dike intrusion
northwest of Miyake-Jima, and the Tokai silent event starting 2000 autumn. Papers related to this
event are listed separately in an independent section.

6.1. Secular Motions

International deployments of GPS receivers led by Japanese researchers have been done in Asian
Far East, such as Sakhalin, Kamchatka (Takahashi et a., 1999) and in the Pacific area (Kato et al.,
1999), etc.. Severa papers discussed plate tectonic framework in Eurasia, determining the Euler
vector of the Amurian Plate (e.g. Heki et al., 1999). This new framework influenced interpretations
of interseismic crustal deformation in Japan (e.g. Hashimoto et al., 2000; Miyazaki and Heki, 2001).
Velocity field by GEONET revealed the existence of a zone aong which deformation concentrates,
which was later named the Niigata-K obe Deformation Zone by Sagiya et al. (2000). This zone is
interpreted as the kinematic plate boundary between plates on which NEJ and SWJ reside. Collision
of the two platesin central Japan also causes variation of convergence rates along the Nankai-Suruga
Trough, which isimportant in discussing the recurrence of interplate events in the Tokai area (Heki
and Miyazaki, 2001). Interseismic crustal deformation has been studied in NEJ (e.g. Nishimura et
a., 2000; Miura et a., 2002) and in SWJ (e.g. Ozawa et al, 1999; Ito et a., 1999) to map coupling
strength on the plate interface.  Campaign-type dense network observations have been done around
major active faults such as the Median Tectonic Line (Tabel et a., 2002). Studies over the last four
years, however, are based mainly on horizontal crustal deformation. Detailed studies incorporating

vertical velocities are expected to be performed in the next four years.

6.1.1 Plate Motions
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6.2. Transient Movements

Bibliography

Coseismic crustal movements have been detected by space geodetic techniques such as GPS and
SAR interferometry, in Mt. lwate in 1998 (Fujiwara et a., 2000), the 2000 Western Tottori
Earthquake (Sagiya et al., 2002), the 2001 Geiyo Earthquake, and so on. Coseismic deformations
with old ground survey data have been newly performed for severa past earthquakes (e.g. Sagiya,
1999; Kobayashi et al., 2002). Slow fault dip after normal earthquakes, similar to the one
following the 1994 Sanriku Earthquake (Nishimura et a., 2000), was studied using tide gauge data
after the 1978 Miyagi-Oki Earthquake (Ueda et al., 2001). Based on such studies, Kawasaki et al.,
(2001) summarized space-time distribution of normal and slow events at the Japan Trench in the
Sanriku region. A purely slow event (i.e. no preceding normal dlip) was found beneath the Bungo
Channel (Hirose et al., 1999), for which time-dependent inversion technique of fault slips has been
applied by Ozawa et a. (2001).

Crustal movements associated with volcanic activities have been studied for the 1999 eruption of
the Usu Volcano, Hokkaido (Tobita et a., 2001; Kimata et al., 2002), and for the 1998
seismo-volcanic crisis of the Mt. Iwate (Miura et a., 2000; Nishimura et a., 2001). The
time-dependent inversion technique was first applied for a real case to study temporal evolution of
the 1997 submarine dike intrusion event east of the Izu Peninsula by Aoki et a. (1999). The large
eruption of the Miyake-jima in 2000 was followed by the intrusion of a dike running from
Miyake-jima to Kozu-shima, which caused large amount of crustal deformation over an extensive
area of the Kanto-Tokai region (e.g. Kaidzu et a., 2000; Nishimura et al., 2001). This event might
have triggered a silent event down-dip the plate interface where the Tokai earthquake is anticipated
to occur (Ozawa et al., 2002). Crustal deformation studies of this series of event are listed in the
section 6.2.4.
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6.3. Periodic Movements
Seasonal components in the GEONET site coordinate time series have been first studied by
Murakami and Miyazaki (2001). A part of them was found to come from seasonal scale changes of

unknown origin (Hatanaka, paper presented at the Geodetic Society of Japan 2002 Fall Meeting), but
considerable real ground deformation signals are also present. The latter was interpreted by Heki
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(2001) to be due mainly to snow loads along the western flanks of the backbone range.  Snow loads
are also suggested to influence inland seismicity (Heki, 2003). Understanding and predicting
seasonal signals are important in studying subtle transient crustal deformation signals, and intensive

studies are needed in the next four years.

Bibliography

El-Fiky, G S., and T. Kato (2000): Study of periodic vertical crustal movement in the Omaezaki
peninsula, Central Japan, and it's tectonics, Earth Planets and Space, 52, 25-35.

Heki, K. (2001): Seasonal modulation of interseismic strain build-up in Northeastern Japan driven
by snow loads, Science, 293, 89-92.

Heki, K. (2002): Snow load and seasonal variation of earthquake occurrrence in Japan, Earth Planet.
Sci. Lett. (in press)

Murakami, Mak., and S. Miyazaki (2001): Periodicity of strain accumulation detected by permanent
GPS array: possible relationship to seasonality of major earthquakes occurrence, Geophys. Res.
Lett., 28, 2983-2986.

6-4.In-situ Deformation Observations

In this report, works using in-situ methods are classified into measurements of crustal tilt and
strain (6.4.1) and of groundwater (6.4.2). The latter studies are done mainly by Nationa Institute
of Advanced Industrial Science and Technology (AIST) researchers as a basic study for earthquake
prediction, and signals related to earthquakes and volcanic activities are reported (e.g. Kitagawa and
Koizumi, 2000; Koizumi et a., 1999; Matsumoto et a., 2002). Tilt- and strainmeter observations
have been active in Japan for decades, and it was in such data that slow earthquakes were found
before the start of nationwide GPS array (Kawasaki, |. et a. (1995): The 1992 Sanriku-Oki, Japan,
ultra-slow earthquake, J. Phys. Earth 43, 105-116). New trends in the in-situ tilt/strain
measurements are, deployment in deep boreholes, improvement of sensitivities with new
technologies, and experimental studies of responses to artificial disturbances such as water injection
(Fujimori et al., 2001). Papers on earth tidal strain signals in various observatories in Japan are
included in the J. Geod. Soc. ETS2000 special issue (e.g., Ohya et a., 2001; Omura et a., 2001;
Onoue et a., 2001).

6.4.1. Tiltmeter, Strainmeter, etc.
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6.4.2. Groundwater observations
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6.5.Geophysical Studiesin Antarctica

Geodetic studies in Antarctica are done in Japanese Antarctic Research Expeditions (JARE)
organized by NIPR (Nationa Institute of Polar Research). The Japanese Syowa Base is equipped
with various space geodetic facilities, e.g. VLBI, permanent GPS, DORIS, etc., and researches at
this base cover amost every field in geodesy, e.g. sea level studies (Aoki et al., 2000 and 2002),
INSAR studies (Doi et al., 1999; Ozawa et al., 1999 and 2000), VLBI (Fukuzaki, 2002) and GPS
(Doi et a., 2002). A superconducting gravimeter is also kept at this base as an observing point of
the Global Geodynamics Project (GGP) (Sato et al., 2001). Some international joint researches are
also doneinAntarctica (e.g., Dietrich et al., 2001).
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6.6.Sea-level Change and Glacial Rebound
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There are some studies focusing on sea-level signals related to large earthquakes that occurred
before space geodetic era (Kobayashi et a., 2002), but mgority of the studies is on the slow
deformation (Okuno and Nakada, 2001) and polar wander (Nakada, 2002) to constrain deep density
(Nakada, 1999) and viscosity (Nakada, 2000) structure of the Earth done by the Kyushu University

group.
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7. Marine Geodesy

Studies on marine geodetic controls are done mainly by the government institute, Hydrographic
Department, Maritime Safety Agency, which was recently renamed as the Japan Coast Guard.
They are responsible for issuing nautical charts, which recently employed world geodetic system.
There are several papers related to this change (e.g. Sengoku, 2000; 2001). Their research
activities also include positioning of remote islands, and laser ranging observations using a mobile
SLR system have been done for nearly two decades (e.g. Hydrographic Department, 1999; 2002).

Apart from activities based on subaerial geodetic techniques, importance of seafloor positioning
has been increasingly recognized by crustal deformation researchers. There are several groups
active in this field; joint team of the Japan Coast Guard and the Institute of Industrial Science,
University of Tokyo (e.g., Asada and Yabuki, 2001; Yabuki, 2002), the Tohoku University group
(Fujimoto et a., 2001), and the Nagoya University group. In addition to positioning, ocean bottom
pressure gauges have been developed and deployed to detect vertical crustal movement as well as

change in mass of the seawater above the sensor (Fujimoto, 1999).

7.1.Marine Geodetic Controls
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8. Earth Tidesand Ocean Tidal L oading

Observational studies of solid earth tides using in-situ methods overlap with the chapter 6-4, many
of which are included in the specia issue of the Journal of Geodetic Society of Japan, ETS2000
specia issue. Ocean tides are studied using floating ice displacement (Aoki et al., 2001; King and
Aoki, 2002), and by atimetetry from space (Matsumoto et al., 2000). The ocean tidal model
obtained by assimilating TOPEX/POSEIDON altimetry data into hydrodynamical model, known as
the NAO-99b Model, has been shown to be accurate in the region near Japan more than past models,
and has been utilized in various fields of studies, such as seismologica studies of tidal triggering of
earthquakes (Tanaka et al., 2002). Ocean tidal loading signals are found to be present in domestic
GPS observation data (Hatanaka et al., 2001), and it is now easy to incorporate such displacements
into space geodetic data analysis procedure owing to the public release of a program GOTIC2, based
on the NAO-99b model, at the website of the National Astronomical Observatory (Matsumoto et al.,
2001).
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9. Earth Rotation

Aoyama and Naito (2000; 2001) studied atmospheric contributions to the excitation of the Chandler
Wobble and seasonal changes in length-of-day (LOD). Oceanic contribution to the annual polar
motion has been studied by Fujita et al. (2002). Long-term polar wander and its relationship with
the Earth’'s rheology was studied by Nakada (2000; 2002). Studies on the secular increase of LOD
due to the mechanical evolution of the Earth-Moon system has been extended to Precambrian ages
by Abe and Ooe (2001).
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10.Application to Atmospheric and Hydrological Resear ches

Exploiting the dense GPS array, research in the GPS meteorology is studied. It is overviewed by
Ohtani (2002). Iwabuchi et al. (2000) compared GPS retrieved precipetable water vapor with the
numerical weather prediction analysis data over the Japanese Islands. Ohtani et a. (2000) compared
GPS-derived precipitable water vapors with radiosonde measurements to assess the retrieval
accuracy in Japan. Ohtani  (2001) made a case study of water vapor variations using GEONET.
Shoji et a. (2002) introduces the outline and results of the Tsukuba GPS Dense Net Campaign
Observation carried out for 2.5 month. GPS observations in Thailand is performed at five sites for
hydrological applications by Takiguchi et al. (2000). The onset of the Asian Monsoon in Thailand
was delineated based on GPS sensing of water vapor. Wu et a. (2001) investigated the effects of
atmospheric water vapor on GPS positioning in volcanic area. Local atmospheric profile is
investigated by Ichikawa et al. (1999; 2000; 2001) by space geodetic techniques and water vapor
radiometers. Quickness of data transfer and analysis and quality of GPS satellite orbit information is
listed as problems to be solved for near rea-time analysis of GPS for water vapor estimate. It is
pointed out that there is trade-off between timeliness and accuracy of results (Hatanaka, 1999).
Atmospheric mountain lee waves excited by a strong westerly wind ahead of approaching cold
front are shown to have significant effect on GPS positioning (Shimada et al. , 2002)). Asatool for
a spaceborne remote sensing, high precision satellite gravimetry to measure atemporal fluctuation of
fluid mass redistribution within the Earth system is reviewed by Furuya et al. (2000).
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11. Planetary Geodesy

Planetary mission plan such as the Japanese Moon exploration program named SELENE
(SElenological and Engineering Explore) is on-going. Hence, many kinds of development and

study were performed..
11.1 Technical Development

In the lunar and planetary exploration, doppler measurement is one of the most effective methods
to track the spacecrafts. It is applied to NOZOMI and SEL ENE mission taking spin modulation into
account (Kono et a, 2001; Ping et a., 2000; Ping et a., 2001b, Ping et a., 2001c ). Kubo-okaet al.,
(1999) developed a new radiation pressure model of relay satellite SELENE. A simulation
demonstrate the reduction of observation residuals, comparing with the cannonball model. Currently
LLR (Lunar Laser Ranging) observations are performed at limited number of sites due to the
extremely weak echo. Yoshino et a, (1999a) proposed a system on the Moon composed of an active
optical transponder and multiple radio sources. The LLR echo signal on the Earth is dropped to R
instead of R* (R: the distance between the Moon and the Earth).
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11.2 Gravitmetry

SELENE project aims at observing thelunar gravity, libration and topography to study the lunar
origin and evolution. Heki et al, (1999) performed numerical studiesto verify the benefit of
including differential VLBI observationsin orbit determination of alunar orbiter and estimation of
the lunar gravity field. Matsumoto et al, (1999) studied the impact of far-side satellite tracking on
gravity estimation. Plan and the development status of observing system are overviewed (Iwataet a.,
1999; Iwata et al.,2000; Iwata et al ., 2001; Iwata et al.,2002; Kawano et al.,2000; Kawano et
a.,2001). VLBI radio source on the Moon (VRAD) mission is studied by Hanada (1999; 2002) to
contribute to establish alunar gravity field model. Kono et al, (2000) performed a differential VLBI
observations using the Lunar Prospector. Kono et a, (2002) performed a test to resolve the cycle

ambiguity of the carrier wave by multi-frequency VLBI.
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11.3. Rotation Measurements
Hanada et al, (2000a) proposed In situ Lunar Orientation Measurement (ILOM) to study lunar
rotational dynamics by direct observations of the lunar physical libration from the lunar surface with

an accuracy of 1 milli-arc-second by using a PZT type telescope in the post-SELENE project.
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Scientific goals are overviewed by Hanada et al, (2000b) and Heki et a, (1999). Feasibility study of
ILOM mission are performed by Kawachi et al. (2000), Takanezawa et al. (2000), Takanezawa et
a. (2001), and Yokoyama et a. (2000). Feeasibility study of planetodesy by the inverse VLBI was
investihgated (Kawano et al, 1999; Hanada et al, 2001).
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11.4 Topography and others

Araki et al, (1999) reported that RISE (Research In SElenodesy) group in National Astronomical
Observatory at Mizusawa developed a laser atimeter (LALT) for the Moon exploration which can
measure distance from a satellite to the lunar surface with an accuracy of 5m in every one second.
Tsubokawa et al, (2002) summarized the Laser Altimeter for SELENE orbiter. It will acquire the
information of smaller scale topographic features to investigate also lunar interna structure,
tectonics, and thermal history for selenodesy. Ooe et al, (2001) investigated the lunar tidal effects to
the SELENE mission which is planned as a Japanese space program. Araki et a, (1999) showed
the focal processes are classified to the tide driving type and tide —triggring type from the 30 mgjor
deep Moonquakes investigation.
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