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Abstract This study presents predicts ocean tidal loading (OTL) effects using a Green’s
function approach and validates a novel tidal model for Taiwan. Numerical integration of
OTL is performed using the Gauss quadrature method and a local tidal model for the inner
zone and a global model for the outer zone. Observed time series of GPS-derived vertical
displacements and gravity variations (3–7 days) at five co-located GPS-gravimeter stations
along the South East China and Taiwan coasts were utilized to assess the accuracy of the
proposed models and two other models. The OTL-induced gravity variations are 3–16 lgal
and the vertical site displacements are 13–27 mm. Generally, an OTL model using a mixed
global and local tidal model generates better agreement with the observations than an OTL
model using a global tidal model only. However, containing a local model inside a global
model does not always produce a good agreement with the observations. The relatively
large discrepancies between modeled and observed OTL values at some stations indicate
that there is a need for an improved local tidal model in the study area.
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1 Introduction
Ocean tides, under the influence of gravitation due to celestial bodies, are a phenomenon in
which the ocean waves rise and fall regularly by following a certain cycle. The tides rise and
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fall twice a day, and the duration of each cycle varies depending on the place of observation.
This phenomenon is related to the gravitational relationship between the Moon and the Earth.
Ocean tides perform a braking action on the rotation of the Earth, slowing down the rotational
speed. As the Earth is pulled by both the gravitational forces of the Sun and the Moon, part of
the ocean water will rise. Such rising water will have to move faster so that it can catch up
with the oceans when the Earth rotates. However, its speed cannot change and the Earth has
to drag the water along when it rotates, which creates a resistance force called tidal friction.
Tidal friction not only consumes tidal energy but also makes tides deform. Moreover, it
gradually reduces the speed of the Earth’s rotation.
The effects of ocean tidal loading (OTL) on gravity and site displacements are important
for validating ocean tidal models and correcting temporal gravity changes in absolute and
superconducting gravity measurements (Neumeyer et al. 2005), and for improving GPS
positioning accuracy (Khan and Scherneck 2003). The OTL at any location near coastlines
can be predicted using various global ocean tidal models and numerical algorithms. A
summary of such resources can be found in Scherneck and Bos. Internet services for OTL
computation are also available (e.g., http://www.oso.chalmers.se/*loading/). These OTL
predictions are largely based on global ocean tidal models. For a station along a coast, OTL
modeling can be improved by including a local tidal model for the inner zone. Such a local
tidal model must outperform its global counterpart in both accuracy and spatial resolution in
order to be more useful for the local users. Other factors impacting OTL model performance
are coastlines, numerical integration of the Green’s function and interpolations of the nearest
grid value (Bos and Baker 2005; Melachroinos et al. 2007).
This study is motivated by the recent introduction of two absolute gravimeters
(Trademark: Micro-g FG5) and two superconducting gravimeters (Trademark: GWR) in
Taiwan. For the best scientific outcome from absolute and superconducting gravity data,
one must determine whether global ocean tidal models produce accurate OTL values and
whether an improved loading model can be generated using local tidal models. For
instance, Fig. 1 presents the tidal spectrum at the Hsinchu tidal station, which is dominated
by the M2 (semi-diurnal tide caused by the Moon) tide from the National Chiao Tung

Fig. 1 Amplitude of the tidal spectrum at Hsinchu; the x-axis shows SA (solar semi-annual tides), O1
(lunar diurnal tides), K1 (lunar-solar diurnal tides), N2 (lunar elliptic tides), M2 (lunar semi-diurnal tides),
S2 (solar semi-diurnal tides) and K2 (lunar-solar semi-diurnal tides)
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Fig. 2 M2 tidal amplitudes and phases in the western Pacific, together with the positions of the five GPS
and absolute gravimeter stations, shown in red

University NCTU1 combination. This combination uses the NAO.99b model (Matsumoto
et al. 2000) for the outer zone effect and the NAO.99Jb model for the inner zone.
Figure 2 shows the amplitudes and phases of M2 obtained by NCTU1 combination around
South East China and Taiwan. The M2 tide along the coasts of South East China and Taiwan
is complex and contains high-frequency spatial variations in amplitude and phase (Fig. 2).
Otherwise, when using a reference for the highest frequency variations, which can only be
non-linear tides of the sub-diurnal tides. Adding to this complexity in the Taiwan Strait is the
anomalous amplification of the M2 tide and co-existence of progressive and standing M2
waves (Jan et al. 2004). With this ocean tidal background, the goal of this study is to develop
an improved OTL model for around Taiwan using the best possible tidal models, detailed
coastlines and numerical techniques in order to provide the tidal parameters for the geophysical scientists. The accuracy of this proposed OTL model and selected global models is
assessed using data collected by a Micro-g FG5 absolute gravimeter and GPS receivers at
five stations along the coasts of South East China and Taiwan (Fig. 2).

2 Theory and Computation of Ocean Tidal Loading
This study employs the method using Green’s functions (Farrell 1972) to compute the OTL
effects on gravity and site vertical displacements. Compared with the spherical harmonic
expansion method, this method is flexible in the joint use of local and global tidal models,
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and in adapting a local, detailed coastline for loading computations. At any point p(hp, kp)
on the Earth (hp, co-latitude; kp, longitude), gravitational change (Lg) and site displacements (Lr, radial; Lh, northward; Lk, eastward) due to OTL are (Farrell 1972):
ZZ
ZZ
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where ds = coshdhdk is the surface element, A is the azimuth, w is the spherical distance
between point p and a running point at (h, k), and rðh; kÞ ¼ q0 Hðh; kÞ is the surface density
of the loading mass, with q0, H being the average density of seawater (1.03 g cm-3) and
tidal height, respectively. The kernel functions (Green’s functions) in Eqs. 1–4 are defined
as (Farrell 1972):
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where kn0 , l0n , h0n are the loading Love numbers of degree n, R and M are the average Earth
radius and mass, g is the mean value of gravitational acceleration, and Pn ðcos wÞ and
dPn =dw are the Legendre function and its derivative, respectively. This study adopts the
loading Love numbers as follows: the Han and Wahr (1995) model for degrees 2–696, and
the Farrell (1972) model for degrees 687 to infinity.
The integrations of Eqs. 1–4 are implemented by the Gauss quadrature method (Press
et al. 1993). This method is used for rigorous computation of the gravity terrain effect, and
is a highly efficient and accurate numerical integration method. The Gaussian quadrature
method yields results that outperform those obtained using the prism method (Xu 2007)
and the Fast Fourier Transform (FFT) method (Corchete et al. 2007). The singular problem
of the kernel function in the terrain correction is treated by considering the innermost zone
effect, which can be expressed as a complete elliptic integral of the first kind. Given a
computational domain (for the outer zone, the domain is always 0° to 360° longitude and 90° to 90° latitude), the Gauss quadrature method first computes the weight coefficients
along the latitude and longitude directions. For a spherical surface integration, using
t = cosh is convenient as the coordinate variable along the meridian. The weight coefficients are associated with coordinates where tidal heights are obtained by Newton-Gregory
polynomial interpolation (Gerald and Wheatley 1994) from the given tidal grid. The kernel
functions in Eqs. 5–7 are pre-computed as tables at a constant interval of 0.01° in latitude
and longitude, and the needed function values are obtained by interpolation.
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In the numerical integration, the total OTL effect is the sum of inner zone and outer
zone effects. The inner zone effect uses a fine grid of tidal height (either from a local or
global tide model) and the outer zone uses a coarse grid. Ideally, tidal heights for the inner
zone should be from a local tidal model and those for the outer zone should be from a
global tidal model. For convenience, an inner zone is defined as a rectangular box bordered
by two meridians and two parallels of latitude. In this case, the latitude range is approximately 21°N to 25°N, and longitude range is roughly 120°E to 122°E. For the outer zone,
the grid interval is always equal to that of the global tidal model. For example, the grid
interval is 0.5° for the CSR4.0model (Eanes and Bettadpur 1996) and NAO.99b model
(Matsumoto et al. 2000). Taiwan’s coastline is defined by an 80 9 80 m digital elevation
model (DEM). That is, the zero values of this DEM correspond to the Taiwan coastline.
For southeast China, the coastline is defined by a high-resolution coastline of the Generic
Mapping Tools (GMT) (Wessel and Smith 1999).
To obtain the most efficient and accurate model, various combinations of box size for the
inner zone, and grid interval of the inner zone, are tested. When a global tidal model is utilized
for the inner zone, the following choice has been found to be optimal in terms of efficiency and
accuracy: box size = 3° and grid interval = 200 . When a local tidal model is used for the
inner zone, the grid interval is equal to that implied by the model and the box size is 3°.

3 Choice of Global Tidal and Local Tidal Models
Numerous global tidal models are available for use in OTL computations. For instance,
Andersen (1995) provided data of global ocean tides from ERS1 and TOPEX/Poseidon
satellite altimetry, and the International Center for Earth Tides (ICET) provides OTL
results for nine global models (http://www.astro.oma.be/ICET/Ocean_tides_models/
index.htm). Due to the limited resources available for this study, the CSR4.0 (Eanes and
Bettadpur 1996) and NAO.99b (Matsumoto et al. 2000) models are chosen for the
experiments. Table 1 lists the current ocean tidal models. The CSR4.0 model is the
standard model for tidal correction of TOPEX/Poseidon altimeter data. Notably, the
NAO.99b model has been shown to outperform other tidal models in the western Pacific,
partly due to the fact that this model assimilates tidal gauge data. Various local tidal
models for the western Pacific exist (e.g., the NAO99.Jb model (Matsumoto et al. 2000)
and JAN2004 (Jan et al. 2004)).
For OTL computations (Sect. 2), this study experiments with the CSR4.0 and NAO.99b
models (for the global model), and NAO.99Jb and JAN2004 models (for the local model).
Other models can be easily adapted to the OTL computations in this study. The tidal
constituencies of both NAO.99Jb and JAN2004 are given on 50 9 50 grid. Although the
NAO99.Jb model assimilates tidal gauge data, the JAN2004 model is purely based on the
solutions of hydrodynamic equations and is part of the results generated by the Principle/al
Ocean Model (POM) (Blumberg and Mellor 1987). Additionally, the JAN2004 model uses
a 50 9 50 bathymetry model around Taiwan and other finely tuned parameters in the POM.
According to Jan et al. (2004), the JAN2004 model (where the average RMS misfit is
0.123 m) has a better fit with tidal heights than the model proposed by Lefevre et al.
(2000a) (where the average RMS misfit is 0.158 m) at 18 tidal gauges along the coasts of
South East China and Taiwan.
Table 2 compares the amplitudes and phases of the M2 tide from observations, and the
CSR4.0, NAO.99b, NAO.99Jb and JAN2004 models at five tidal gauge stations, where
FG5 and GPS data are used (Sect. 4). The NAO.99Jb model (67 mm error in amplitude at
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Global

Global

Global

Global

Global

Global

Local

Local

FES94.1 (Le Provost et al. 1994)

FES95.2 (Le Provost et al. 1998)

FES98 (Lefevre et al. 2000b)

CSR4.0a (Eanes and Bettadpur 1996)

GOT00.2 (Ray 1999)

TPXO.5 (Egbert et al. 1994)

TPXO.6.2 (Egbert and Erofeeva 2002)

NAO.99Jba (Matsumoto et al. 2000)

JAN2004a (Jan et al. 2004)

The model employed in this study

Global

NAO.99ba (Matsumoto et al. 2000)

a

Global

Global

Schwiderski (Schwiderski 1980)

Area

Model

Table 1 Lists of the current tidal models

0.08 by 0.08 degree grid

0.08 by 0.08 degree grid

0.25 by 0.25 degree grid

0.5 by 0.5 degree grid

0.5 by 0.5 degree grid

0.5 by 0.5 degree grid

0.25 by 0.25 degree grid

0.5 by 0.5 degree grid

0.5 by 0.5 degree grid

0.5 by 0.5 degree grid

1 by 1 degree grid

Resolution

Based on the solutions of hydrodynamic equations and is part of the results
generated by the Principal Ocean Model

Based on the same hydrodynamics model as the Schwiderski model, but has
TOPEX/Poseidon data assimilated into it

Based on TPXO.5, improved the resolution to 0.25 by 0.25 degree grid

Computed using inverse theory using tide gauge and TOPEX/Poseidon data

Long wavelength adjustments of FES94.1 using TOPEX/Poseidon data, and
different in the polar regions because ERS1/2 data are used

Long wavelength adjustments of FES94.1 using TOPEX/Poseidon data, the
spurious grid-cells over land having been removed

Based on FES95.2, computed on a global grid instead of computing the ocean
tides in a few ocean basins separately

Based on FES94.1, TOPEX/Poseidon data used to adjust the long wavelength

Based on Schwiderski also, calculated on a finite element grid near the coast

Based on the same hydrodynamics model as the Schwiderski model, but has
TOPEX/Poseidon data assimilated into it

Hydrodynamic model, fit the tide gauges globally

Type of solution
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Table 2 Comparison of amplitude (in mm) and phase (in degrees) of M2 tide at five tide gauge stations
along the coasts of South East China and Taiwan
Station

Item

Observation

NAO.99Jb

JAN2004

NAO.99b

CSR4.0

Hsinchu

Amplitude

1642

1457 (185)

Phase
Penghu

Amplitude

Lanyu

Amplitude

Phase
Phase
Matsu

Amplitude

Kinmen

Amplitude

Phase
Phase

1575 (67)

1523 (119)

1820 (178)

86

86 (0)

83 (3)

85 (1)

97 (11)

901

693 (208)

847 (54)

841 (60)

1023 (122)

95

81 (14)

78 (17)

96 (1)

105 (10)

444

403 (41)

399 (45)

435 (9)

507 (63)

302

297 (5)

297 (5)

310 (8)

316 (14)

2071

2024 (47)

1951 (120)

2367 (296)

1803 (268)

66

66 (0)

66 (0)

68 (2)

69 (3)

1749

1748 (1)

1877 (128)

1672 (77)

1248 (501)

110

109 (1)

103 (7)

131 (21)

134 (24)

Values in parentheses show the difference between modeled and observed values

Hsinchu) agrees best with observations as it has a relatively higher resolution (50 9 50 grid
for NAO.99Jb) than the other models and integrates tidal gauge data (Table 2). The performance of the JAN2004 model (119 mm error in amplitude at Hsinchu) is worse than
that of the NAO.99Jb model, but is more accurate than the NAO.99b and CSR4.0 models.
The NAO.99b model (178 mm error in amplitude at Hsinchu) also assimilates tidal gauge
data, but it performs worse than the NAO.99Jb model due to its coarser spatial resolution
(on a 300 9 300 grid for the NAO.99b model). The CSR4.0 model (185 mm error in
amplitude at Hsinchu), based on TOPEX/Poseidon altimeter data only, has the worst
accuracy among the four models. The CSR4.0 model underestimates the amplitude of M2
at Kinmen by 50 mm and the M2 phase is in error by 24°.
Based on the result of amplitudes and phases of the M2 tide (Table 2), this study adopts
the NAO.99b model to determine the outer zone effect of OTL. Local models NAO.99Jb
and JAN2004 are utilized to determine the inner zone effect. This study presents two novel
combinations, NCTU1 and NCTU2. Both combinations use the NAO.99b model for the
outer zone effect. For the inner zone, the NCTU1 and NCTU2 combinations use the
NAO.99Jb and JAN2004 models, respectively. In other words, this study combines
existing models to process the OTL problem around Taiwan. The OTL software developed
by NCTU can use any tide model to determine inner and outer zone effects.

4 FG5 Gravity and GPS Measurements
The absolute gravity, GPS and tidal gauge data were collected during a campaign to
establish an absolute gravity network around Taiwan. The campaign lasted from 1
November 2004 to 25 February 2005, and the observation time at the different stations
varied from 3 to 7 days, depending on the available resources. The gravitational stations,
which were co-located with continuous GPS stations, were only a few km from nearby
tidal stations. Table 3 shows the approximate coordinates of the International Terrestrial
Reference Frame (ITRF2000) of GPS, FG5 and tidal gauge stations. A Micro-g FG5
absolute gravimeter (serial number, 224) was employed to collect absolute gravity data.
Gravitational measurements were made at 30-min intervals, with each dataset consisting of
50 drops. All environmental corrections, except OTL, were applied using Micro-g software
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Station
Hsinchu

Penghu

Lanyu

Matsu

Kinmen

Coordinate

GPS

FG5

Tide gauge
-2973819.8

X

-2982779.0

-2982769.7

Y

4966662.7

4966647.1

4972938.7

Z

2658805.7

2658797.3

2656940.4
-2885232.4

X

-2886037.0

-3061828.5

Y

5087838.6

4984021.5

5088170.8

Z

2534225.9

2534206.4

2534421.8
-3059694.3

X

-3095830.7

-3095876.0

Y

5040454.4

5040408.1

5085482.5

Z

2378375.5

2378326.9

2328141.0

X

-2858574.6

-3030078.6

-2856672.4

Y

4964558.4

4861766.7

4964785.9

Z

2794722.4

2794706.4

2796115.8

X

-2761836.9

-2938497.4

-2753419.3

Y

5110345.0

5010827.8

5117695.7

Z

2625153.0

2625162.9

2619590.9

‘‘g’’ v4.0 (Micro-g Solutions 2004). The observed air pressure was transferred to the
normal air pressure using the barometric correction factor and the solid Earth tide was
corrected by the ETGTAB model developed by Georg Wenzel (Faller 2002). When it came
to the polar motion correction, the Earth orientation parameters could be obtained from the
website of the International Earth Rotation and Reference Systems Service (IERS,
http://maia.usno.navy.mil/).
Figure 3 shows the time series of the gravitational variation (without OTL corrections) at
the five stations. The bold lines signify the gravitational data obtained by the FG5 gravimeter
and the dotted lines show the predicted data derived by the NCTU1 combination. Moreover,
the x-axis denotes time and MJD means the Modified Julian Date. Because the five stations
are close to the sea and to the collision zone where the Eurasian Plate and the Philippine Sea
Plate East of Taiwan meet, the scatter of the FG5 gravitational observations is roughly
several lgal, compared to a sub-lgal scatter at a quiet site (for example, a site remote from
the sea and free from nearby seismic activities). Despite the relatively large scatter, the M2
loading signal at most stations is clearly visible in the time series.
The strategy for computing GPS coordinates is largely based on that developed by Khan
and Scherneck (2003). The coordinates of the five GPS stations were determined using
Bernese GPS software (Beutler et al. 2004). No OTL corrections were applied to a baseline
solution relative to the Fanlin GPS station (Fig. 2). At this station, OTL displacements
were removed using the NAO.99b ocean tidal model implemented using GOTIC2 software
(Matsumoto et al. 2001). Furthermore, the International GNSS Service (IGS) sp3 precise
ephemerides were used and the wet tropospheric correction applied for each hour for
estimating the Zenith Troposphere Delay to GPS signals (Yeh et al. 2006). Fanlin is a
continuous GPS station and its geocentric coordinates have been precisely determined in
the ITRF2000 frame. The reference ellipsoid is the Geodetic Reference System of 1980
(GRS80) and the approximate coordinates of the Fanlin GPS station with respect to the
origin at the Earth’s center of mass are X = -3048091.3, Y = 4983134.4 and
Z = 2552645.0 (in meters). This station was chosen as the reference station based on its
small OTL. Therefore, the GPS-derived ocean loadings at the five stations are relative to
the corrections from the NAO.99b model.
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Fig. 3 Time series of FG5-observed (bold lines) and modeled (dotted lines) gravity variations, without
ocean loading corrections
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Figure 4 shows the time series of GPS height variations with a time-step of 3 h. The
bold lines show height variations obtained via the GPS signals and the dotted lines present
results predicted by the NCTU1 combination. The average formal standard errors of the
3-h GPS height solutions are 2.9, 3.3, 3.0, 2.7 and 3.9 mm for Hsinchu, Penghu, Kinmen,
Matsu and Lanyu, respectively.
A number of sources contribute to variations in the time series for the GPS heights
(Figs. 3 and 4), including, among others, tidal and non-tidal loadings, atmosphere loading,
ground water table and data noise. Most of these sources generate variations with frequencies different from those of M2. For instance, the atmospheric loading and wet
troposphere-induced effect introduce diurnal variations in gravity and GPS coordinates,
respectively (Neumeyer et al. 2005). Moreover, non-linear sub-diurnal tides exist in areas
with shallow water, and an important energy transfer exists in the quart-diurnal (6 hourly)
band (Melachroinos et al. 2007). Since this study focuses only on M2 loading, signals or
errors in the non-semidiurnal bands have little impact when investigating the M2 loading
based on the time series of gravity and GPS height values.

5 Comparison of Observed and Modeled M2 Ocean Tidal Loadings
As the gravitational records are relatively short (3–7 days), only the M2 OTL signals are
extracted for model validation. A least-squares regression was applied to compute the
amplitudes and phases of M2 OTL from the time series of gravity values (Fig. 3) and GPS
coordinates (Fig. 4) at the five stations. Table 4 compares the M2 gravity OTL from the
observations and from values generated by the NCTU, NAO.99b and GOTIC2 models. The
GOTIC2 model uses the NAO.99b and NAO.99Jb models for the outer and inner zones,
respectively (the same models are used by the NCTU1 combination, but with a different
computational algorithm). Overall, the modeled amplitudes and phases generated by the
NAO.99Jb model (NCTU1 combination) for the inner zone agree with the observations
slightly better than the JAN2004 model (NCTU2 combination).
The modeled amplitudes and phases produced by the NCTU, NAO.99b and GOTIC2
models are generally consistent at all stations. At Hsinchu and Kinmen, which are located
on opposite sides of the Taiwan Strait and at roughly the same latitude, the amplitudes
generated by all models (3.0–3.5 lgal at Hsinchu and 3.5–4.3 lgal at Kinmen) agree well
with the observations (3.1 lgal at Hsinchu and 3.7 lgal at Kinmen). However, a large
difference in phase exists between all models (22.8–39.6 degrees at Hsinchu and 69.5–86.3
degrees at Kinmen) and the observations (66.4 degrees at Hsinchu and 125.0 degrees at
Kinmen). At Penghu (central Taiwan Strait), the modeled amplitudes are approximately
half the observed amplitudes, and the modeled phases agree well with the observed phases.
At Lanyu (in the Pacific Ocean East of Taiwan), all modeled amplitudes are only *50% of
the observed amplitudes, but the phases produced by NCTU1 and NCTU2 agree well with
the observations. The largest discrepancy in amplitude between observation and model
values occurs at Matsu (South East of the China coast), where the amplitudes generated by
the NCTU1, NCTU2 and GOTIC2 models are only about 33% of the observed amplitude.
However, the phases at Matsu produced by the NCTU combinations match the observations reasonably well.
These GPS solutions demonstrate that horizontal displacements from the GPS solutions
are small (for the North direction the displacement is only 4.8–8.2 mm and for the East
direction 8.8–19.5 mm). They are overwhelmed by noise in the data of around 2 cm
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Fig. 4 Time series of GPS-derived (bold lines) and modeled (dotted lines) coordinate variations, without
ocean loading corrections
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Table 4 Comparison of amplitude (in lgal) and phase (in degrees) of modeled and observed gravity effects
due to M2 ocean tidal loading
Station
Hsinchu

Item
Amplitude
Phase

Penghu

Amplitude
Phase

Lanyu

Amplitude
Phase

Matsu
Kinmen

Observation

GOTIC2

NAO.99b

3.1 ± 0.2

3.3 (0.2)

3.1 (0.0)

3.0 (0.1)

3.5 (0.4)

30.9 (35.5)

22.8 (43.6)

39.6 (26.8)

33.8 (32.6)

6.6 ± 0.4

2.6 (4.0)

2.6 (4.0)

3.0 (3.6)

3.4 (3.2)

68.5 ± 3.5

70.4 (1.9)

59.7 (8.8)

64.7 (3.8)

60.4 (8.1)

11.9 ± 1.7

5.5 (6.4)

5.8 (6.1)

348.3 ± 8.6

340.9 (7.4)

347.6 (0.7)

Amplitude

15.7 ± 0.5
67.2 ± 1.9

Amplitude

NCTU2

66.4 ± 3.9

Phase
Phase

NCTU1

3.7 ± 0.2
125.0 ± 2.9

5.5 (10.2)
62.0 (5.2)

5.1 (10.6)
61.0 (6.2)

3.2 (8.7)

5.3 (6.6)

311.5 (36.8)

308.9 (39.4)

5.6 (10.1)

7.3 (8.4)

50.4 (16.8)

54.5 (12.7)

4.2 (0.5)

3.7 (0.0)

3.5 (0.2)

4.3 (0.6)

86.3 (38.7)

69.5 (55.5)

85.6 (39.4)

84.5 (40.5)

Values in parentheses show the difference between modeled and observed values

(Yeh et al. 2007). Therefore, only the vertical displacement was examined. Table 5
compares modeled and observed vertical displacements due to M2 OTL.
Compared with observed gravitational variations, the signal-to-noise ratios of the
observed amplitudes and phases of the vertical displacements are relatively small; this is
readily seen in the noisy time series of the GPS-derived coordinate variation (Fig. 4).
Generally, all models produced similar results; the modeled amplitudes (11.3–13.1 mm at
Hsinchu and 13.5–15.3 mm at Kinmen) agree well with the observed amplitudes (13.5 mm
at Hsinchu and 18.0 mm at Kinmen). The differences between modeled phases (23.5–33.1
degrees at Hsinchu and 69.3–86.8 degrees at Kinmen) and observed phases (70.2 degrees
at Hsinchu and 133.1 degrees at Kinmen) are relatively large compared with the gravitational loading (Table 4). At Lanyu, the phases generated by the NAO.99b and GOTIC2
models agree well with the observed phases; however, the NAO.99b and GOTIC2 models
yield amplitudes that are only half of the observed amplitude.
Notably, the observations (Tables 4 and 5) show that the amplitudes of the OTLinduced gravitational variations and site displacements at Lanyu and Matsu are similar, and
the values are roughly 10 lgal and 20 mm, respectively. Such a similarity applies to
Table 5 Comparison of amplitude (in mm) and phase (in degrees) of modeled and observed vertical
displacements due to M2 ocean tidal loading
Station
Hsinchu
Penghu
Lanyu

Item

Kinmen

NCTU1

NCTU2

GOTIC2

NAO.99b

Amplitude

13.5 ± 4.8

12.1 (1.4)

11.3 (2.2)

13.1 (0.4)

12.8 (0.7)

Phase

70.2 ± 20.9

32.1 (38.1)

23.5 (46.7)

32.4 (37.8)

33.1 (37.1)

Amplitude

10.1 ± 2.4

9.2 (0.9)

8.9 (1.2)

12.1 (2.0)

12.1 (2.0)

Phase

77.9 ± 9.9

73.5 (4.4)

61.9 (16.0)

57.9 (20.0)

59.8 (18.1)

Amplitude

27.4 ± 6.1

20.7 (6.7)

21.4 (6.0)

313.7 ± 20.7

339.3 (25.6)

346.3 (32.6)

Amplitude

25.2 ± 3.4

20.3 (4.9)

18.8 (6.4)

23.5 (1.7)

23.9 (1.3)

Phase

76.9 ± 7.9

62.5 (14.4)

61.4 (15.5)

46.3 (30.6)

52.0 (24.9)

Phase
Matsu

Observation

Amplitude
Phase

15.7 (11.7)
309.4 (4.3)

18.0 ± 5.2

15.3 (2.7)

13.5 (4.5)

13.5 (4.5)

13.9 (4.1)

133.1 ± 18.7

86.8 (46.3)

69.3 (63.8)

81.1 (52.0)

82.0 (51.1)

Values in parentheses show the difference between modeled and observed values
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Hsinchu, Penghu and Kinmen, where the amplitudes of the OTL-induced gravitational
variations and site displacements are about 5 lgal and 10 mm, respectively.
Comparisons of the modeled and observed gravity effects and vertical site displacements due to M2 ocean tidal loading (Tables 4 and 5) could not yield a conclusion
regarding the ranking of model performance. Clearly, all OTL models under study require
improvement. Although an OTL model using a mixed global and local tide model
(NCTU1, NCTU2 and GOTIC2 models) outperforms a model with a global model only at
some stations, it does not always produce the best results of OTL correction. An improved
OTL model, in both precision and spatial resolution, can be created using improved local
and global tide models, coastline data, loading Love numbers and better numerical techniques. As far as gravitational loading is concerned, the mismatch between observations
and model-derived loading is partly attributed to the large scatter of the FG5 observations,
which range from a few lgal to 10 lgal at the five stations. Finally, the large wet tropospheric effect on GPS solutions in tropical areas such as southeast China and Taiwan
introduces significant uncertainty (*2 cm) in the GPS-derived vertical displacements.
This then leads to an inconclusive comparison of modeled and observed vertical site
displacements due to M2 ocean loading (Table 5).

6 Conclusions
This study has presented the theory of and numerical technique for modeling ocean tidal
loading (OTL) in Taiwan and nearby. Comparisons of observed and modeled OTL values
at five almost co-located FG5-GPS stations indicate that the model-generated and observed
values match well in some cases, but poorly in others. Generally, an OTL model using a
mixed global and local tidal model produces better agreement with observations than an
OTL model only using a global tidal model. The accuracy of the current OTL model for the
coasts of South East China and Taiwan (Tables 4 and 5) demonstrates that the accuracy
and spatial resolution of currently available tidal models need to be improved. The FG5
and GPS observations collected in this work are useful for validating improved OTL
models in this region. Furthermore, observation intervals longer than 7 days should be used
to have further improvements. The FG5 and GPS observations collected in this work are
useful for validating improved OTL models in this region.
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