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ERg i HB R - BB R DA, TiaE 23 1km ¥ 1565°C ;
TGk TS e 0 & 100 km R £ - 4k E40E1°C o Ltk Y kg SR ¥ T
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dokhehe Bt $PE SOl IBGHZ 2 TR D 5 0 HHRE 2 b d 4Tk A
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T T
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TR FE R X 0.5% (Resch, 1984 ) ¥ ¢h ¥ m IR R 5 RN W b pEenst 3
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P _ e e _
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G R S T LU L TE SR e B O S ST E Py O
Yickens § ¢ o HAEATET] 0018% > AiEAR P BT F ¢ > HAAT LT
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k,R 0 M
AL, :10—6{ L= p, +JH Kkz —k, M_WJ'IE' +k, T%}dz} = Dyopn + Diropu

k,R . o e 2 .
L P, (MALp 4 ) fLs X Er i8S B A LR, T

i 2B 1 413 ) A= A —_ 0 MW e e o= N Z -
Bl BRF AR FRA WA IH[("z—klm_dJ?”aT_Z}dz— 7F (1AL, %57 )

e Budl > Qg S FERE R AROTA S ETE kK~ k¥
Bk B ELA 2 sk ok 0 1245 Thayer (1974) #& 41 > k =77.604+0.014
(k/mbar) ~ k,=64.79+10 (k/mbar) ~ k,=377600+3000 (k¥mbar) » £ ¢ k, ~ k, =%
FE FP P AT L) pF endicdy. (Davisetal., 1985) -

AR R e B R - RR AL BR S 9 (Z) A d R
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SR (Z){F§-KOTAFEH A - L gHkR L Bl 1T -

St d 2 ARBRTA SRHIEATRY LR o R
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Ap (t) PR Aphli2 < F 2 B E B B3 5Hkc

-~

NCHEEEFVACRERER R &

Bl Hikgrkiex 5> %5 & (Hugentobleretal., 2001)

1 ¢, 2N AL o4& , “Bh 2 N - = [P 2 >, A P
H R AP HI K R R B ARG 3 0 1] ks

)
ﬁm

G FIR A FNERRP I e R 2B o @ P VRl S
APy (1) = APpr + Tapr(2) + Ap (1) - T(Z()
hod ik xR ra~(Z)bb’/? ¥R xR 3 e (Z)R 2.4 R BIF % 5 P
7, =27, + 0L +1z, + X, -cos(A)+y, -sin(A)

B9 X gy, A giplskap b engdie s AT R FIKR ek 2 BRLsien

4 o
Ap (1) F(Z0) = Ap, () T (z +2) = Ap, (1) T (2 + X, -COS(A) +Y, -Sin(A))

=Ap, (1) f(ZL)+Apk (t)'%xk 'COS(A:()‘*‘APk (t)'%Yk -sin(Af()

ﬁxfeﬁ—ﬂﬁﬁ*&& EH 2 BE R B I BER Y P
i i i of i of . i
Apy (t) = Apapri * Tapr (Z) + Ao (1) - T(20) + Apy (t)'axk -Cos(A,) +Ap (t) 'Eyk -sin(A,)

= APoprrc * Far (Z) + A" p (0 F(2,) + A" p, (t)%-cos(A;)mepk (t)-%sin(Ai)
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B2 773 zEnsi7ersm (Kleijer, 2004)
LY =iy “f TR RS F R T AEILE R cnfp 2 (Double Difference
Positioning, DDP ) % 3+ & PWV: ¥ 3f 3+ e B3k * %5 %F;2 (Precise Point Positioning,
PPP) %3 % PWV - HF % & 1997 & » W~z R Frfstdnieq %z (Jet

Propulsion Laboratory, JPL ) =3 Zumberge % + fih e RE R A RIT
13



% "'}'J'** HoBprR2 et s BpiErma i ed W@ 2ioipt L 4 2 ;ﬁ
o BB AR AR A v. gBLEEAL > FOEER RS GNSS pRix% (International
GNSS Service, IGS) #& -2 #F B & & & Sfrfmk Prek T8 Ry K,ért #E PLE B R

PrEREA o I%ﬁﬂ FOELRIE e DA B RO TR B A R

Rt B8 L~ FIMP S Rip A £ 7 1% 3] :cx (Héroux et al.,, 2001) - = 3¢
&%) 5 PPP en 25 m R BESE 2 §U ik 4p - LRl > 425¢ (Abdel-Salam et al., 2002) :
P(Li)=p+cx(dt—dT)+d,,, +4d.,.,

_ﬂr:'o.v!-".’_:' T dm:;.':'-"Fn:.’_:'_'- Ll E(P[L‘ljj

$(Li)=p+ecx(dt —dT)+d,,, +4d.,,

~iors T AN T e 2 T E(R(LD))

P(Li) : R4 m#sedpppl & (LS > i=1,2) (27)
S(Li) : §oatqp il £ (LS »i=12) (2 1)
0 FEERICKRFZEF S ()
C:Ez¥ ki (2=/f))
dt: s prgkiE L ()
dT : e kPR L ()
Aoy © PR PUEL (2 2)
Auop * $ B (2 %)
Qipmi © TAEA B AL (LIS i=1,2) (&%)
Aotk k£ (LS - i=12) (27 )
N, AR R A e (Li#E S 0 i=1,2) (Cycle)
Aopute/pens © Qmaly ey - 7 BAEDEREE (2 %)
g(P(Li)) ~ e(@(Li)): H i pesn (= 8)
IGS iz 4 % & 2 ek PRAAT RS H B R i ¥ TR MR B
HNBFGHERVA LA RS AT HY 2 H B EF 2 B8 A 5 ¥ G pF
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1 (= 1 (»e
PWV:EJ-HdeZ:mIH?d

ow KF BRE 0 o Lk fik %R 0 Re £k § hF 1 ¥ B (Rv=R/My) - o
GNSS # 3| ezt § 7 3 & 7 *% -k £ PWV( Askne and Nordius, 1987; Bevis et

al., 1994 ) :

PWV =TI1x D?

rop,w
HP MIZEgHEFF oA xEefrl  ~ § 28 5%k 7 £ (Integrated Water
Vapor, IWV) T4 ¥ 2 -k3k F R is-kenig & ¢
IWV =PWV x p,
WV hg i R Feans g 222 f? 0 73 52 HEEE 0k
(kg/m?) ; @ PW thi - HEra i f 2254747 57 58 =3 Rk

# (mm) -

r ~ ERpS &
41 FHZER R

FHRER SR £ F Z a3 % o Aul s POST j2 (4 i35 )

F_*

DP f# (& % {53+ 5 ) NRT f& (8 | PP+ 5 ) 2 TR RER > APsgz ¥
e 5 g LR 3 k- A4 o

d R3¢ 7 UFRPOST fcnF R 2 AR m L & nTi0E 5 75% @ 2
% DOY 121 373 7 f2 5 pl=bcndicp > #x DOY 122 i ehFH 28R + 5 & 90%
Mo A KL B R R R ET oo & DP j222 NRT 255 5
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Abstract

GPS utilizes static relative positioning to mitigate common errors and has the
ability to remove the effects of Ocean Tidal Loading (OTL). OTL effects cannot be
completely removed by increasing the baseline length during GPS data processing and
must be corrected with OTL models. In this study, we collected GPS data from ten
stations that are located along the coast of Taiwan. The periodic effect of OTL is
discussed through a wavelet analysis and a harmonic analysis. We found that in the tidal
data, the periodic M2 signal was stronger than the K1 signal, which was not the case for
the GPS height data. This result indicated that the common errors were not completely
removed from the GPS heights and that the corresponding period was approximately
one day, which might result in a stronger K1 signal. Finally, we analyzed the tidal data
and the M2 amplitudes and phases of the GPS heights using a harmonic analysis and
compared the results with the OTL model. The comparison indicated that the best
agreement occurred in southwestern Taiwan and that the poorest agreement occurred in
southeastern Taiwan with a maximum error of 0.3 cm. The phase results showed that the
OTL model overlapped with the tidal data in the open ocean around central Taiwan, and
both the GPS heights and the heights from the OTL model were 1.5 to 2 hours earlier
than the tidal data. A GPS monitoring network has been established along the coasts of
Taiwan to study the sea surface height and crustal deformation. Because Taiwan is
surrounded by the ocean, the OTL effect is significant and must be corrected to obtain
accurate GPS positions.

Keywords: GPS, ocean tidal loading, tide gauge, Taiwan.
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The Global Positioning System (GPS) has been widely applied to infrastructure. To obtain high precision
GPS positions. errors in the GPS signal must be climinated. The main sources of error include the satellite
clock, the receiver clock, tropospheric delay, ionospheric delay, the antenna phase center offset, solid tides,
and Occan Tidal Loading (OTL). Common crrors can be climinated with long-term static relative positioning
(Yeh et al, 2013); e.g., the effects of OTL increase and decrease with GPS heights that are obtained over a
short period of time. Because the OTL effect cannot be climinated using a dif i itioning method
over short periods of time, especially with long baselines, it must be corrected using an OTL model.

The research area for this study was Taiwan Island (21'- Table 1. Tidal models that were used in this study.
25N, 120-122°E). Ocean tidal waves propagate from the )
Pacific Ocean 10 the cast, which is 4000 m deep, 10 the i w525 & Lot Tonthocis . fore
continental shelf, which is 200 m decp. via the seas around
the northern and southern ends of Taiwan (Chen erf al.,
2011). The tides continue to the Taiwan Strait near western
Taiwan, most of which is less than 100 m deep. Because
the OTL effect increases with decreasing distance from the
coast. we studied data from ten GPS stations that are
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Although the global OTL model has been improved and updated over the last 20 years, it does not account
for the characteristics of Taiwan’s coasts. These results indicate that vertical deformations of up to + 3.5 em
are not corrected using global models at these GPS stations in Taiwan (Yeh er al., 2011). Therefore, wavelet
analysis was first adopted to filter out the fixed frequencics that affect the GPS heights. Subsequently, a
harmonic analysis was used to calculate the amplitudes and phases of selected OTL tidal components. In this
study, we used five global OTL models, including Andersen 2006, EOTO08a, GOT4.7, TPX0.7.2 and
NAO.99b(see Table 1). to determine the most suitable OTL model for Taiwan. Furthermore. we compared the
differences between the GPS heights and the OTL model. We also analyzed the M2 and K1 components,
which most significantly affect the precision of GPS positioning. to evaluate the correction effects of the OTL
model on the GPS heights in Taiwan

The data from the SHIU station in Case A
were first used for a preliminary analysis. The
tidal data clearly indicate the variation of the
ocecan tides (Figure la). The most common
errors in the GPS data were corrected, but the
influence of OTL was not removed. which
resulted in variable wave peaks (Figure 1b).
Because similar periods can be observed from
the tidal data and the GPS heights, we used a
wavelet analysis to examine how the periodic
variations could affect the GPS heights.

Fig. 1. Tide gauge data (1 on the left) and GPS height
variations (1 on the right) for the original month-long data from
the SHIU station. The plots on the left and right have similar
vaniations because the higher resolution caleulation results in
several GPS errors that cannot be conrected completely.

We used the wavelet method to convert the
gauge data to determine the types of periodic
signals (Figure 2). The x-axis corresponds (o the
timespan of the tidal data. and the y-axis
corresponds to time. The deeper red and blue
colors indicate that the maximum variation in
tidal height is approximately *3 m. We
determined that the periods of M2, K1, MF, MM,
and SA are approximately 12 h, 24 h. 360 h, 720
h and 8736 h, respectively. The variation of the
ocean tides is the sum of all of the tidal
components. The tidal difference that is indicated
by the variation in colors indicates that the M2 is
more variable than K1,

Fig. 2. Two-year tide gauge data from the SHIU station.
M2 s the semi-diumal tide, K1 is the diumal tide, MF is
the fortnightly tide, MM is the moathly tide, and SA s
the semi-annual tide

Figure 3 shows the results of the wavelet
analysis. The deeper the red-blue colors, the
stronger the variation in the GPS heights at the

corresponding time. The wavelet analyses of M2 A i,

e 5 4 ALEA L A

and Kl indicated that their periods were AL N PR
correlated, which can result in feedback effects 1 AW S el
during the analysis. This difference might be W (T il ;iﬂ' TP n!":‘“!w W
caused by the calculation of GPS heights that Rl ok L (R b SR ]

include a common error with a 1 day period that

cannot be removed with short-term data. Tosicur)

Fig. 3. GPS heights at the SHIU station in Case A
analyzed using wavelet analysis at a seale of | hour. The
dashed white line indicates the fixed periodic variation,
and the M2 and K1 signals can be clearly distinguished by
differences in color. The variations of the red-blue colors.
indicate that the K 1 signal is stronger.

Finally. we used a wavelet analysis of the
long-term GPS heights in Case B (Figure 4). The
effect of the MF tidal component might be too
small; therefore, MF cannot be observed in the
results because it exceeds the GPS positioning
precision. Furthermore, the effects of MM and
SA are smaller than that of MF.

i ‘Hh‘:{'\:

Fig. 4. GPS heights at the SHJU station in Case B

analyzed using wavelet analysis on a scale of 1 hour. SA

is the semi-annual tide. The effects of long-term signals
cannot be clearly observed.

TR

The GPS data were processed and corrected using five OTL TABLE 2
models to obtain the GPS heights. The M2 i after [ of the M2 amplitud
application of the harmonic analysis method to the GPS heights are ~ Sentimeters) from the harmonic results of the

9" 006, .7,
shown in Table 2. The NAO.99b model provided the best average o vkt ers ottt S
_aad TR s

amplitude (0.16 ¢m); the GOT4.7 and TPX07.2 models caleulated T e =
average amplitudes of 0.17 em, and the average amplitudes that — T
were calculated by the Andersen 2006 and EOT0Sa models were % s u
the poorest (0.19 cm). Compared to the uncorrected average  rv w W
amplitude, an error of 0.91 cm was eliminated by the NAO.99%b ot o 1 U
‘model, which represents an 85% improvement in precision. We, o u

‘The amplitudes of K1 that were analyzed by the harmonic  ma o o w
method are presented in Table 3. The NAO.99b model provided Mwweto w6 we  an ar  wr
the best average amplitude (0.68 ¢m). and the results from other
models were similar: they were all between 0.71 and 0.72 cm.
Furthermore, compared to the average amplitude Without  NA 99b, Andersen 2006, EOTOSa, GOTA.7,
correction, the NAO.99b model reduced the error by 0.51 cm;  and TPXO.7.2 models and the uncorrected data
therefore, the precision was improved by 48%. The COMECHON s S5 wurm mkmer o o7 Goms? 1773

Comparison of the K1 amplitudes (in
centimeters)from the hamnonic resultsof the

capability of K1 was affected by other diumal errors; therefore, ] 8
the improved precision of K1 was worse than that of M2. Tables  nas W

2 and 3 show that NAO.99b was the best-fitting model for the |17,
ocean around Taiwan. Therefore, in the following discussion, we

focus on the effects of short-term ocean tides on the GPS heights s Bonou
along Taiwan's coasts using the NAO.99b model. We also used % il
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Fig. $. M2 amplitudes of the GPS heights,
the NAO.99b model and the tidal data as

Fig. 6, M2 phases of the GPS heights,
the NAO.99b model and the tidal data

Figg 7. The starting location of the tides
that is indicated by the tidal data differs

calculated using harmonic analysis. calculated using harmonic analysis. from the model.
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Fig. 8. K1 amplitudes of the GPS heights,  Fig. 9. K1 phases of el Fig. 10. K1 time d from
the NAO.99b model and the tidal data as the NAO.99b model and the udal data as the K1 phases of the NAO 99b model
calculated by ic analy hanmonic analysis. and the tidal data.

Although GPS techniques have been widely applied to geodesy and surveying, the OTL correction has not
gained attention in Taiwan because static relative positioning has mainly been used 1o remove common errors
and the OTL effect. With longer baselines of data processing, the OTL effect cannot be completely removed;
this effect is significant in Taiwan, which is by ocean. By ing different OTL
models. we found that the NAO.99b model is the optimal model for Taiwan; the correction decreased the
average M2 amplitude from 1.09 ¢m to 0.16 ¢m, and the K1 amplitude decreased from 1.19 cm to 0.68 cm.
The wavelet analysis showed that the K1 effect is stronger than the M2 effect, which is inconsistent with the
tidal data. This discrepancy might be caused by the fact that the GPS heights were calculated every 30 seconds;
although this period provided high temporal precision, i crrors (¢.g., ic and
i ic delays) cannot be removed duc to the sparsc GPS data (Yeh et al., 2014). K1 was
affected by the diumal error. so the K1 signal in the wavelet analysis was stronger than the M2 signal.

The M2 amplitudes of the GPS heights and the NAO.99b model show that the results are better for western
Taiwan than for eastern Taiwan, which indicates that the eastern coastal region affects the GPS heights more
than the western coastal region. Furthermore, southeastern Taiwan is more complex because the Philippine
plate is colliding with the Eurasian plate. The difference between the GPS heights and the model is
approximately 0.3 ¢m in southeastern Taiwan, which is higher than the differences in the other regions of
“Taiwan. Therefore, the complex marine terrain affects the precision of the OTL model.

A comparison of the M2 phases of the NAO.99b model with the tidal data shows that in the OTL model,
the tides propagate from the south side of Taiwan. whereas the tidal data indicate that the rising tide starts on
the eastern side of Taiwan, When the tides start to move to western Taiwan, the highest tidal peaks are reached
slowly because the seawater arrives in the Taiwan Strait simultancously from the East Sea and the South Sea.
and the seafloor is quite shallow. Therefore, the GPS heights are affected by the weight of the seawater from
the Pacific Ocean on the eastern side of Taiwan. The tides reach their highest peaks two hours after the GPS
heights reach a maximum.
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