Horizontal Mov emen t of Marcus VLBI Station due to the

Paci�c Plate Motion

Y asuhiro KO Y AMA,

1

Kosuke HEKI, Michito IMAE

Kashima Space Research Center, Communications Research Lab oratory

893-1 Hirai, Kashima, Ibaraki 314 JAP AN

T etsuro KONDO

Hiraiso Solar T errestrial Research Center, Communications Research Lab oratory

3601 Isozaki, Nak a-Minato, Ibaraki 311-12 JAP AN

Hiroshi KUROIW A

Okinawa Radio W av e Observ atory

, Communications Research Lab oratory

829-3 Daigusukubaru, Kuba, Nak agusukuson, Nakagamigun, Okinaw a 901-24 JAP AN

Y uji SUGIMOTO, F ujinobu T

AKAHASHI, T aizoh YOSHINO, Chihiro MIKI, and

Jun AMAGAI

2

Headquaters, Communications Research Lab oratory

4-2-1 Nukui-Kitamachi, Koganei, T okyo 184 JAP AN

1

Presently at Jet Propulsion Lab oratory

, Mail Stop 301-150, 4800 Oak Grove Dr.,

Pasadena, CA 91109, USA : e-mail ko yama@crl.go.jp : fax +1-(818)393-6388

2

Also at Science and T ec hnology Agency

, 2-2-2 Kasumigaseki, Chiyoda-Ku, T oky o

100 JAP AN

Abstract.

Current motion of the Minami-T orishima (Marcus) V ery Long Baseline

Interferometry (VLBI) station has b een measured over the last �ve years

of W estern Paci�c VLBI Network (WPVN) exp eriments. The results of

16 indep endent sessions indicated its steady motion of the station in the

horizontal pro jection plane. The velocity was estimated as 80.5 mm/year

toward N67.5W in the IERS T errestrial Reference F rame (ITRF92). High

reliability and quality of the data obtained from WPVN exp eriments was

demonstrated by the result that the horizontal movemen t of the Marcus

station is consistent with a constant velocity linear motion.

1. Intro duction

Minami-T orishima (Marcus) island lies at ab out 153

�

59’E 24

�

17’N in the Paci�c

Ocean. This small island gives us a rare opp ortunity to study the b ehavior of

the Paci�c Plate b ecause there have b een no other precise geo detic measurement

sites in the northwestern region of the plate. ‘Marcus’ is the English name of

Minami-T orishima and we will use Marcus as the name of this island hereafter. The

W estern Paci�c VLBI Network (WPVN) is a �ve year pro ject of regional geo detic

V ery Long Baseline Interferometry (VLBI) netw ork by Communications Research

Lab oratory (CRL) and Shanghai Observatory of the Chinese Academy of Sciences.

The purp ose of the pro ject is to measure tectonic plate motions with tw o new

VLBI stations at Marcus and Minami-Daito jima, abbreviated as Daito. These tw o

new stations, along with the Kashima and Seshan stations, complete a compact

lozenge shap ed netw ork as shown in Figure 1. F our ma jor tectonic plates meet in this

region and have complicated mutual interactions with each other. The con�guration

of WPVN has the adv antage that each of four observ ation sites is lo cated on each

of these four tectonic plates, i.e. Kashima on the North American Plate (NOAM),

Seshan on the Eurasia Plate (EURA), Marcus on the Paci�c Plate (PCFC) and

Minami-Daito jima on the Philippine Sea Plate (PHIL). Relative plate motions should

b e observed as changes of vectors connecting these four VLBI stations, which are

called ‘baseline vectors’.

The plate b oundaries in Figure 1 are ideally shown as narrow lines and some

may even argue with the lo cation of these b oundaries around Japan. Howev er, as

discussed by Gordon and Stein (1992), plate b oundaries are b etter describ ed as zones

of active deformation with v arious widths. Kashima is in fact considered to b e lo cated

in the region of deforming lithosphere. Heki et al. (1990) discussed the motion of

Kashima VLBI station and showed its steady motion is a result of contraction of

northeastern Japan. Seshan also mov es relative to the Eurasian Plate as a result of the collision b etw een the Indian continent and the Asian continent (Avouac and

T apponnier, 1993). Recently Heki and Koy ama (1993) discussed the motion of the

Seshan station determined from VLBI data. The result obtained from international

VLBI exp eriments was consistent with the distribution of regional deformation in

central Asian region estimated from slip rates of strike slip faults and conv ergence

rates across thrust zones. One imp ortant consequence from these studies is that b oth

Kashima and Seshan VLBI stations are moving with constant velo cities for at least

the time range over which VLBI exp eriments hav e b een p erformed, even though they

do not really lie on tectonic plates. The stable mov ements allow their site lo cations

to b e expressed by co ordinates which are linearly changing with time. This can b e

con�rmed from their small uncertainties in site co ordinates and velo city comp onents

in the terrestrial reference frame ITRF92 (International Earth Rotation Service :

IERS, 1993). Kashima and Seshan VLBI stations hav e advan tages among many

VLBI stations distributed worldwide b ecause numerous VLBI exp eriments hav e b een

p erformed involving them with various international VLBI networks. These stations

are tw o of the 10 VLBI stations sp eci�ed as ‘Primary’ sites for ITRF92 outside the

United States of America. Thus, site p ositions of the other two stations in WPVN,

Marcus and Daito, can b e determined in the globally de�ned reference frame from

baseline vectors to Kashima and Seshan estimated from geo detic VLBI exp eriments.

Through �ve years of WPVN pro ject from 1989 to 1993, the site p osition of a

10m antenna at Marcus VLBI station has b een rep eatedly measured in 16 observing

sessions. In this pap er, we describ e these exp eriments, concentrating only on Marcus

sessions p erformed under the WPVN pro ject, and discuss the movement of Marcus

VLBI station estimated by analyzing these data.

2. VLBI F acilities for MARCUS

At the Marcus site, a new Az/El typ e antenna with a 10m diameter was

constructed at the isolated coral reef island in 1989. This antenna is equipp ed with X

and S-band receivers so that precise ionospheric delay correction is p ossible. These

receivers are mounted at its cassegrain fo cus p osition (X-band) and at the prime fo cus

p osition of the main re ector (S-band) separately

. This was achieved with a F requency

Selected Subre ector (FSS), which re ects radio wa ve at the X-band frequency while

it is transparent at the S-band frequency .

Since the Marcus station is not p ermanently attended by dedicated p ersonnel, all

the VLBI observ ation equipment, including a frequency standard system and a data

recording system, were transp orted to the site each year from CRL. The K-4 Data

Acquisition System (Kiuchi et al., 1991; Hama and Kiuchi, 1991) and Crystal-Cesium

frequency standard system (Kiuchi et al. 1989) proved their advan tage of compactness

in such op erations where transp ortation is inherent. This frequency standard system

is based on a highly stable quartz oscillator which has su�cient frequency stability

at short time interv al (< 200 seconds) to maintain coherence at X-band. Since the

quartz lacks long term frequency stability

, a Cesium Beam frequency standard system

is utilized and ov erall frequency output is controlled by a Phase Lo cked Lo op (PLL)

circuit. Adv antages of the system compared with a Hydrogen maser system which

is usually used for geo detic VLBI exp eriments are its small size and light weight.

How ever, it is less stable than a Hydrogen maser system so that the exp eriments

had to b e designed carefully to incorp orate its characteristics. A new transp ortable

Hydrogen maser system CH1-75 was used in the three sessions in 1993 instead of

the Crystal-Cesium system. In 1989, a K-3 data recorder was used instead of a K-4

recorder in later years.

3. Exp eriments

All the exp eriments p erformed at the MARCUS station are summarized in

T able 1. Once the necessary VLBI equipment was transp orted to the site, at least tw o

exp eriments were p erformed there. Every year except 1989 the site was o ccupied in

late June considering the calm weather conditions at the site. Because the exp eriments

were done in the same season, any kind of seasonal uctuations of systematic error are

exp ected to b e reduced when motions of VLBI sites are discussed.

At the Kashima site, the 34m antenna was used except for exp eriments in 1989.

The 26m antenna was used in 1989 and 1990. Each year, two sessions were scheduled

as regular series with a three station (Kashima, Seshan and Marcus) con�guration.

Five additional exp eriments were scheduled with a two station (Kashima and Marcus)

con�guration in 1991. Another exp eriment with a �ve station (Kashima, Seshan,

Kokee, F airbanks and Marcus) con�guration was also organized in 1993. Since the

F airbanks station participated in the �rst exp eriment in 1990, there are two baseline

length data for the F airbanks-Marcus baseline, whereas there is only one baseline

length datum for the Kokee-Marcus baseline.

Observ ation schedules for WPVN exp eriments were generated at Kashima Space

Research Center of CRL. The software SKED develop ed by Go ddard Space Flight

Center (GSFC) was used for this purp ose. F or sessions held in 1989-1992, the

observ ation scan length was kept short (ranging from 150 to 196 seconds) b ecause

the frequency stability of the Crystal-Cesium system do es not remain go o d for longer

integration times. Because of this restriction, only strong radio sources were chosen.

F or the sessions in 1993, each observ ation scan length was determined to satisfy a

certain signal to noise ratio, 20 and 15 for X and S band resp ectively

, with given ux

density of radio sources. In addition, SKED was revised by GSFC to incorp orate the

capability to generate schedule �les automatically by optimizing estimation of desired

parameters. W e optimized the schedules to minimize the estimation errors for Marcus site p osition by using this new function for the sessions in 1993.

Exp eriments were basically successful but some p ortions of sessions were lost for

v arious reasons. A sp ecial case was that the S-band phase-cal signal was a�ected by

spurious radiation from the X-band phase-cal system. It prevented S-band data taken

in 1989 sessions from b eing used for bandwidth synthesis. T o solve this problem,

the phase-cal signal phase in each frequency channel was �xed to its average v alue.

Although this pro cedure improv ed the data for the 1989 sessions, their quality is worse.

4. Pro cessing and Analysis

Data pro cessing was done mainly at Kashima Space Research Center, CRL

following the pro cedure describ ed by Kondo et al. (1992). The K-3 typ e correlator was

used for the correlation. The software KOMB was used for the bandwidth synthesis.

Two of the exp eriments were pro cessed at Haystack Observatory using a Mark-3

correlator b ecause the data recorded at F airbanks and Kokee stations were recorded

using Mark-3 high density recorders.

After the correlation, the data have b een analyzed using the software CALC

(V ersion 7.6) and SOL

VE (Ryan et al. 1993). The IERS standards (McCarthy

, 1992)

were adopted in the mo del calculation. Actual site co ordinates in the terrestrial

reference frame (ITRF92) and radio source co ordinates in the celestial reference frame

(ICRF92) were obtained from the annual rep ort of IERS (IERS, 1993). ITRF92 is

comp osed of site co ordinates at a time ep o ch (1988.0) and velocities, and hence, site

co ordinates in this reference frame at sp eci�c dates of exp eriments were calculated.

Ocean loading co e�cients for vertical and horizontal site displacements due to o cean

tides at Marcus station were provided from Scherneck (1991). Earth Orientation

Parameters (EOP) b efore 1992 were obtained by interp olating �ve day interv al v alues

describ ed in the annual rep ort of IERS (IERS, 1993), and from monthly rep orts of

IERS (IERS Bulletin B) for exp eriments in 1993. In b oth cases, normal v alues of

UT1�UTC without any correction were used and these data were interp olated after

short time tidal v ariation of UT1�UTC were comp ensated by a tidal v ariation mo del

describ ed by McCarthy (1992).

Station p ositions for Kashima, Seshan and F airbanks stations were �xed to

their a priori v alues. Only the Marcus and Kokee station p ositions were estimated.

Clo ck o�sets b etween stations were estimated as linear functions with breaks every 3

hours. The dry comp onent of trop ospheric zenith delay was determined from ground

observ ations of meteorological data and the rest of the trop ospheric delay

, which is

regarded as a wet comp onent, was estimated in the same wa y as for clo ck o�sets.

5. Results and Discussion

5.1. Results

Estimated baseline lengths along with their standard deviations are shown in

Figure 2 for three baselines to the Marcus station. Two data for a baseline b etween

the 26m antenna at Kashima (Kas26) and Marcus are included in the Kas34-Marcus

(Kas34 : 34m antenna at Kashima) baseline data by subtracting 307.645m which is the

di�erence of lengths b etween these two baselines according to the ITRF92 co ordinates

at 1988.0. A least squares estimate was applied to obtain an ep o ch v alue and a rate

of change for each baseline. T able 2 shows these results and the exp ected rates of

baseline length change from NUVEL-1 plate motion mo del (DeMets et al. 1990).

These mo del estimations were obtained by assuming Kashima and Seshan are moving

with the North American Plate and Eurasia Plate motions resp ectively .

T o obtain the horizontal motion of the Marcus station, estimated co ordinates

from each session were converted to a lo cally de�ned reference frame. W e chose

ITRF92 co ordinates of Marcus at 1988.0. as the origin and horizontal north, east

and vertical zenith directions as three axes of the frame. Then these results in each

comp onent were again linearly �tted by linear least squares, as for the baseline length data. Results are shown in Figure 3. Ep o ch v alues at 1991.0 and rates of change for

three comp onents are tabulated with reduced Chi-Square values from the least squares

estimations in T able 3. According to these results, the horizontal movement of the

Marcus station is 80.5 mm/year tow ard N67.5W. Figure 4 shows the same results by

1� ellipses pro jected onto the horizontal plane.

5.2. E�ect of �xed p ositions of more than one station

Usually in a geo detic VLBI exp eriment analysis, only one station is chosen as a

reference and its p osition is �xed throughout the analysis, whereas the other station

p ositions are estimated. This is b ecause reliably accurate a priori station p ositions are

not av ailable other than from VLBI itself. However, the main purp ose of the present

pap er is to estimate the Marcus station p osition as accurately as p ossible. Since the

num b er of VLBI exp eriments at Marcus and Kokee stations are limited, we considered

it to b e preferable to estimate co ordinates of only these tw o stations, while �xing the

other station p ositions to their a priori co ordinates given by ITRF92. T o con�rm

that this pro cedure is e�ective in improving the accuracy of estimation, analyses were

rep eated by �xing only one set of station co ordinates and the results were compared.

In the analyses here, one of the Kashima stations was selected as a reference. The

results are summarized in T able 4. As exp ected, estimated rates from two di�erent

analyses are not signi�cantly di�erent for all three baselines. A p oint to b e mentioned

is the di�erence of RMS residuals for the Seshan-Marcus baseline. Since this baseline

is the least sensitive baseline in the network, obtained time delay measurements hav e

p o orer uncertainties compared to the other baselines. If the station p osition of Seshan

is �xed in an adequate manner, the p o or baseline sensitivity do es not necessarily

degrade the Marcus station p osition estimate since the Kashima-Marcus baseline

data are exp ected to function as strong constraints. On the other hand, if Seshan’s

p osition is allow ed to b e adjusted as in the case of latter analysis (2) in the T able 4, its estimated p osition may b e o�set from the true v alue by more than ITRF92 site

p osition. Such a �t may thus degrade the rep eatability of Seshan-Marcus baseline

length estimates. The p osition estimates for Marcus station will also b e degraded;

this can b e con�rmed by the fact that the uncertainties of estimated rates of baseline

lengths in case (2) in T able 4 are also larger than in case (1).

5.3. Data quality

As shown in Figure 2, the lengths of Kas34-Marcus and Seshan-Marcus baselines

are well represented by linear function of time. Although the vertical p osition of

the Marcus station has a large uncertaint y and scatter as is usual for geo detic VLBI

measurements, horizontal comp onents have small uncertainties and their �ts to the

least square estimates of line are very go o d to o. V alues of reduced �

2

in T able 2

and T able 3 can b e used to evaluate the quality of the least square estimate. F or

Seshan-Marcus baseline length data, where the number of degrees of freedom is 8, 90%

of distribution for reduced �

2

is b etween 0.34 and 1.94, whereas for Kas34-Marcus

baseline length data and three comp onents of Marcus station p osition data, where 14

degrees of freedom, the distribution is b etween 0.47 and 1.69. All v alues obtained in

this study are in these ranges. It suggests two things. First, the assumption that the

Marcus station is moving linearly with a constant velocity is correct within the present

uncertainties of estimates. Second, the estimated uncertainties of data are consistent

with the rep eatability of measurements.

Residual RMS v alues can b e considered to represent rep eatability of the obtained

data. F rom these v alues, horizontal comp onents of the Marcus station p osition and

baseline lengths were determined with 1-2cm of uncertainty

, whereas the vertical

comp onent was determined with 6cm of uncertainty

. It is also seen that data from

sessions in 1989 are p o orer than the other years. This is considered as an e�ect of a

problem in S-band phase calibration signal at Marcus station we exp erienced in 1989.

5.4. Comparison with plate motion mo dels

The ITRF92 reference frame was generated by constraining it to b e consistent

with the No-Net-Rotation (NNR) NUVEL1 plate motion mo del (Argus and Gordon

1991). Because these tw o reference frames are identical, our estimate of the horizontal

mov ement of Marcus can b e directly compared with the plate motion velocity

calculated from the mo del. According to the NNR-NUVEL1 mo del, plate motion

velocity of the Paci�c Plate at Marcus is 74.4 mm/year tow ard N57.0W. Our estimate

from this study is 80.5 mm/year toward N67.5W. The comparison is shown in Figure 5.

The uncertainty in our horizontal velocity estimate is ab out 3 mm/year. The di�erence

in sp eed is 6.1 mm/year, but they di�er in direction by more than 10 degrees. This

discrepancy in the direction causes 15.5 mm/year di�erence in velocity .

In T able 2, estimated rates of baseline length change are compared with v alues

calculated from the NUVEL1 plate motion mo del. Since there are only two data for

the F airbanks-Marcus baseline, we will limit our discussion to the other two baselines.

Part of the di�erence for the Seshan-Marcus baseline is considered to b e due to a

motion of Seshan with resp ect to the Eurasia Plate. If the velocity of the motion

is assumed as 9.7 mm/year toward N119.7E as given by Heki and Koyama (1993),

its contribution to the rate of Seshan-Marcus baseline is �8.5 mm/year. Hence the

di�erence b etw een our result and the mo del b ecomes 4.9 mm/year. Similarly

, if Kas34

is assumed to b e moving at 14 mm/year tow ard N60W with resp ect to the North

American Plate (Heki et al. (1990), its contribution to the rate of Kas34-Marcus

baseline is 13 mm/year and the di�erence b etw een our result and the mo del b ecomes

7.6 mm/year. These comparisons suggest that Marcus is moving tow ard b oth Kas34

and Seshan faster than exp ected from the NUVEL1 mo del.

6. Conclusion

The movement of the Marcus station is evident in b oth the baseline length

data and station p ositions pro jected on the horizontal plane. On the other hand,

any vertical mov ement was not detected under our current limit of vertical p osition

uncertainties. These data are consistent with the station moving horizontally with a

constant velocity

. The result also demonstrated high reliability and quality of the data

obtained from WPVN exp eriments.

Comparisons b etween our results and plate motion mo dels, NUVEL1 and

NNR-NUVEL1, indicates small but probably signi�cant discrepancies. Although

careful consideration should b e given to a prop er motion of each station and treatment

of di�erent terrestrial reference frames to declare there is really a discrepancy

, the

mov ement of the Marcus VLBI station will no doubt contribute to a further study

ab out the b ehavior of the Paci�c Plate.

Ackno wledgemen ts

W e would like to thank colleagues in b oth Communications Research Lab oratory

and Shanghai Observ atory of Chinese Academy of Sciences for execution of W estern

Paci�c VLBI Network exp eriments. Software developed at Go ddard Space Flight

Center, National Aeronautics and Space Administration, and data provided by

International Earth Rotation Service were extensively used in our study . W e also

thank Haystack Observ atory for the correlation pro cessing for two VLBI exp eriments

and colleagues in F airbanks station and in Kokee station for their participation in

the WPVN sessions. This pap er is completed during a stay of the �rst author at Jet

Propulsion Lab oratory with a supp ort from Science and T echnology Agency of Japan.

V aluable discussions with Donald F. Argus and Ojars J. Sov ers were quite helpful to

improv e the manuscript.

References

Argus, D. F. and R. G. Gordon (1991), No-net-rotation mo del of current plate

velocities incorp orating plate motion mo del NUVEL-1, Geophys. Res. Lett.,

18, 2039-2042

Avouac J. P

. and P . T apponnier (1993), Kinematic Mo del of Active Deformation on

Central-Asia, Geophys. Res. Lett., 20, 895-898

DeMets C., R. G. Gordon, D. F. Argus and S. Stein (1990), Current plate motions,

Geophys. J. Int., 101, 425-478

Gordon, R. G. and S. Stein (1992), Global T ectonics and Space Geo desy

, Sience, 256,

333-341

Hama, S. and H. Kiuchi (1991), K-3 and K-4 VLBI data recorders, J. Commun. Res.

Lab., 38, 459-470

Heki, K., Y. T ak ahashi and T. Kondo (1990), Contraction of northeastern Japan :

evidence from horizontal displacement of a Japanese station in global very long

baseline interferometry networks, T ectonophysics, 181, 113-122

Heki, K. and Y. Koyama (1993), Eastward Extrusion of the South China Blo ck : an

Evidence from V ery Long Baseline Interferometry

, pr esente d in General Me eting

of the International Asso ciation of Geo desy, Beijing

International Earth Rotation Service (1993), 1992 IERS Annual Rep ort, published by

Observatoire de Paris

Kiuchi, H., J. Amagai and N. Kaw aguchi (1989), A Highly Stable Crystal Oscillator

Applied to Geo detic VLBI, J. Commun. Res. Lab., 36, 107-124

Kiuchi, H., S. Hama, J. Amagai, Y. Ab e, Y. Sugimoto and N. Kaw aguchi (1991), K-3

and K-4 VLBI data acquisition terminals, J. Commun. Res. Lab., 38, 435-458

Kondo, T., J. Amagai, Y. Koyama, H. Kunimori and F. T ak ahashi (1992), Geo detic

VLBI Activities of Communications Research Lab oratory - Contribution to

NASA Crustal Dynamics Pro ject, J. Geo detic So c. Jpn., 38, 293-308

McCarthy

, D. D. (ed.) (1992), IERS Standards (1992), IERS T echnical Note 13,

Observatoire de Paris

Ryan, J. W., C. Ma and D. S. Caprette (1993), Crustal Dynamics Pro ject Data Analysis

- 1992, VLBI Geo detic Results 1979-1991, NASA T echnical Memorandum

104572

Schernec k, H. G. (1991), A Parameterized Solid Earth Tide Mo del and Ocean Tide

Loading E�ects for Global Geo detic Baseline Measurements, Geophys. J. Int.,

106, 677-694

Figure 1. Con�guration of W estern Paci�c VLBI Network. Lo cations of F airbanks

station (Gilmore Creek Geophysical Observ atory

, Alask a) and Kokee station (Kokee Park

Geophysical Observ atory

, Haw aii) are also shown. Thick lines indicate plate b oundaries

b etween four plates, i.e. EURA : Eurasia Plate, NOAM : North American Plate, PHIL

: Philippine Sea Plate and PCFC : Paci�c Plate.

Figure 2. Baseline length plots from WPVN exp eriments. Each p oint is plotted with 1�

error bar. Straight lines are results of least squares estimations by assuming a constant

change of each baseline length. Two op en circles in the Kas34-Marcus baseline indicate

the data were actually calculated from Kas26-Marcus baseline lengths.

Figure 3. Station p ositions of Marcus expressed in a lo cal reference frame. Origin of

the frame is taken to the 1988.0 p osition of Marcus according to ITRF92. Each p oint

is plotted with 1� error bar. Straight lines are results of least square estimations by

assuming a constant change of each comp onent.

Figure 4. Estimated p ositions and their 1� error uncertainties of the Marcus station

are pro jected onto the horizontal plane. A straight line is drawn by using ep o ch v alues

and rates of change for north and east direction comp onent given in T able 3. This line

expresses the estimate of horizontal linear movement of the Marcus station. Five dots

on the line corresp ond to p ositions at 1 year interv al from 1989.5 to 1993.5.

Figure 5. V elocity vectors of Marcus station in the horizontal plane (1) obtained by our

analysis and (2) given by NNR-NUVEL1 mo del.

T able 1. List of VLBI exp eriments for the Marcus station

Date of Exp. Participated Stations

1989.7.24 Kas26 a

Marcus Seshan

1989.8.12 Kas26 Marcus Seshan

1990.6.25 Kas34 b

Kas26 Marcus Seshan F airbanks

1990.6.30 Kas34 Kas26 Marcus Seshan

1991.6.27 Kas34 Marcus

1991.6.28 Kas34 Marcus

1991.6.30 Kas34 Marcus Seshan

1991.7.01 Kas34 Marcus

1991.7.02 Kas34 Marcus

1991.7.03 Kas34 Marcus

1991.7.04 Kas34 Marcus Seshan

1992.6.27 Kas34 Marcus Seshan

1992.6.30 Kas34 Marcus Seshan

1993.6.24 Kas34 Marcus Seshan

1993.6.26 Kas34 Marcus Seshan

1993.6.28 Kas34 Marcus Seshan Kokee F airbanks

a

Kas34 = 34m antenna at Kashima

b

Kas26 = 26m antenna at Kashima

T able 2. Baseline lengths and rates of shortening

Baseline Baseline Length Rate Reduced NUVEL1 mo del

on 1991.0 (mm) (mm/year) �

2

(mm/year)

Kas34-Marcus 1812578116.1�4.6 �76.9�2.9 0.736 �82.3

Seshan-Marcus 3270841112.6�6.3 �108.8�3.5 0.988 �95.4

F airbanks-Marcus 5885336991.0�14.6 �25.1�11.3 � � � �6.4

T able 3. Marcus station p osition and velocity

Comp onent Ep o ch value at Rate of change Reduced Residual RMS

1991.0 (mm) (mm/year) �

2

(mm)

North direction 91.7�4.5 30.8�2.6 0.622 11.6

East direction �213.3�4.1 �74.4�2.5 0.878 14.3

Upward direction �24.9�15.6 �1.9�9.8 1.093 65.8

T able 4. Results from two di�erent metho ds of analysis

Baseline (1) (2)

Kas34-Marcus Rate (mm/year) �76.90�2.88 �77.03�3.04

Residual RMS (mm) 11.36 11.08

Seshan-Marcus Rate (mm/year) �108.83�3.49 �111.03�5.62

Residual RMS (mm) 18.28 54.22

F airbanks-Marcus Rate (mm/year) �25.07�11.25 �25.72�11.25

(1) Kashima, Seshan and F airbanks stations are �xed

(2) Only Kashima station is �xed