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Abstract The paper presents the results of crustal defor-
mation, as evidenced by changed station coordinates, in the
Tokyo metropolitan area detected by the satellite laser rang-
ing (SLR) technique. The coordinates of two Key Stone SLR
stations, Tateyama and Kashima, were determined from 4
weeks of orbital arcs of the LAGEOS-1 and LAGEOS-2
satellites with respect to 16 SLR stations kept fixed in the
ITRF2000 reference frame. The station coordinates were cal-
culated using the NASA GEODYN-II orbital program. The
orbital RMS-of-fit for both satellites was 16 mm. The stan-
dard deviation of the estimated positions was 3 mm. A jump
of about 5 cm in the baseline length between the Kashima
and Tateyama stations was detected in June–August 2000 by
VLBI and GPS techniques. This work confirms this crustal
deformation as determined by SLR and vice versa. Analysis
of coordinates of these stations shows that this effect was
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caused by a 4.5-cm displacement of the Tateyama station in
the north-east direction. The change in the vertical compo-
nent was not significant.
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1 Introduction

The National Institute of Information and Communications
Technology (NICT), Japan (formerly the Communications
Research Laboratory, CRL), developed a regular geodetic
observation system using very long baseline interferometry
(VLBI), satellite laser ranging (SLR) and global position-
ing system (GPS) to demonstrate their effectiveness for the
determination of the crustal deformations around the metro-
politan area of Tokyo. It was named the Key Stone Project
(KSP) after the Japanese legend of earthquake prevention.
In this paper, the crustal deformation is inferred in terms of
changes in coordinates and baseline lengths, and is thus not
a full analysis in geophysical terms.

Very long baseline interferometry (VLBI) observations
of the baseline vector between Kashima and Tateyama were
made continuously in the frame of KSP from December 1996
to November 2001. GPS observations started from January
1998. The KSP observations of all three space-geodetic tech-
niques were completed at the end of November 2001. In the
KSP program, colocated observing systems have been de-
ployed at four sites (Koganei, Kashima, Miura and Tatey-
ama) around the Tokyo area to monitor crustal deformation
(Fig. 1). Target precision was a few millimeters in the base-
line length between the four stations. CRL designed the VLBI
and SLR to be as much automated as possible.

In the summer of 2000, crustal deformation was observed
in the KSP network. Two months’ movement was observed
continuously by the VLBI and GPS systems. The results
were presented in several papers (Yoshino et al. 2001, 2002;
Ichikawa 2001, 2002). A large change in the baseline length
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Table 1 Activity of the KeyStone satellite laser ranging (SLR) stations

Stations SLR activity Number of Initial coordinates
periods normal points ITRF2000 (m)

Koganei 7328 Nov 1998 – Jul 1999 918 X = −3, 941, 961.4490
Sep 1999 – Mar 2000 2989 Y = 3, 368, 148.5067
Jun 2000 – Jul 2000 133 Z = 3, 702, 208.6608

Kashima 7335 Apr 1999 – Sep 1999 506 X = −3, 997, 483.5242
Oct 1999 – May 2000 2353 Y = 3, 276, 844.2240
Aug 2000 – Jan 2001 737 Z = 3, 724, 307.2954

Miura 7337 Nov 1998 – Apr 1999 366 X = −3, 976, 171.8906
Oct 1999 – Apr 2000 1935 Y = 3, 377, 941.7174

Z = 3, 656, 691.9742
Tateyama 7339 Nov 1998 – Jul 1999 1125 X = −4, 000, 964.7806

Oct 1999 – May 2000 3335 Y = 3, 375, 308.9843
Aug 2000 – Jan 2001 1223 Z = 3, 632, 199.5749
May 2001 – Oct 2001 366

The stations and periods used in the present analysis are typed boldface

Fig. 1 The Key Stone project stations (Yoshino et al. 2001)

(2 cm/month) between the Kashima and Tateyama stations
was observed since the end of June 2000 until August 2000.
Hitherto, the analysis of SLR data was not presented.

2 Observations at the Key Stone SLR stations

The generation of SLR data for the KSP began in Novem-
ber 1998. The results of the four SLR stations’ activity in
the frame of KSP are presented in Table 1. Unfortunately, all
four SLR stations ended their activity in the spring of 2000
when the time limit of the project was reached. However,
SLR stations at Tateyama and Kashima resumed observations
starting from August 2000 to observe the effect of crustal
deformation. The observations of these two stations were
continued until January 2001 (Kashima) and October 2001
(Tateyama). A brief report about SLR results was presented in
Yoshino et al. (2002).

The present paper presents the first detailed analysis of
the crustal movement as determined by SLR. It also shows
the possibility of determining a few centimeters of change in
station positions by SLR. The best results of the Kashima and

Table 2 The 16 fixed reference stations

Stations International Laser Number of RMS
Ranging Service normal points (mm)
site occupation
designator (SOD)

McDonald 70802419 5773 15.0
Yarragadee 70900513 13895 12.8
Greenbelt 71050725 11756 13.4
Monument peak 71100411 11357 15.2
Papeete 71240802 1810 12.8
Arequipa 74031303 1126 20.2
Zimmerwald 78106801 4103 18.2
Borowiec 78113802 2368 18.1
Grasse SLR 78353102 6534 14.4
Potsdam 78365801 2858 14.0
Simosato 78383602 2859 31.4
Graz 78393402 8515 16.4
Herstmoceux 78403501 11220 12.2
Grasse LLR 78457801 3562 14.1
Mount Stromlo 78498001 13059 12.8
Wettzell 88341001 4742 19.6

Station Koganei instead of Simosato was used in 1999 and Haleakala
instead of Papeete was used in the last arc

Tateyama SLR stations were achieved in the periods October
1999 – May 2000, and August 2000 – January 2001 (Table 1,
boldface). The data were divided and analysed in two popu-
lations: eight 4-week arcs before the displacement (October
1999 - May 2000) and six 4-week arcs after the displacement
(August 2000 – February 2001). The different time periods
for both populations of Kashima and Tateyama are the result
of the best quantity and quality of data for these periods for
both stations.

3 Determination of SLR station coordinates

The coordinates of the Key Stone SLR stations were deter-
mined by the method presented in Schillak et al. (2001),
Schillak and Wnuk (2002) and Wnuk et al. (2002). The
station coordinates were determined from the orbits of the
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Table 3 GEODYN-II force model and parameters

Force model
Earth gravity field: EIGEN-GRACE02S 20×20 (Reigber et al. 2005)
Earth and ocean tide model: EGM96 (Lemoine et al. 1998)
Third body gravity: Moon, Sun and all planets – DE200
(Standish 1990)
Solar radiation pressure: CR coefficient = 1.14
Earth albedo (McCarthy et al. 1993)
Dynamic polar motion (McCarthy et al. 1993)
Relativistic correction (McCarthy et al. 1993)
Thermal drag (McCarthy et al. 1993)

Constants
Gravitational constant times the mass of the Earth (GM):
3.986004415×1014 m3/s2

(EIGEN-GRACE02S Earth gravity field model)
Speed of light: 299792.458 km/s (McCarthy and Petit 2004)
Semi-major axis of the Earth: 6378.13646 km (EIGEN-GRACE02S
Earth gravity field model)
Inverse of the Earth’s flattening: 298.25642
(McCarthy and Petit 2004)
Tide amplitudes – k2, k3 and phase k2: 0.3, 0.093, 0.0

Reference frame
Inertial reference system: true of date defined at 0h of the first day
of each arc (McCarthy et al. 1993)
Station’s ‘coordinates and stations’ velocities: ITRF2000 solution,
epoch 1997.0 (Boucher et al. 2004)
Precession: IAU 1976 (Lieske et al. 1977)
Nutation: IAU 1980 (Seidelmann 1982)
Polar motion: C04, Bulletin B IERS (IERS 2001)
Tidal uplift: Love model H2 = 0.609, L2 = 0.0852
(McCarthy et al. 1993)
Pole tide (McCarthy et al. 1993)

Estimated parameters
Satellite state vector
Key Stone station geocentric coordinates
Acceleration parameters along-track, cross-track and radial at 4-day
intervals

Satellites: LAGEOS-1 and LAGEOS-2
Centre of mass correction: 25.1 cm (ILRS 2005)
Cross-sectional area: 0.2827 m2 (ILRS 2005)
Mass of LAGEOS-1: 406.965 kg, mass of LAGEOS-2: 405.380 kg
(ILRS 2005)

Measurement model
Observations; 2-min normal points from Eurolas Data Center
Laser pulse wavelength: 532 nm (Zimmerwald 423 nm)
Tropospheric refraction: Marini/Murray model
(Marini and Murray 1973)
Editing criteria;
5σ±10 cm for arc
cutoff elevation 10◦

Numerical integration
Integration: Cowell’s method
Orbit integration step size: 120 s
Arc length: 28 days

LAGEOS-1 and LAGEOS-2 satellites. Two-minute normal
points of LAGEOS-1 and LAGEOS-2 have been taken from
the Eurolas Data Center in Munich. The 4-week orbits were

Table 4 Orbital arcs for fixed stations from LAGEOS-1 and LAGEOS-2

Arc interval Number of normal Arc RMS [mm]
points

99.10.03–99.10.30 10602 14.5
99.10.31–99.11.27 9387 15.0
99.11.28–99.12.25 9066 15.8
99.12.26–00.01.22 6358 16.7
00.01.23–00.02.19 8988 14.3
00.02.20–00.03.18 6097 14.8
00.03.19–00.04.15 6657 16.3
00.04.16–00.05.13 7221 16.2
00.08.27–00.09.23 8726 15.0
00.09.24–00.10.21 6971 15.3
00.10.22–00.11.18 6829 15.3
00.11.19–00.12.16 7122 16.5
00.12.17–01.01.13 7394 14.9
01.01.14–01.02.10 6412 15.5
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Fig. 2 The length of Kashima – Tateyama baseline from satellite laser
ranging (SLR) observations (October 1999 – January 2001)

Fig. 3 The length of Kashima – Tateyama baseline from very long
baseline interferometry (VLBI) and global positioning system (GPS)
observations (Ichikawa 2002)

determined from the observations of 16 SLR stations. The
station coordinates and velocities of the International Terres-
trial Reference Frame 2000 (Altamimi et al. 2002; Boucher
et al. 2004) were used to model the instantaneous position of
all reference stations.
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Fig. 4 The topocentric coordinates of the station Tateyama over the period October 1999 – January 2001 with reference to ITRF2000

The 16 fixed stations have been chosen on the basis of
the high quality of the coordinates in ITRF2000 system, the
good quality and appropriately large quantity of the data.
Table 2 shows the list of fixed stations with two important
results for each station: the number of normal points and the
orbital RMS-of-fit. The calculations were performed using
the NASA GEODYN II program (McCarthy et al. 1993).
The description of forces, models, constants and estimated
parameters is given in Table 3. We acknowledge that these
are not exactly the same as current IERS conventions, but
the small differences do not have a significant effect on the
results presented here.

In comparison to previous authors’ solutions, a new grav-
ity field model, EIGEN-GRACE02S (Reigber et al. 2005),
instead of EGM96 (Lemoine et al. 1998) was used, which
improved the accuracy of station coordinate determination
(Schillak and Michałek 2005). Additionally, each station’s
coordinates were calculated from 4-week arcs with accelera-
tions estimated at 4-day intervals. The summary of the results
for each orbital arc of the 16 selected stations is presented in
Table 4. The results show a good agreement of all arcs; the
mean RMS-of-fit of arcs is 15.4 mm.

The determination of the Key Stone station coordinates
was carried out in two steps. At first, the independent orbits
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Fig. 5 The topocentric coordinates of the station Kashima over the period October 1999 – January 2001 with reference to ITRF2000

for LAGEOS-1 and LAGEOS-2 were determined. In the sec-
ond step, the geocentric X, Y, Z coordinates of one station
were calculated on the basis of the observed minus the calcu-
lated (O−C) residuals from both satellites. The computation
of each arc was performed with the additional data of either
Kashima or Tateyama SLR stations.

4 Results

The results of the baseline length determination between the
Kashima and Tateyama SLR stations are presented in Fig. 2
and for VLBI and GPS in Fig. 3 (Ichikawa 2002). The jump

in the baseline length due to the crustal movement in June–
August 2000 is clearly visible. The coordinates of Tateyama
and Kashima after transformation to topocentric coordinates
(N, E, U) in comparison to ITRF2000 are presented in Figs. 4
and 5, respectively. A 99% confidence level of coordinates
determination is used in Figs. 4 and 5. The SLR station Tatey-
ama has two populations of results in its north-south and
east-west components, the first set for the period October
1999–May 2000 and the second set for August 2000–January
2001.

Two statistical tests have been used for the significance
control of the differences between these two populations in
all components for both stations Tateyama and Kashima:
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Table 5 Results of the statistical tests of comparison of population 1 (Oct 1999–May 2000) and population 2 (Aug 2000 – Feb 2001)

Tateyama Kashima
North (mm) East (mm) Up (mm) North (mm) East (mm) Up (mm)

X̄1 −23.2 −9.2 −12.6 26.9 −0.6 15.7
s1 7.6 13.3 11.8 7.9 10.3 9.0
X̄2 18.0 7.8 −6.2 36.9 −5.7 24.4
s2 12.3 11.3 14.3 12.2 16.2 23.7
X̄1 − X̄2 −41.2 −17.0 −6.4 −10.0 5.1 −8.7
F 2.62 1.39 1.47 2.38 2.47 6.93
F0.01 7.46 10.45 7.46 7.85 7.85 7.85
t 7.75 2.52 0.92 1.81 0.70 0.95
t0.05 2.18 2.18 2.18 2.20 2.20 2.20
t0.01 3.06 3.06 3.06 3.11 3.11 3.11

X̄1, s1 – mean and standard deviation before crustal deformation (population 1)
X̄2, s2 – mean and standard deviation after crustal deformation (population 2)

Table 6 The geocentric coordinates of Tateyama and Kashima SLR stations for the epoch 1997.0

Before crustal deformation After crustal deformation
Tateyama Kashima Tateyama Kashima

N 8 8 6 5
X (mm) −4,000,964,776.9±2.3 −3,997,483,521.5±2.9 −4,000,964,773. 9±2.9 −3,997,483,519.2±3.4
VX(mm/year) 10.6 −0.3 10.6 −0.3
Y (mm) 3,375,308,993.3±2.3 3,276,844,222.5±2.7 3,375,308,968.5±3. 6 3,276,844,227.3±3.7
VY(mm/year) −18.2 5.2 −18.2 5.2
Z (mm) 3,632,199,548.8±1.8 3,724,307,326.3±2.0 3,632,199,586.0±3. 0 3,724,307,339.5±3.3
VZ(mm/year) −5.6 −11.8 −5.6 −11.8
S (mm) 11.2 9.1 12.7 18.0

N – number of accepted arcs S – coordinates stability

[
S =

√
s2
i,N +s2

i,E +s2
i,U

3 , i = 1, 2, s1, s2 (Table 5)

]

• The Fisher–Snedecor F test for the verification of the null
hypothesis about equality of the populations,

• The Student random variable t test for the verification of
the null hypothesis about the equality of means of both
populations.

The fulfilment of the first test is necessary for the second
one. The results of these tests for the 99% confidence level are
presented in Table 5. The first test was fulfilled for Tateyama
and Kashima (F < F0.01). The second test showed a very
significant (99% confidence) difference between the means
of both populations for the north component (t Student vari-
able 7.75 significantly exceeded 1%) and a significant (95%
confidence) for the east component (t Student variable 2.52
is between 1 and 5%) for the Tateyama station. No difference
was detectable for the vertical component.

No statistically significant changes for any component
have been observed for Kashima. It means that mostly the dis-
placement of the Tateyama station is responsible for the jump
in baseline length between Kashima and Tateyama in summer
2000. The horizontal displacement vector for the Tateyama
station is presented in Fig. 6. The difference between both
populations is equal to 4.5 cm with an uncertainty of 1.6 cm.
The azimuth of this crustal movement is 22◦ . This result is
in good agreement with VLBI (about 5 cm) and GPS (about
5 cm) results presented in Ichikawa (2001, 2002) and Yoshino
et al. (2001, 2002). This crustal deformation was caused by
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Fig. 6 Displacement of SLR Tateyama station – horizontal plane

a dyke intrusion at about 3 km depth caused by Miyakej-
ima (Izu islands) volcanic eruptions and earthquake 100 km
south-west from Tateyama.

The geocentric coordinates of the Tateyama and Kashima
SLR stations before and after the displacement were deter-
mined for the first day of every arc and than transformed to
common epoch 1997.0 (epoch of ITRF2000) by means of
velocities of stations from ITRF2000 (Table 6). The coordi-
nates uncertainty was determined from orbital calculations
as mean value for each component. The stability of the coor-
dinates of the stations presented in Table 6 is a scatter of all
three components in the given period of time.
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5 Conclusion

The results presented in this paper show the real Tateyama
SLR station displacement determined by the SLR technique.
The Tateyama station changed in horizontal position by
4.5 cm in a north-east direction between June and August
2000. The vertical component remained unchanged. The mea-
surements of VLBI and GPS space-geodetic systems in Tatey-
ama and Kashima confirm the magnitude and direction of the
SLR observation. The advantage of SLR are absolute results,
which means that coordinates for each station are indepen-
dent of each other, whereas VLBI and GPS are relative tech-
niques and need more stations. The same jump in coordinates
detected by three independent space techniques confirm that
the displacement of the Tateyama station is the real effect of
crustal deformation. The accuracy of the station coordinates’
determination on the level of several millimetres is sufficient
to detect the real station displacements also by means of SLR.
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Wnuk E, Schillak S, Kuźmicz-Cieślak M (2002) Stability of coordi-
nates of the Borowiec SLR station (7811) on the basis of satellite
laser ranging. Adv Space Res 30(2):413–418

Yoshino T, Kunimori H, Katsuo F, Amagai J, Kiuchi H, Otsubo T, Kondo
T, Koyama Y, Ichikawa R, Takahashi F (2001) Crustal deformation
around Tokyo area observed by the Keystone network in the summer
of 2000. In: Huang Cheng, Qian Zhihan (eds) Proceedings of the 4th
workshop Asia-Pacific space geodynamics program, Shanghai

Yoshino T, Kunimori H, Katsuo F, Amagai J, Kiuchi H, Otsubo T,
Kondo T, Ichikawa R, Takahashi F (2002) Comparison of the baseline
between the Keystone sites by different space geodetic techniques.
In: Vandenberg NR, Baver KD (eds) IVS 2002 general meeting pro-
ceedings, Tsukuba, Japan


