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GPS Height Variations Affected by Ocean Tidal
Loading Along the Coast of Taiwan
Y. D. Chung, Ta-Kang Yeh, G. Xu, C. S. Chen, C. Hwang, and H. C. Shih

Abstract— The Global Positioning System (GPS) uses 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, especially in Taiwan, which is surrounded by the ocean.
In this paper, 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 also calculated the amplitudes and phases of the semi-diurnal
and diurnal tides to understand the effect of OTL on the GPS
heights along the coast of Taiwan. The GPS data were divided
into short-term (1 month) and long-term (2 years) categories and
were calculated using the Bernese 5.0 software. The tidal data
and the GPS heights were transferred into a wavelet spectrum for
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 1 day, which might
result in a stronger K1 signal. Moreover, five OTL models were
chosen and compared in this case. Although the GPS heights
with different OTL corrections were very similar, NAO.99b was
the best fitting model for the ocean around Taiwan. 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 NAO.99b 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 h earlier than the tidal data.
Index Terms— GPS, ocean tidal loading, tide gauge, Taiwan.

I. I NTRODUCTION
HE Global Positioning System (GPS) has been widely
applied to infrastructure. To obtain high precision GPS
positions, errors in the GPS signal must be eliminated.
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Fig. 1.

Tidal ranges along the coast of Taiwan.

The main sources of error include the satellite clock, the
receiver clock, tropospheric delay, ionospheric delay, the
antenna phase center offset, solid tides, and Ocean Tidal
Loading (OTL). Common errors can be eliminated with longterm static relative positioning [18]; 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
eliminated using a differential positioning method over short
periods of time, especially with long baselines, it must be
corrected using an OTL model.
Although ocean tides around the world are mainly affected
by the gravitational forces of the sun and the moon, the characteristics vary in different regions due to differences in terrain.
Therefore, tidal wave systems exhibit different independent
characteristics. The terrain of the seafloor around Taiwan is
complex, especially along the eastern coast of Taiwan and
along the edges of the southern and northern continental
shelf along the Taiwan Strait, where the water depths vary
significantly. Tidal waves propagate from the Pacific Ocean to
the east, which is 4000 m deep, past the southern and northern
coasts of Taiwan to the continental shelf, which is 200 m deep.
When the tidal waves reach the Taiwan Strait, most of which
is less than 100 m deep, the velocity and direction change
significantly due to shallow shore processes, which results in
complex tidal variations along the Taiwan Strait. The tides on
the eastern coast of Taiwan generally occur approximately five
hours earlier than those on the western coast. Furthermore, the
terrain on the eastern coast is open and faces the Pacific Ocean;
therefore, the tidal range is relatively small with a maximum
range of less than 2 m. Figure 1 shows the tidal range along
the coasts of Taiwan. The western coast is affected by the
terrain of the strait and the tidal range; therefore, the tidal
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range in this section remains constant at approximately 4 m
(although it sometimes reaches approximately 6 m). However,
the tidal ranges along the southern and northern coasts are
relatively small. For instance, the average tidal ranges at Taipei
(northern Taiwan) never exceed 2 m, whereas the average tidal
range at Taichung (western Taiwan) can reach 6 m. The effect
of OTL on the GPS heights can reach several centimeters
to tens of centimeters [16]. Furthermore, most recent ocean
tide models fit the GPS estimates equally well at the global
scale but do not agree in some coastal areas, especially for the
vertical displacements, which suggests the existence of model
uncertainties in shallow oceans [21].
The OTL displacement at a given site is largely related to
its coordinates and its relative position among celestial bodies.
The potentials of the tide-generating forces from the sun and
the moon can be divided into 505 harmonics. Because of the
limited data, this study considers only eleven components
(M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM and SSA) for
correction. Tidal prediction methods can be categorized into
harmonic and non-harmonic analyses, of which the former are
more precise. Additionally, the rise and fall of sea level are
influenced by a combination of tidal constituents, and each
tidal constituent has its own period and phase. Including more
tidal constituents in a sea level calculation produces a more
accurate result.
Many previous studies have recognized the significance of
OTL effects in GPS data. Khan and Tscherning [7] find that the
3-hr-computed heights have daily variations up to 8 cm, which
correlate well with tidal predictions without ocean loading
corrections. The accuracy of ocean tides around Antarctica is
estimated to be approximately 10 cm in regions for which
no high-quality nearby tide data are available [12]. In coastal
areas of South Korea, the differential vertical displacements
that are generated by the OTL effect are typically 3–25 mm.
These values show that the vertical displacements that are
derived from GPS are more consistent with those of the
regional model NAO.99Jb around Korea than those of global
models [22]. Unfortunately, absolute GPS observations do
not provide the desired sub-centimeter accuracy over periods
shorter than 24 hours. The very high accuracy of relative
observations, which are known as differential GPS, makes
GPS a suitable tool to directly determine the differential OTL
displacements between stations. Hence, relative ellipsoidal
height displacements between two stations are computed [8].
The impact of minor ocean tides on the 24-hour GPS solution
is slightly larger with peak-to-peak displacement variations
of approximately 10 mm for the horizontal component and
30 mm for the vertical component [9]. In Honk Kong,
the GOT4.7 and NAO99b models generally agree at the
sub-millimeter level except for the S2, K1, and K2 constituents, which have relatively large errors. After the systematic biases between the GPS and model values are removed,
the misfits for the M2, S2, N2, O1, P1, and Q1 components
at all sites are less than 0.5 and 1.0 mm in the horizontal and
vertical components, respectively, while larger misfits (up to
2.5 mm) are observed for the K1 and K2 components [20].
The research area for this study was Taiwan Island
(21°-25° N, 120°-122° E). Taiwan is a narrow and long island
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Fig. 2. Distribution of GPS stations and tide gauge stations. The first letters
are the names of the GPS monitoring stations, and the numbers represent the
distances between the GPS stations and the tide gauge stations. SUN1 is the
reference station for the relative positioning.

that is oriented N-S. It has an area of approximately 36,000 m2
and is located between the southeastern coast of the Asian
continent and the East Asian Island arcs in the western Pacific
Ocean. Taiwan is adjacent to Japan and the Ryukyu Islands to
the north and to the Philippine islands to the south; it also faces
the Taiwan Strait to the west. Ocean tidal waves propagate
from the Pacific Ocean to the east, which is 4000 m deep,
to the continental shelf, which is 200 m deep, via the seas
around the northern and southern ends of Taiwan [3]. 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 uniformly distributed along
the coasts of Taiwan, as shown in Figure 2.
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 cm are not corrected
using global models at these GPS stations in Taiwan [17].
Therefore, wavelet analysis was first adopted to filter out the
fixed frequencies 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,
EOT08a, GOT4.7, TPXO.7.2 and NAO.99b, 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. Tidal data can be used to understand
the phase delay effects of GPS heights along the coasts
and therefore to understand the effect of OTL on the GPS
positioning and the related causes of OTL errors. The results
will be important for the coastal GPS stations in Taiwan,
which can be used for tsunami monitoring and to study the
effects of changes in coastal environments, earthquakes, crustal
deformation and global sea level rise on Taiwan.
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TABLE I

II. DATA AND A NALYSIS M ETHOD
A. GPS and Tide Gauge Observations
The GPS data that were used in this study were provided
by the Central Weather Bureau of Taiwan. Because precise
GPS coordinates are obtained from relative positioning, a GPS
station must be selected as a reference and should be free of
or only nominally influenced by OTL [6]. Because the effects
of OTL are smaller at stations that are far from the ocean, the
SUN1 station in central Taiwan was selected as the reference
station. We assumed that the OTL effects at this station were
very small after proper corrections and could be neglected. The
Bernese 5.0 software, which was developed at the University
of Bern, Switzerland, was used for the data processing [4].
To conveniently analyze the effects of short-term (M2 and K1)
and long-term (MF, MM and SA) OTL, the sampling times at
all of the GPS stations were divided into Case A and Case B:
Case A: Based on one month of data from 02/10/2008 to
03/12/2008, the height at each coordinate was calculated every
30 seconds in an analysis of the short-term tides (M2 and K1),
which are characterized by good temporal precision and bad
positioning precision. Therefore, the effects of M2 and K1 on
the GPS heights in Taiwan can be calculated. Previous GPS
positioning was mainly based on long-term observational data,
and differential equations were used to remove common errors
to improve the GPS precision, which also removed the OTL
effects. Thus, the short-term effects of OTL cannot be observed
in the GPS heights if they are calculated based on longterm data. Therefore, we obtained a high sampling resolution
at 30-sec intervals, but the smaller amount of data produced
lower levels of accuracy. The resulting three-dimensional
coordinates were used to analyze the variations in height that
were caused by short-term OTL (such as semi-diurnal tides
and diurnal tides).
Case B: From 2007 to 2008, the coordinates for each day
are calculated for a long-term analysis (MF, MM and SA).
Because calculations over the course of a day can remove
the effects of M2 and K1, the calculated data have good
positioning precision but poor temporal resolution. However,
the effects of MF, MM and SA on the GPS heights in Taiwan
can still be calculated, but they are quite small.
B. Ocean Tidal Loading Models
In this study, five OTL models were chosen for correction:
Andersen 2006, EOT08a, GOT4.7, TPXO.7.2 and NAO.99b
(see Table 1). Although these OTL models are globally
applicable, some of them might not be suitable for Taiwan,
which has a complex seafloor and highly variable continental
shelf slopes. Therefore, we compared the results that were
obtained with the harmonic method to determine the OTL
model that is most suitable for Taiwan.
C. Wavelet Transform
The continuous wavelet transform (CWT) applies a
frequency analysis of a time-dependent signal locally in
time, in which the high frequency components are studied
with a higher time resolution than the low frequency

T IDAL M ODELS T HAT W ERE U SED IN T HIS S TUDY

components [11]. Using the CWT, the time-dependent phase
of the specific period can be analyzed from the original
signal. To further investigate the ocean tide-induced effects
at the coastal GPS stations (Fig. 2), the CWT is applied to
the two datasets from Cases A and B. The CWT can be
expressed by the following formula:
1
W f (a, b) = √
a

−∞
f (t)ψ t (
∞

t −b
)dt
a

(1)

where a is the scaling function that is used to extend and
compress the wavelet function, b is the translation function that
is used to move the wavelet function to cover the time domain,
ψ t is the mother wavelet function, and f(t) is the input signal.
D. Harmonic Analysis
Tidal variations can be regarded as the sum of the set
of known tidal frequencies and amplitudes, and each tidal
constituent can be expressed as a harmonic function as shown
in following formula:
y(t) =

N


Ai cos (νi (t) − φi )

(2)

i=1

where Ai denotes the amplitude, φi represents the phase,
and νi (t) is an astronomical argument. A least-squares analysis
is then performed to divide the data into several components (i ) to obtain the harmonic functions that represent the
major constituents of a tidal wave. The essential assumption
of the harmonic analysis is that the time series of the data is
periodic and is composed of harmonic functions of a limited
number of known frequencies. Moreover, the amplitudes and
phases of each tide that are obtained from the global ocean
tide correction models were used to analyze the positioning
accuracy.
III. WAVELET A NALYSIS R ESULTS
The data from the SHJU station in Case A were first used
for a preliminary analysis. The GPS height was then calculated
using the Bernese 5.0 software for comparison with the tide
gauge data. The tidal data clearly indicate the variation of
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Fig. 3. Tide gauge data (3a on the left) and GPS height variations (3b on
the right) for the original month-long data from the SHJU station. The plots
on the left and right have similar variations because the higher resolution
calculation results in several GPS errors that cannot be corrected completely.
Therefore, the GPS positioning precision is relatively poor.
Fig. 5. GPS heights at the SHJU station in Case A analyzed using wavelet
analysis at a scale of 1 hour. M2 is the semi-diurnal tide, and K1 is the
diurnal tide. 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 K1 signal is stronger.

Fig. 4. Two-year tide gauge data from the SHJU station. The tidal data were
analyzed at a scale of 1 hour using wavelet analysis. M2 is the semi-diurnal
tide, K1 is the diurnal tide, MF is the fortnightly tide, MM is the monthly
tide, and SA is the semi-annual tide.

the ocean tides (Figure 3a). 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 3b).
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.
The wavelet analysis uses a 2D method to identify all of the
periods and temporal axes and all of the signals; therefore, the
corresponding temporal occurrences can be clearly observed.
Consequently, this method can be used to analyze periodic
data. We used the wavelet method to convert the gauge data
to determine the types of periodic signals (Figure 4). The
x-axis corresponds to 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.
Similarly, the data from the SHJU station in Case A were
used to analyze the GPS heights. Figure 5 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 and K1 indicated that their

Fig. 6. GPS heights at the SHJU station in Case B analyzed using wavelet
analysis on a scale of 1 hour. MF is the fortnightly tide, MM is the monthly
tide, and SA is the semi-annual tide. The effects of long-term signals cannot
be clearly observed.

periods were correlated, which can result in feedback effects
during the analysis. For example, Figure 5 clearly shows
M2 and K1 during the month. The variation of the K1 signal
is stronger than that of the M2 signal, which is different from
the tidal results shown in Figure 4. This difference might
be caused by the calculation of GPS heights that include a
common error with a 1 day period that cannot be removed
with short-term data. Therefore, the effect on the GPS heights
cannot be removed, and the K1 signal is stronger in Figure 5.
Finally, we used a wavelet analysis of the long-term
GPS heights in Case B (Figure 6). 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. Therefore, the signals of the long-term tidal
components (MF, MM and SA) cannot be observed in the
wavelet analysis results.
IV. H ARMONIC A NALYSIS R ESULTS
In this study, the GPS data were processed and corrected using five OTL models to obtain the GPS heights.
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TABLE II
C OMPARISON OF THE M2 A MPLITUDES ( IN C ENTIMETERS ) F ROM THE
H ARMONIC R ESULTS OF THE NAO.99b, A NDERSEN 2006, EOT08a,
GOT4.7, AND TPXO.7.2 M ODELS AND THE U NCORRECTED D ATA

TABLE III
C OMPARISON OF THE K1 A MPLITUDES ( IN C ENTIMETERS ) F ROM THE
H ARMONIC R ESULTS OF THE NAO.99b, A NDERSEN 2006, EOT08a,
GOT4.7, AND TPXO.7.2 M ODELS AND THE U NCORRECTED D ATA
Fig. 7. M2 amplitudes of the GPS heights, the NAO.99b model and the tidal
data as calculated using harmonic analysis.

The M2 amplitudes after application of the harmonic analysis
method to the GPS heights are shown in Table 2. The NAO.99b
model provided the best average amplitude (0.16 cm); the
GOT4.7 and TPXO7.2 models calculated average amplitudes
of 0.17 cm, and the average amplitudes that were calculated
by the Andersen 2006 and EOT08a models were the poorest
(0.19 cm). Compared to the uncorrected average amplitude,
an error of 0.91 cm was eliminated by the NAO.99b model,
which represents an 85% improvement in precision.
The amplitudes of K1 that were analyzed by the harmonic
method are presented in Table 3. The NAO.99b model provided the best average amplitude (0.68 cm), 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 correction, the NAO.99b model reduced
the error by 0.51 cm; therefore, the precision was improved
by 48%. The correction capability of K1 was affected by other
diurnal errors; therefore, the improved precision of K1 was
worse than that of M2. Tables 2 and 3 show that NAO.99b
was the best-fitting model for the ocean around Taiwan. The
wavelet analysis that is shown in Figure 5 indicates that
M2 and K1 had the greatest effects on the GPS heights.
Therefore, in the following discussion, we focus on the effects
of short-term ocean tides on the GPS heights along Taiwan’s

coasts using the NAO.99b model. We also used the harmonic
method to analyze the data. In Figure 7, the three values from
left to right at each station represent the amplitudes of the
GPS height, the NAO.99b model and the tide gauge data. The
variations in the tides from the northern to southern coasts of
western Taiwan were approximately 1.2 to 1.8 m, and the maximum amplitude of approximately 1.8 m occurred at the TEGS
station. The variation from the north to south in eastern Taiwan
was relatively small (approximately 0.4 m), which is consistent
with the plot of tidal ranges of Taiwan’s coastal regions.
Compared to the M2 amplitude that was obtained using the
NAO.99b model, the GPS heights had a maximum error of
0.3 cm on the southeastern side of Taiwan, which indicates that
this is the contact between the Eurasian and Philippian plates
and that the complicated terrain of the seafloor affects the
corrected results of the ocean tides (e.g. Figure 8). Particularly
on the southwestern side of Taiwan (FUNY, HUWE and
NCKU stations), the GPS heights agreed well with the model
values, which demonstrates that the GPS heights in Taiwan’s
coastal regions are similar to the amplitudes that were obtained
by the NAO.99b model.
Figure 9 shows the M2 phases that were generated based
on the GPS heights, the NAO.99b model and the tide gauge
data using the harmonic analysis. The phase values were
then converted to time delays (Figure 10). Thirty degrees
of the M2 phase is equal to 1 hour. The rising tide occurs
simultaneously on the northeastern side of Taiwan and the
Pacific Ocean. The tides propagate around the southern and
northern ends of Taiwan to the Taiwan Strait and meet in
western Taiwan after 5.5 hours. In the NAO.99b model, the
tides propagate from the Pacific Ocean to the southeastern
coast of Taiwan (from south to north). The tides propagate
from the southern end of Taiwan along the eastern coast and
finally into the Taiwan Strait along western Taiwan, which
takes only 3 hours. This could be caused by the fact that
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Fig. 9. M2 phases of the GPS heights, the NAO.99b model and the tidal
data calculated using harmonic analysis.

Fig. 8. Differences in M2 and K1 before and after correction. The bottom
plot shows the topography of the seafloor around Taiwan. The amplitudes
were calculated using harmonic analysis. The white columns show the
uncorrected amplitudes, and the gray columns show the amplitudes with the
OTL correction. The M2 columns are clearly smaller than the K1 columns,
which indicates that several errors are present in K1 that cannot be removed
by the models.

Taiwan is only approximately 100 km in the E-W direction
and that the water is deeper along the east coast than along
the western coast; the model responds faster in the shallow
region in the west. In addition, the NAO.99b model is 2 hours
earlier than the tidal data, which indicates that when the tide
rises in the eastern Pacific Ocean, the GPS height also changes.
Therefore, the GPS heights and model values are both earlier
than the highest peak of the tidal data. A comparison of
the GPS heights with the NAO.99b model shows that the
largest difference is approximately one half hour at the FUNY
station, which indicates that uncertainties are still present in
the NAO.99b model around Taiwan.
Figure 11 shows the K1 amplitudes that were obtained by
the harmonic analysis. The K1 tidal data were clearly lower
than the M2 data. The M2 and K1 tidal data from the TEGS
station are 1.8 and 0.3 m, respectively, which is a difference
of 1.5 m. The differences in the K1 tidal data along the
coasts of Taiwan are between 0.1 and 0.3 m, and the tides
are never higher on the western coast than on the eastern
coast. Therefore, the K1 effect is lower than the M2 effect.
The differences between the GPS heights and the NAO.99
model for the stations on the northeastern and northwestern
coasts of Taiwan are between 0.6 and 1.0 cm (Figure 11)

Fig. 10. Time delays based on phases of the NAO.99b model and the tidal
data. The starting location of the tides that is indicated by the tidal data differs
from the model, but both meet on the western coast of Taiwan. This indicates
that there is a two hour delay between the NAO.99b model and the tidal data.

and less than 0.2 cm at the stations on the southern side
of Taiwan. Therefore, it is likely that the calculated GPS
heights are affected by an error with a frequency of 1 day
(e.g., atmospheric disturbance). Although the original data
were corrected carefully, errors can still be clearly observed in
the K1 amplitudes of the GPS heights; thus, the errors were
not eliminated completely.
By setting 15 degrees of the K1 phase to be equal to
1 hour, the phases (Figure 12) were converted to time delays
(Figure 13). The tides propagate from the eastern coast of
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Fig. 11. K1 amplitudes of the GPS heights, the NAO.99b model and the
tidal data as calculated by harmonic analysis.
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Fig. 13. K1 time delays converted from the K1 phases of the NAO.99b
model and the tidal data. In the model and tidal data, K1 rising tides start
from the northeastern side of Taiwan and meet along the western coast of
Taiwan with a three hour delay.

Fig. 14. MF amplitudes of the GPS heights, the NAO.99b model and the
tidal data as calculated by the harmonic method.
Fig. 12. K1 phases of the GPS heights, the NAO.99b model and the tidal
data as calculated by harmonic analysis.

Taiwan to the Taiwan Strait around the northern and southern
ends of Taiwan and reach the open ocean off western Taiwan
after 4 hours. Furthermore, the NAO.99b model and the tidal
data show that the K1 tidal waves propagate from the Pacific
Ocean on the eastern coast of Taiwan to the Taiwan Strait. The
K1 phase of the western coast of Taiwan indicates that the OTL
arrives at the northern part of the western coast at approximately the same time within 1-2 hours, which is approximately
3 hours earlier than the ocean tides. A comparison of the
GPS heights with the NAO.99b model shows that some errors
in the K1 phase of the GPS heights cannot be removed.

Figure 14 shows the MF amplitudes that were obtained by
the harmonic analysis. The MF tidal ranges vary within 2 cm,
and the variation in GPS heights is less than 0.1 cm,
which is lower than the precision of the GPS positioning.
Therefore, the effect of the MF component cannot be accurately analyzed. Although we also used harmonic analysis
to evaluate the long-term components of MM and SA, their
GPS heights are both less than 0.1 cm, which is below the
GPS precision. Therefore, we do not discuss the results here.
V. C ONCLUSIONS
Although GPS techniques have been widely applied to geodesy and surveying, the OTL correction has not gained atten-
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tion in Taiwan because static relative positioning has mainly
been used to 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 completely surrounded by ocean. By comparing 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 cm to 0.16 cm, 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, environmental errors (e.g., tropospheric and ionospheric
delays) cannot be completely removed due to the sparse GPS
data [19]. K1 was affected by the diurnal 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 cm 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 simultaneously 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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