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ABSTRACT: Taiwan is located at the boundary between the Eugdate and Philippines sea plate, where active
plate motion leads to significant annual displacetm®f geodetic control points up to 4-5 cm. Fa plurpose of
maintaining the existing Taiwan Geodetic Datum 19BWD97) horizontal coordinate system which is cected to
the International Terrestrial Reference Frame (IJ;Rfis research aims at predicting the yearly ldisgments of
thousands of control points of various orders bgtdishing a horizontal velocity model of Taiwarhig velocity
model is composed of two groups of physical paramseivhich characterize the regional block motiond the
residual systematic signals, respectively. We BB&-derived velocity observations collected at g@ihts from
1993 to 2005 and the Least-squares Collocation Jlt&hnique to create this model. And for validgtihe model,
we further adopted 16 evenly distribute continuBIS tracking stations as external check pointstdhle regions,
the accuracy of validation is £5.633 mm/year. Tésuits show that the developed model is capabj@mfiding
accurate estimates of annual displacements of gieaatrol points in Taiwan.

1. Introduction

The existing Taiwan geodetic datum 1997 (TWD97udats connected to the International TerrestridieRence
Frame (ITRF) and established by the GPS positiot#ehnique in 1997. The GPS fundamental networthis
datum is composed of eight permanent trackingostati105 first-order and 621 second-order GP Sossilang
et al.,, 200} Since survey engineering, civil engineering basegeodetic control points, the quality of geodeti
control points play an important role in developinefilNation and the right of people.

However, Taiwan is situated on the tectonic coneeeg boundary of the Eurasian and Philippine Sstaqlmoving

at a rate of several centimeters per y&aMets et al., 1990; Yu et al., 199Hence, the frequent and severe motion
of two plates must lead to the datum continualbyéasing distortion. It is inevitable that the getixicontrol points
would be changed by active plate motion.

Global Positioning System (GPS) is not restricedveather, region and provided with high-accuragsitpning;
also, GPS has been generally applied in monitgiatg motion and studying active tectonibixpn, 1991; Kotzev
et al., 2001

To acquire the displacement of the coordinate ofigéc control point, we can calculate angle vejoof XY Z-axis
for each plate to build up a plate motion modelEuwter theoremLegrandet al. (2006) adopted the horizontal
velocity fields at 78 GPS stations from 1996 to @0 establish the velocity model in Western EurbgeEuler
theorem; however, experimental result showed agyetic error exists in the estimated velocity field

The technique of Least-squares collocation (LSG)bdeen developed from the study of interpolatirdpagl gravity
anomaly Moritz, 197§. It is a useful and powerful method to apply f@riety problems in interpolation and
prediction. Since the method not only deal withd@m error but systemic error at arbitrary pointstdcently years,
several researchers have utilized the Least-sqGaiézcation to interpolate the velocity field afadetic pointi{ato
et al., 1999; Wu et al., 2006; Hefty, 2007

Therefore, in this research, in order to appro&ehvielocity of geodetic point, we establish a hmmial velocity
model of Taiwan using GPS observations and the-Espgares collocation technique.



2. TheBlock Motion Theorem
2.1 Euler parameters

In order to describe the velocity which was infloed by the plate motion of geodetic control pdinst we need to
understand how the plates move. According to Bhleorem, any rigid block rotate particular angle¢ov location
around an axis which pass through earth mass c¢ethieraxis called Euler rotation axis. Euler ratatiaxis
intersection with the ground is rotating pole, alsmwn as Euler polefigure 2. Therefore, we learn the block
motion by Euler pole and the angle velocity arofder rotation axis.

Both of the ITRF and Euler rotation axis’'s origirealefined in the earth mass center, hence, itrécttly and
convenient to establish block motion model by Ethelorem and GPS observation based on ITRF. Thiecmeittic
equation of Euler theorem is expressed as follow:

V., =1 la (1)

where V, is the velocity of certain poiritin block; r is the radius vector of certain pointn block; is the

angular velocity around Euler rotation axis alstbechEuler parameter

Furthermore, the velocity component in north-soV, and east-wesV, directions of the site with
coordinate ¢ anc A are expressed as:

w,
V.| _[-RcosAsing -RsinAsing Rcosg a)x )
v, | Rsin A - Rcos/ 0 a)y

z

whereR = earth radius approximate 6370km

x

Figure2. Euler theorem diagramtéfty, 2007

2.2 Separating Blocks

Because Taiwan is located in the area of activie pteotion, in order to indentify the motion in egedrt of Taiwan
reasonably, this study adopt the strategZ€lihget al. (2011), regarding the faults as borders, and divided Taiwan
into 27 blocks which are EURA, YMSD, WNOR, TAOC, &, MIAO, WTFH, SHSS, WCPN, CHYI, WCPS,
EKSH, LUCU, KHSC, PINT, EFSB, SCEN, PHSP, LVFD, CENNCOR, NCEN, RYUK, ILAN, NHSS, NORT.
Therefore, through Euler theorem and the divisiohsblocks, we can sufficiently show the displacemeh
geodetic control point in Taiwan.



Figure3. The location of each blockshing et al., 2011

3. TheMethod
3.1 Least-squares Collocation
The basic equation of least-squares collocati@xessed as followoritz, 1989

I=Ax+Bs+n=Ax+BLtJ+n ©)
wherel is vector of observationg; is coefficient matrix;x is vector of parameterg is matrix which is[ 0]; | is
unit matrix; s is signal vector which contain signal vectoat observation points and the signal vectaat the
non-observation points; n is noise vector.
In Equation 3, the parametric pdvt denotes velocity of each geodetic point in thebklavas determined by block

motion. Here, the vectorindicates that the angular velocity of each blddhe signak represents that velocity was
determined by the slip rate of fault and the like.

The solutions of parame X, signa S and nois N are listed as follows\{oritz, 1989
x=(A(G+C)"ATA (G +C)

4
8= H = M(q +C) (- A @
al |G,
A=C, (G +C,) (1 -A)
where C,, C,, ancc,, are covariance matrices

Mikhail and Ackerman (19763uggested an equation to estimate covariance @unsctinder the assumption of
homogenous and isotropic. The equations of variandecovariance can be expressed as follows:

Variance: cO= % ifﬂz (5)
i=1
Covariance: _ 1o 6
cl(dp)_ﬁzhh (6)
p i<j

Where [ is parametric pa Ax is removed from observatiorl; N is numbers of data point Npis numbers of

data points with a specific distance inter‘dp .

Since the trend of variance and covariance fundtighis study is consistent with the exponentigldtion, we select
the exponential function to fit it. The exponenfizhction can be expressed as follow:

C.(d) =C,(0) [exptkd) (7
where C,(0), kare constant which derived by regressi d is the distance between data points.



3.2 Least-squar es Collocation

To illustrate the experimental processes more lgiear divide it into three stepfidure 4). First, we establish the
velocity model which is composed of two groups afgmeters with the Euler parameters and the covagifunction
by GPS velocity and least-squares collocation.

Second is parameter estimation. In this model, wse ipput the longitude, latitude and location Blac arbitrary
points; then the model calculate regional blockioroand systemic signals respectively; finally, gat the velocity
estimated by this model.

Third is validating the accuracy of this model. ¥ésted the accuracy by comparing two kind of GPi$+dd data
sets. One data set was the GPS observations wedteagsnternal check and developed velocity madwither data
set estimated by GPS lab was used in external cliedkvalidated this model. (The velocity data arailable at:

http://gps.earth.sinica.eduYw
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Figured4. The overall experimental flow chart.
4, Experimental Data

The GPS data in this study is obtained frGinng et al.(2011)In 199°M 7.6 Chi-Chi earthquake, the central

Taiwan was the most damaged area. To avoid theeisie and post-seismic deformation which caused by
Chi-Chi earthquake influencing the velocity of sitecentral Taiwan, we only use the GPS data fatreé Taiwan
prior to the earthquake between 1995 and 199®hlé ). The distributions and vectors of GPS sites sliow

(Figure § 3
Period Number s of Location
(Organization) | data points
1995-1999 79 All over Taiwan
(IES) (before Chi-Chi earthquake) S s
1996-1999 90 In central Taiwan {
(CGS) (before Chi-Chi earthquake) I
1995-2005 303 In north, south, east of Taiwan o G
(MOI) g
Tablel. The period and numbers of stations of GPS data
L —

Figureb. The distmrwibution; and vemc.torsrof GPS sites.
5. Results and Discussions
5.1 Internal Validation
Here it is simply to validate the accuracy of tledoeity model by internal validation. We adopted tBPS data in

Table 1as the check points. The RMS (skable 2 were +4.010 mm/year in the W-E direction arn®.439
mm/year in the N-S direction. The histograms of RM& shown irFigure 6



Mean | STD RMS
(mm/yr) | (mm/yr)| (mm/yr)
W-E -0.041 | #4.010| £4.010
N-S 0.148 | £3.436| +£3.439
Table2. The values of mean, STD and RMS in the W-E anddir&tion.
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Figure6. Histograms of W-E (left) and N-S (right) directioesiduals

We combined the residuals of the W-E and N-S dwacand divided their magnitude into three rangg@<q(
3mmlyear, 3 to 6mm/year and greater than 6mm/y&he) three ranges are expressed as different cahoishapes
respectively (se€igure 73. The worst fit regions locate at the fault siéfgure 7bshows the slip rate of faults
derived byChing et al. (2011) By the comparison of the two figures, the regianith the residuals more than
6mm/year are consistent in the regions with thé &ip rate greater than 20mm/year, and alsoelgen distributed
over central mountains in Taiwan. The result indisahat the usage of this velocity model is retd in the faults
slip rate more than 20mm/year.

5.2 External Validation

The second data set used to validate this velooitgtel was estimated by GPS lab. We selected 165G#iBns as
evenly distributed check pointBigure 8ashows the name, location, GPS velocity derived B\s@b (red vector)

and GPS velocity estimated by this model (blueagaif each statiorfrigure 8bindicates that residuals of external
check points.

In internal validation, we know that the velocityodel get worse result in fault slip rate greatemtl20mm/year
regions. Therefore, to validate the influence aiftfalip rate, we separate check points into twaugs which locate
fault slip rate greater than 20mm/year and less #famm/year region3.able 3shows the result, the RMS of groupl
(fault less than 20mm/year) are +5.633mml/year, RS of group2 (fault greater than 20mm/year) are
+24.771mmlyear, the RMS of overall check points#lié.525mm/year.
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Figure?. (a) The residuals and distributions of inv'grsion c{;béThe fa{ﬁit slip rate@hing et al., 20111

Data set Numbers of Mean RMS
stations (mm/yr) (mm/yr)
Group 1 8 4.947
(fault slip ratep<20mm/yr) *5.633
Group 2 8 23.287 +24.771
(fault slip rate >20mm/yr)
Group 1+2 16 13.254 +17.525

Table3. The accuracy of external validation check points
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Figure8. (a) The velocity estimated by using this model (blueteg and velocity derived by GPS lab (red vector);
(b) The residuals of external check points.

6. Summary

In this research, we successfully establish a boté velocity model by using 472 GPS velocity dimel technique
of least-squares collocation. External validatidnhe velocity model shows, in fault slip rate lékan 20mm/year
regions, the RMS of this model reach&smm/yr, indicating the accuracy of this model isllyweevertheless, in
fault slip rate greater than 20mm/year regionsRMS reaches about25mm/yr, is the restriction of this model. In
the future, maybe we can overcome the restrictfchis model by importing more and more GPS velocit
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