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Abstract

In this study, to meet the need for accurate tidal prediction, the accuracy of global ocean tide models was assessed
in the South China Sea (0°-26°N, 99°-121°E). Seven tide models, namely, DTU10, EOT11a, FES2014, GOT4.8,
HAMTIDE12, OSU12 and TPXO08, were considered. The accuracy of eight major tidal constituents (i.e., Q,, O, P,
K,, N,, M,, S, and K,) were assessed for the shallow water and coastal areas based on the tidal constants derived
from multi-mission satellite altimetry (TOPEX and Jason series) and tide gauge observations. The root mean
square values of each constituent between satellite-derived tidal constants and tide models were found in the
range of 0.72-1.90 cm in the deep ocean (depth>200 m) and 1.18-5.63 cm in shallow water area (depth<200 m).
Large inter-model discrepancies were noted in the Strait of Malacca and the Taiwan Strait, which could be
attributable to the complicated hydrodynamic systems and the paucity of high-quality satellite altimetry data. In
coastal regions, an accuracy performance was investigated using tidal results from 37 tide gauge stations. The root
sum square values were in the range of 9.35-19.11 cm, with the FES2014 model exhibiting slightly superior

performance.
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1 Introduction

Ocean tide model is an important element in determining the
gravity field, sea surface topography and depth datum models
with high accuracy and high resolution. Precise tide models can
provide sea level corrections for various measurements, e.g., ba-
thymetry survey data and satellite altimetry data (Fu and Cazenave,
2001; Visser et al., 2010). They can also provide basic data with
which to establish accurate vertical datum transformations (Iliffe
etal., 2013; Keysers et al., 2015).

Satellite altimeter data and tide gauge observations represent
the most effective and direct way in which to evaluate the accur-
acy of tidal constituents (Shum et al., 1997; Seifi et al., 2019). Con-
siderable insight into large-scale ocean processes has been
gained throughout 300 years of oceanographic observations. For
example, many numerical tide models that were developed be-
fore the advent of satellite altimetry could produce accurate res-
ults, although the accuracy of such tide models has been im-
proved during the satellite era. The TOPEX/Poseidon (T/P),
Jason-1, Jason-2 and Jason-3 satellites have recorded altimetry
data for over 20 years, and the current accuracy of tidal predic-
tions for the open ocean is well over 2 cm (Andersen et al., 1995;
Stammer et al., 2014). Compared with the open ocean, altimeter
data are geographically diverse in shallow-water areas (Fok et al.,
2010). Moreover, they can be affected by environmental factors
such as the shoreline and topography (Cherniawsky et al., 2001),
and physical factors such as tropospheric and ionospheric cor-

rection models (Lyard et al., 2006; Desportes et al., 2007). Mayer-
Giirr et al. (2012), Daher et al. (2015), and Cheng et al. (2016) all
used the least-squares-based harmonic analysis method on
satellite altimetry data of different timescales to obtain along-
track tidal constants. Satellite-derived tidal information can play
an important role in the establishment of tide models, e.g.,
providing open boundary conditions with which to establish an
assimilation model or as an interpolation resource with which to
establish an empirical model.

As a traditional tool for obtaining tidal height, a tide gauge
station can provide verifiable, accurate, high-frequency tidal in-
formation, particularly along coastlines. However, the main
drawback of such measurements is the sparsity of observation
locations. Harmonic analysis of tide gauge observations can pro-
duce tidal information that is highly accurate to the millimeter
level. Recently, the application of tide gauge data has been ex-
panded. For example, they have been applied in establishing tide
models and used as ground-truth data with which to assess the
accuracy of such models.

The accuracy performance of the global tide models in re-
gional areas, such as the shallow water and coastal zones, is dif-
ferent from their performance in global ocean in terms of the ac-
curacy of tidal constituent estimations and, consequently, the ac-
curacies of tidal height predictions. Stammer et al. (2014) con-
ducted a suite of comprehensive tests of seven modern altimeter-
constrained ocean-tide models. Many of the tests relied on com-
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parisons against in situ tidal measurements, but some relied on
remote measurements.

The South China Sea (SCS) is a broad marginal sea. The
ocean dynamics and tides in this area are complicated, with flows
through the Luzon Strait and the complex topography leading to
the generation and scattering of interval waves with various fre-
quencies (Egbert and Ray, 2000) and to the existence of a tidal
system with several amphidromic systems (Green and David,
2013). In the deep-water area, the tidal system is reasonably
simple, whereas, the tidal regimes in the shallow-water areas are
complex and the tidal currents can be strong (Ye and Robinson,
1983). Tides in the SCS have been studied for decades (Fang,
1986), with most provides research focused on how best to estab-
lish an appropriate numerical model (Fang et al., 1999; Zu et al.,
2008). Given the continuous accumulation of satellite altimeter
and tide gauge datasets over many years, it is very meaningful to
use such information to analyse the accuracy of relevant state-of-
the-art tide models.

In this study, the accuracy performance of seven recent em-
pirical and assimilation tidal models were investigated by satel-
lite-derived and tide gauge results in the shallow water and
coastal regions of the SCS areas. The remainder of this paper is
organized as follows. Descriptions of the datasets and the meth-
odology used are provided in Sections 2 and 3, respectively. Sec-
tion 4 presents the results of the comparison between tide mod-
els and satellite-derived and tide gauge results. Sections 5 and 6
conduct discussions of the accuracy performance difference and
the conclusions of the study, respectively.

2 Study area and data

The study area of the SCS is bounded by 0°-26°N, 99°-
121°E. Figure 1 shows the bathymetry based on the ETOP1 mod-
el available from https://www.ngdc.noaa.gov. This model isa 1
arc-minute global relief model of Earth’s surface that integrates
land topography and ocean bathymetry, and built from global
and regional data sets (Amante and Eakins, 2009).
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Fig. 1. Distribution of satellite altimetry along-track points and
tide gauge stations in the study area. The numbered dark tri-
angles denote the 37 tide gauges. Gray solid and dashed lines are
the primary and interleaved mission tracks, respectively.

2.1 Tide gauge data

In the SCS area, the tidal constants for this study were ob-
tained from 37 tide gauge observations, of which 27 stations were
part of the University of Hawaii Sea Level Center (UHSLC, https://
uhslc.soest.hawaii.edu), and the other 10 stations were Chinese
long-term tide gauge stations, as shown in Table 1. Tidal height
time series of each tide gauge station used in this study com-
prised hourly tidal height data and acquired over at least 1 year
and with a record that was at least 85% complete for the analysis
period.

2.2 Satellite altimetry data

The along-track tidal constituents of multi-mission satellite
altimetry data were obtained from the new Centre for Topo-
graphic studies of the Ocean and Hydrosphere (CTOH) tidal con-
stants product (http://ctoh.legos.obs-mip.fr/). The CTOH com-
putes and distributes tidal constants estimated by harmonic ana-
lysis of each single time series (i.e., every 6.2 km). The sea level
height time series have been computed for the whole TOPEX/Po-
seidon, Jason-1, Jason-2 and Jason-3 period with primary and in-
terleaved mission data applying the latest reprocessing CTOH
standards.

The spatial locations and the record length of the single time
series of the tidal estimates along the altimeter ground track were
indicated for each constituent. In this study, eight major tidal
constituents in the along-track points were extracted from the
CTOH primary and interleaved mission tracks, respectively, as
shown in Fig. 1.

2.3 Tide models used

This study assessed seven global ocean tide models: DTU10,
EOT11a, FES2014, GOT4.8, HAMTIDEI12, OSU12 and TPXO8. The
selected models represent those commonly adopted for eliminat-
ing the tidal signal from altimetry measurements. Table 2
presents the resolution, constituents and type of the seven tide
models used.

The global ocean tide models adopted in this study can be
grouped into two categories: empirical models, which mainly rely
on satellite-derived and tide gauge results (OSU12 and GOT4.8),
and hydrodynamic model maybe used to analyze the time series
of tide residuals (DTU10 and EOT11a); assimilation models
(FES2014, HAMTIDE12 and TPX08) that are constrained using
empirical observations through different assimilation ap-
proaches. Each model used for the accuracy assessment is as the
followings.

DTU10 of the Technical University of Denmark was de-
veloped based on an empirical correction to the FES2004 model
(Cheng and Andersen, 2011; Lyard et al., 2006). The response
method (Groves and Reynolds, 1975; Munk and Cartwright,
1966) is applied to the multi-mission altimeter tide residuals and
the dynamic interpolation method is used to perform interpola-
tion of the along-track data to the FES2004 grid. Multi-mission
satellite altimeters sea level data were applied to obtain im-
proved global sea level residuals.

EOT11a is a global empirical ocean tide model derived in
2011 through residual analysis of multi-mission satellite alti-
meter data (Savcenko and Bosch, 2012). The model was com-
puted based on residual tidal analysis of multi-mission altimeter
data from the T/P, ERS-2, Envisat, Jason-1 and Jason-2 satellite,
acquired between September 1992 and April 2010.

The Goddard/Grenoble Ocean Tide (GOT) empirical model is
used widely to remove barotropic ocean tides from satellite alti-
metry data (Ray, 1999; Schrama and Ray, 1994). The latest ver-
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Table 2. Main properties of the seven ocean tide models under review

Major constituents

Tide models Resolution Diumnal Semidiurnal Type
DTU10 (1/8)°x(1/8)° K,0,P,Q,S, M,, S, N,, K, E
EOTl1la (1/8)°x(1/8)° K, 0, P, Q, S, M,, S,, N, K,, 2N, E
FES2014 (1/16)°x(1/16)° K, 0,P,Q, S, M,, S,, N, K,, 2N, H
GOT4.8 (1/2)°x(1/2)° K,0,P,Q,S, M,, S, N,, K, E
HAMTIDE12 (1/8)°x(1/8)° K, 0, P, Q, M,, S, N,, K, H
0su12 (1/4)°x(1/4)° K, 0, P, Q,S, M,, S,, N, K, E
TPX08 (1/30)°x(1/30)° K, 0,,P,Q,, S, M,, S,, N,, K, H
Note: E, empirical adjustment to an adopted prior model; H, assimilation into a barotropic hydrodynamic model.
sion of the model, namely, GOT4.8, is based only on T/P satellite  lows (Godin, 1986):
primary and interleaved mission data, without the use of Jason
data in deep ocean areas. The enhancement over GOT4.7 is re- n
lated to improvement in the processing of the dry tropospheric C(t)=ho+at+ Zfl—Hi cos[dit+ (Vo + u), — &l @)

correction for altimeter data.

The OSU12 global ocean tide model was developed at the
Ohio State University (Fok, 2012). It is a pure empirical tide mod-
el based on T/P, Jason-1/-2, Envisat and GFO satellite altimetry
data that have been interpolated using least squares collocation
onto a 0.25° x 0.25° grid. The covariance matrix used in this pro-
cedure varies from place to place and it depends on the depth of
the ocean. Only diurnal and semidiurnal harmonics are
provided.

The finite element solution (FES) tide model is a finite ele-
ments hydrodynamic model that assimilates tide gauge observa-
tions and multi-mission altimeter data (T/P, Jason-1, Jason-2,
T/P interleaved, Jason-1 interleaved, ERS-1, ERS-2 and Envisat).
The latest version of the FES, namely FES2014, is based on the
resolution of the shallow water hydrodynamic equations in a
spectral configuration and using a global finite element mesh
with increasing resolution in coastal and shallow-water areas re-
gions (Carrere et al., 2015).

The Hamburg direct data assimilation methods for TIDEs
(HAMTIDE) tide model was developed at the Institute fiir
Meereskunde of the University of Hamburg. It is based on the
generalized inverse methods for tides developed at the same in-
stitute (Zahel, 1995). The dynamic residuals are used for the de-
tection of possible model errors, e.g., bathymetry, parameteriza-
tion of dissipation, loading and self-attraction (Taguchi et al.,
2010).

The inverse tide model TPXO8 was developed at Oregon State
University (Egbert and Erofeeva, 2002). It is the most recent in a
series of tidal solutions produced to combine the efficient repres-
enter calculation scheme (Egbert et al., 1994) with programs for
generating grids, boundary conditions, tidal forcing, dynamical
error covariances, and altimetry datasets into a relocatable sys-
tem for inverse barotropic tidal modelling. This model solution,
which assimilates multi-mission satellite altimeter and tide
gauge data, includes 13 tidal constituents. TPX08 has a high-res-
olution grid of (1/30)° for nine global constituents and a low-res-
olution grid of (1/6)° for four additional constituents in coastal
areas.

3 Methods

3.1 Harmonic analysis method

As one of the most widely used approach in tidal analysis,
harmonic analysis determines the amplitude and phase of a pri-
ori known frequency via a least-squares fitting procedure. The
tidal harmonic constants were obtained from the equation as fol-

i=1

where h, is the mean sea surface height of the analysis data, a is
the linear trend of the series, J; is the frequency of the ith tide
component, V; is astronomy phase of the corresponding ex-
panding term of tidal potential in Greenwich system of the ith
tide component, f; and u; are nodal correction factors of the ith
constituent, H; and g; are the amplitude and phase of the ith con-
stituent, respectively, and 7 is the number of constituents. IB cor-
rection was applied to each tide gauge data to obtain the accur-
ate tidal constituents.

IB correction was applied to each tide gauge data to obtain
the accurate tidal constituents (Dorandeu and Le Traon, 1999). It
was computed using mean sea level pressure from the monthly
National Centers for Environmental Prediction/National Center
for Atmospheric Research reanalysis data (Kalnay et al., 1996)
provided by the National Oceanic and Atmospheric Administra-
tion (NOAA, https://www.esrl.noaa.gov/psd/data/reanalysis/
reanalysis.shtml) with a spatial resolution of 2.5°x2.5°.

3.2 Misfits between tide model and observation results

The tidal constituents obtained from satellite altimetry and
tide gauge data were used to compare with the corresponding
tide model results.

To quantify each tidal constituent error between observation
results and tide models, the root mean square (RMS) value was
calculated using the following equation:

N

1
RMS :{ N ;[(HO 08 Gy — Hy, c0s Gp)*+
(Hy sin Gy — Hy, sin G,,,)Z]} , @)

where N is the number of points used, H; and G, are amplitude
and phase obtained from observation data. Similarly, H,,and G,,
are the corresponding amplitude and phase provided by tide
models for the same tidal constituent.

The root sum square (RSS) value was also used to quantify the
precision of each tide model, the RSS for the eight constituents
was calculated by the following equation:

M 2
RSS = | > RMS? | , 3)
j=1
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where M is the eight tidal constituents mentioned above. It is im-
portant to note that all phases in this study are referred to as
Greenwich Meridian Time.

4 Tidal constituent assessment

4.1 Tidal constituents derived from altimetry and tide gauge data

Eight major tidal constituents, namely, Q,, O,, P,, K;, N,, M,,
S, and K, were extracted by harmonic analysis method to the
long-term tidal height time series of tide gauge data. In this study,
the T_TIDE tide analysis software package was employed to ex-
tract tidal constituents from tide gauge time series. T_TIDE is a
package of routines that can be used to perform classical har-
monic analysis with nodal corrections, inference, and a variety of
user specified options (Pawlowicz et al., 2002). Although tide
gauge observations containing time gaps, T_TIDE has the ability
to analyze irregularly spaced time series. The amplitude and
phase of K, O,, M, and S, were listed in Table 1.

The amplitude and phase of diurnal (O,, ;) and semidiurnal
(M,, S,) were shown in Figs. 2-5, which were extracted from the
multi-mission satellite data. The satellite-derived tidal constitu-

ents were compared comprehensively with tide gauge observa-
tions in Fu et al. (2020), so that we have a better understanding of
the areas where the tide calculated by altimeter is accurate. The
tidal constants, whether amplitude or phase, vary more gently in
the open ocean, and their magnitudes are more concentrated.
However, in the shallow water area, the situation is just the op-
posite, and the change gradient is significant. Combine the influ-
ence of factors such as shoreline and water depth, there are sev-
eral amphidromic points maybe in the Gulf of Thailand, the
Taiwan Strait and the north-east of the SCS.

4.2 Comparisons with satellite-derived results

Satellite-derived tidal constituents were used to assess the ac-
curacy of the seven tide models in the SCS. The model results
were interpolated for the locations of the along-track points and
then both the RMS and RSS values were calculated. The study
area of the SCS was divided into a shallow-water area and a deep-
water area using the depth of 200 m as the threshold. The shal-
low-water area was used to analyze the accuracy of the perform-
ance of the tide models.

RMS value of each tidal constituent and RSS value of the tide
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Fig. 2. Satellite-derived amplitude (a) and phase (b) of O, tidal constituents.
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models are summarized in Table 3 for the entire SCS study area,
and separately for the deep-water area (depth>200 m) and the
shallow-water area (depth<200 m). The shallow-water area ex-
hibited reasonably poor quality of tide prediction capability. This
was primarily because of the large amplitude of the M, and K,
constituents with differences of 1.90 cm and 1.55 cm in the deep
water respectively, and of 5.63 cm and 4.14 cm in the shallow wa-
ter, respectively. The remaining constituents had RMS values in
the range of 0.72-1.26 cm in the deep water and 1.18-3.09 cm in
the shallow water, respectively.

In general, the RMS value depend strongly on the tidal range
of the study area. The M, constituent exhibited the largest order
of amplitude in comparison with the other constituents in the

SCS area. As expected, in the studied cases, the M, constituent
had the largest RMS value. The distribution of the RMS value of
the M, constituent for the seven tested tide models is illustrated
in Fig. 6.

The spatial distribution of the RMS values of the seven tide
models was very similar, with a difference of only a few milli-
meters between them for the open ocean. In shallow-water areas,
the larger differences were distributed mainly in the Taiwan
Strait (EOT11a and GOT4.8), Gulf of Thailand (EOT11a and
HAMTIDE12), and Strait of Malacca (GOT4.8, HAMTIDE12, and
TPXO08), where the average water depth is less than 100 m. The
maximum RMS value of above 32 cm was found in the Strait of
Malacca for HAMTIDE12. The Strait of Malacca is a highly com-

Table 3. RMS values between the tide models of the South China Sea and their RSS values

RMS/cm

Water depth  Points number Q 0, ) K, N, M, s, K, RSS/cm
8376 0.97 2.19 1.39 3.08 1.28 4.14 2.29 1.11 6.51
<200 m 4027 1.18 2.87 1.72 4.14 1.63 5.63 3.09 1.39 8.69
>200 m 4349 0.72 1.26 0.99 1.55 0.84 1.90 1.13 0.78 3.42
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plex hydrodynamic system. Tidal waves, especially the semidi-
urnal M, tidal component generated in the Indian Ocean (Rizal
et al., 2012) and mixed diurnal and semidiurnal waves from the
SCS, interact at the southern end of the Strait of Malacca and pro-
duce a high tidal range (Chen et al., 2005). The complicated dy-
namics along the Strait of Malacca affected the accuracy of
HAMTIDEI12, and in areas with sparse altimetry data, limited the
accuracy of the empirical GOT4.8 and OSU12 models with coarse
resolution of 0.5° and 0.25°, respectively.

Comparison of the model results in shallow-water areas was
performed, instead of over the entire SCS domain, because shal-
low-water areas are where the models most need improvement.
Table 3 presents the comparison results for eight tidal constitu-
ents in shallow-water areas (depth<200 m).

Little difference was found between the models, in terms of
the RMS values of the Q,, P;, N, and K, constituents, i.e., the val-
ues ranged between 0.91 cm and 2.33 cm, with the performance
of GOT4.8 found slightly the inferior. This was mainly because
the overall averages were heavily weighted by the shallow-water
points where accuracy is known to be good for all models, except
for the above-mentioned straits areas. Four of the tide models,
i.e,, DTU10, EOT11a, FES2014 and TPXO08, showed the best per-

formance in terms of accuracy (smallest RMS value) for at least
one constituent (marked in bold in Table 4). DTU10 and FES2014
presented the most such entries, although the value for K, of
DTU10 was slightly higher than FES2014 and the value for M, of
FES2014 was slightly higher than DTU10. FES2014 exhibited the
smallest RSS value of the seven tide models, indicating the best
accuracy performance.

4.3 Comparisons with tide gauge results

The tide gauge data considered in this section were obtained
from 37 stations (Fig. 1). Firstly, tidal height time series were used
to evaluate the ability of the tidal model to predict tidal heights.
The tide level predictions for the same time at each tide gauge
station were made using the harmonic constants extracted by
spline interpolation method from each tide model. Then, the pre-
dictions for the tide stations were compared with observations.

Comparisons between the predictions of each tide model and
the tide gauge observations are shown in Fig. 7. Each panel
presents the percentage of comparisons within £10 cm and +20 cm.
It can be seen that the difference between most predictions and
observations was in the range of +50 cm, except the difference for
GOT4.8 model was up to £100 cm for some stations. Further-

Table 4. Comparison of satellite results and tide models in shallow-water areas

. RMS/cm
Tide model Q o, P, K, N, M, s, K, RSS/cm

DTU10 0.91 1.75 1.56 2.16 1.23 1.90 1.48 1.16 4.43
EOTl1l1a 0.93 2.27 1.66 3.89 1.43 4.22 2.53 L.19 7.18
FES2014 0.92 1.22 1.32 1.82 1.10 2.42 1.39 1.03 4.18
GOT4.8 1.27 3.65 2.11 5.15 2.33 6.51 3.72 1.63 10.50
HAMTIDE12 1.08 3.07 1.63 3.67 1.59 5.84 4.15 1.61 9.12
0OSU12 1.48 2.94 1.79 4.16 1.65 4.22 3.08 1.43 7.96
TPXO8 1.45 1.75 1.57 2.31 1.43 3.82 2.59 1.23 6.15

Note: Bold values represent the best performance in terms of accuracy.
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more, the percentage of differences in the range of 10 cm for
FES2014 model was up to 92.77%, i.e., much larger than the oth-
er tide models. Thus, it can be assessed preliminarily that
FES2014 can produce highly accurate prediction results for most
tide stations.

Using the least-squares-based harmonic analysis method, the
eight major tidal constituents mentioned above were extracted
successfully with high accuracy through use of the long time
series data. Comparison results for the seven tide models are lis-
ted in Table 5. As anticipated, the discrepancies between the tid-
al models and tide gauge observations were large for stations loc-
ated in shallow-water areas or along the continental coastlines.
The RMS values of the S,, K, and O, major tidal constituents were
found in the range of 2.79-7.45 cm; however, the RMS values for
the M, constituent were in the range of 6.13-14.60 cm. The re-
maining constituents (i.e., N,, K,, Q; and P,) had comparatively
lower RMS values of 0.95-4.78 cm.

The RMS values between the tide gauge data and the tide
models were influenced by the magnitude of the constituent
amplitude. For example, the average amplitude value of the 37
tide gauges for M, and K, were 50.84 cm and 5.29 cm, respect-
ively. The values of the amplitude and phase of the M, constitu-
ent at the Hon Dau station for the DTU10 model were 4.69 cm
and 148.35° respectively, and the corresponding tide gauge res-
ults were 5.87 cm and 197.99°, respectively; however, the calcu-
lated RMS value was only 3.22 cm. For the Lumut station, the
DTU10 model results of the amplitude and phase of the M, con-
stituent were 59.34 cm and 226.57° respectively, and the tide
gauge results were 74.47 cm and 241.51°, respectively; however,

the RMS value was 16.25 cm. Therefore, it is misleading to sug-
gest that K, had a lower RMS value than M,, because the means
of these tides are very different (~50-100 cm for M, at most sta-
tions, but likely <5 cm for K, at most stations).

Combine the tidal constituents results provided by Fang et al.,
(1999) to assess the accuracy difference between FES2014 and
HAMTIDE12, in which only four major tidal constants in 58 tide
gauge stations were estimated. Histograms of the RMS values of
M, between the 81 tide gauge results (there are 14 tide gauge sta-
tions overlapped for the both dataset) and two tide models
(FES2014 and HAMTIDE12) are shown in Fig. 8. Both models
were accurate for most stations with median RMS values <3.65 cm.
Overall, there were 70.24% and 61.90% of stations with RMS val-
ues <5 cm for FES2014 and HAMTIDE12 model results, respect-
ively; however, some stations had larger RMS values that would
skew an RMS statistic. It was found that FES2014 had poor agree-
ment at two stations, while HAMTIDE12 had poor performance
at three stations. The RMS statistics of M, and RSS values were
dominated by a few stations with large model errors. Therefore,
most of the tide models were found reasonably accurate for the
majority of tide gauge stations; however, large errors were found
to occur in a few locations.

5 Discussion

The discrepancy of each tide model in tidal estimation over
the shallow water and coastal zones of the SCS was large. Overall,
the model with better performance was found to be FES2014.
This model shows RSS value of 9.35 cm when compared with tide
gauge results around the SCS region, this is mainly due to, apart

Table 5. RMS and RSS values between the models and the 37 tide gauge stations

. RMS/cm
Tide model Q, 0, P K N, M, s, K, RSS/cm

DTU10 1.52 7.12 2.32 5.96 1.97 9.92 5.42 1.90 15.14
EOTl11a 0.95 3.59 1.47 4.20 2.77 10.11 6.07 2.12 13.59
FES2014 1.04 4.08 2.14 3.96 1.46 6.13 2.79 1.42 9.35
GOT4.8 1.30 5.89 2.11 6.02 2.70 11.99 4.79 2.29 16.01
HAMTIDEI12 1.38 7.44 1.66 6.12 4.78 13.30 7.45 3.53 19.11
OsuU12 1.46 5.58 1.66 4.89 4.28 8.19 5.36 2.41 13.41
TPXO8 1.23 5.36 1.91 3.82 3.16 14.60 7.41 2.62 18.26
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Fig. 8. Histograms of RMS values in M, between the 84 tide
gauge stations and FES2014 and HAMTIDE12. Overall, 54.76%
(FES 2014) and 44.05% (HAMTIDE12) of stations agreed with the
corresponding model to accuracy better than 3 cm.

from data assimilation, taking advantage of datasets with im-
proved accuracy derived from long altimeter time series and en-
hanced altimeter standards, the resolution of the shallow water
hydrodynamic equations in a spectral configuration is based and
using a global finite element mesh with increasing resolution in
coastal and shallow-water areas regions.

In shallow water areas of the SCS, the difference of spatial dis-
tribution of each empirical tide model is small. This is mainly due
to the different satellite data were used to establish the models.
The accuracy performance of GOT4.8 in the Strait of Malacca is
poor than other models (Fig. 6) because it is based only on T/P
satellite primary and interleaved mission data, without the use of
Jason data, but others such as OSU12 based on T/P, Jason-1/-2,
Envisat and GFO satellite altimetry data. Furthermore, different
approaches about the residual tidal analysis may cause ~2 cm of
RMS difference in each tidal constant when compared with satel-
lite along-track results (Table 4). For example, DTU10 applies re-
sponse method to the residual tide analysis and uses the dynam-
ic interpolation method to perform interpolation of the along-
track data to the FES2004 grid, as such, it can be seen that accur-
acy of the DTU10 (i.e., RSS value is 4.43 cm) is much higher than
other empirical models. However, subject to a series of factors,
such as the bathymetry data, bottom friction and open boundary
condition, the accuracy of the hydrodynamic models is regional
different. HAMTIDE12 and TPXO8 have similar accuracy per-
formance over the whole SCS area. The slight poor accuracy in
the Strait of Malacca of HAMTIDE12 lead to its low RSS values in
the shallow water areas.

In coastal zones of the SCS, many factors affect the accuracy
of tide models when compared with tide gauge observations. Tid-
al height obtained by tide gauge is the relative sea level change,
which is mainly affected by vertical land movement. As such, the
major tide is varying when extracted from tide gauge observa-
tions with different length of tidal height tide series or different
time span. For example, the differences in the tidal constants ob-
tained from the interannual time series are at the centimeter

level. It is worthy note that most tide gauge stations are located in
the coastal regions, the different resolutions of tide models make
the extracted tidal constants by different interpolation methods
are also different. For example, GOT4.8 is distributed as a set of
tidal harmonic constants on a 0.5° x 0.5° grid. However, the grid
does not extend to the shoreline ubiquitously, which may be the
cause of poor accuracy in tidal constituents in coastal zone.

6 Conclusions

Based on a comparison of tidal constituents obtained from
satellite altimetry and tide gauge data, the accuracy of seven
global ocean tide models (DTU10, EOT11a, FES2014, GOT4.8,
HAMTIDE12, OSU12 and TPX08) was assessed in the SCS. As ex-
pected, tide models exhibit high precision in deep-water areas,
where the RMS values of tidal constituents were found in the
range of 0.72-1.90 cm. The accuracy performance of those tide
models in the shallow water area (depth<200 m) and coastal
zones was investigated from the satellite-derived and tide gauge
observations.

Compared with the multi-mission satellite-derived tidal con-
stituents in the shallow water areas, the tide models represented
similar spatial patterns with the RSS value in the range 0f4.18-10.50 cm.
FES2014 and DTU10 models showed slightly prior accuracy per-
formance. The possible reasons for the model differences were
discussed. The comparison results between tide models and tide
gauge station data showed that the RSS values for eight major tid-
al constituents were found in the range of 9.35-19.11 cm. It was
also established that the FES2014 model had the best perform-
ance. The time variability of tidal constants obtained from tide
gauge observations and the interpolation mode of tide models
with varies spatial resolution are the possible reasons for the dif-
ferences between models.
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