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ABSTRACT ARTICLE HISTORY

Establishing a continuous chart datum (CD) surface is essential Received 3 November 2024

for marine navigation and geodetic applications. In China, the Accepted 10 March 2025

theoretical lowest tide (TLT) surface is adopted as the CD, cal-

culated using 13 specific tidal constituents. This study outlines ] .

a comprehensive methodology for constructing a continuous IChart da.tum’ theoretical
. . . owest tide; long-period

TLT surface referenced to the ;hlnese Geodetic 'Coordlnate tidal constituent; ocean tide

System 2000 (CGC$ZOQO) ellipsoid around the Chlna'Seas. A model; satellite altimetry

high-precision hybrid tide model was developed by integrat-

ing global tide models with satellite altimetry data to ensure a

reliable CD. Accuracy evaluations of four global tide models,

based on 72 tide gauge observations, identified EOT20 as the

optimal model. The hybrid tide model incorporates eleven

short-period constituents from EOT20 and FES2014, and two

long-period constituents empirically derived from along-track

satellite data. Using this hybrid tide model, we first con-

structed a mean sea surface (MSS) based TLT model. By inte-

grating the HYBRID2023MSS model, this study further

established a CGCS2000-based TLT model. Validation against

measurements from the 72 tide gauge stations revealed that

the ellipsoid based TLT model produces ellipsoid heights rang-

ing from —53.44 to 74.50 m, exhibiting significant spatial vari-

ation. The MSS based TLT model achieved a standard

deviation of 14.68cm, confirming its high accuracy and reli-

ability for practical applications.

KEYWORDS

Introduction

The determination of the continuous chart datum (CD) surface is crucial for
establishing a vertical control datum for bathymetric reduction, spatial infor-
mation representation and various maritime applications. It is predominantly
utilized for sea level change analysis and vertical datum unification research
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(Turner et al. 2010). Recent studies indicate that while global ocean tide mod-
els exhibit high accuracy for the short-period tidal constituents, they often
lack accuracy in providing long-period constituents’ results (Cheng and
Andersen 2011; Fok 2012). To address this limitation, satellite-derived long-
period constituents have been proven to offer valuable insights, as they align
more closely with tide gauge observations (Feng et al. 2023). Consequently,
the creation of a hybrid model by integrating tide models and satellite-
derived results presents an effective approach to achieving a precise CD
surface.

Tide gauges have traditionally served as the primary tools for determin-
ing CD values. These tide gauge stations provide highly accurate measure-
ments at shorter intervals, leading to more precise CD values. However,
challenges arise in determining CD values through tide gauge observations.
Firstly, while the CD surface signifies continuous seamless changes, the tide
gauge-based values are spatially discrete, resulting in varying CD values for
water depth reduction (Varbla et al. 2022). Secondly, the accuracy of CD
determination is heavily reliant on the duration of tide gauge observations
(Iz and Shum 2022). Longer observation periods yield more precise CD
values, which may not be feasible for all tide gauge stations. Additionally,
factors such as vertical land movement influence tide gauge instruments
located in coastal, island, and deep-ocean stations. These factors cause the
tide gauge observations to reflect relative sea level changes, leading to time-
varying CD values (Avsar and Kutoglu 2020).

Satellite altimetry techniques have advanced significantly, addressing
many limitations of tide gauge observations. Satellites such as TOPEX/
Poseidon (T/P) and the Jason series, operating in low Earth orbit with
repeat tracks, provide precise and near-global measurements of sea level
variability. These advancements have greatly improved our understanding
of global tides. Extracting tidal constituent information from satellite altim-
etry data, as demonstrated by Pan et al. (2024) in the Bohai Sea using a
modified tidal harmonic analysis algorithm, has garnered considerable
interest. The along-track points of satellite altimetry serve as virtual tide
gauge stations, providing continuous tide level data synchronized with sat-
ellite sampling time, particularly beneficial for regions with rarely tide
gauge coverage. Azkue, Onofrio, and Banegas (2021) developed an empir-
ical CD model for the Southwest Atlantic Ocean utilizing satellite-derived
tidal harmonic constants from multiple missions. Continuous improvement
in geophysical correction models, such as the wet tropospheric (Desportes,
Obligis, and Eymard 2007; Madsen, Heyer, and Tscherning 2007), the
waveform retracking technique (Deng and Featherstone 2006), and the X-
TRACK method (Birol et al. 2017), has made satellite altimetry an indis-
pensable tool for constructing accurate CD surface.
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The aim of this research is to enhance the precision of the CD around
the China Seas by integrating tide models with satellite-derived tidal con-
stituents. The accuracy of modern CD models relies heavily on the tide
models. Recent advancements in data processing have led to improvements
in the accuracy of tide models (Stammer et al. 2014; Sun et al. 2022).
However, current global tide models primarily focus on enhancing the
accuracy of short-period tidal constituents, with less emphasis on long-
period tidal constituents (Ray 1999; Cheng and Andersen 2011; Fok 2012).
This emphasis on short-period constituents is due to their significant con-
tribution to tidal levels, while long-period tidal constituents, influenced by
factors like wind and pressure, are often disregarded due to their lower
amplitudes and non-numerical nature.

The International Hydrographic Organization recommends using the low-
est astronomical tide (LAT) as the CD surface, contrasting with the historical
adoption of theoretical lowest tide (TLT) in China Seas. The TLT level corre-
sponds to the lowest achievable theoretical tide level calculated based on 13
specific tidal constituents, that is, Q;, Oy, Py, Ky, Ny, My, Sy, Ky, My, MS,, Mg,
Sa, and Ssa. It is noteworthy that the majority of LAT datum models are
developed without considering the effects of long-period tidal constituents
(Turner et al. 2013). Research indicates that long-period tidal constituents
can contribute up to 23.97% in the construction of TLT model in the China
Seas (Feng et al. 2023), underscoring the critical importance of accounting
for these constituents in the development of CD models.

The article is organized as follows: Section 2 outlines the data and meth-
odology for determining TLT model. Section 3 elaborates on the construc-
tion of an empirical tide model integrating long-period tidal constituents
derived from satellite data. Section 4 compares the accuracy of tide models.
Section 5 establishes the TLT model. Section 6 discusses the precision and
constraints of the TLT model, while Section 7 encapsulates the conclusions
derived from this research endeavor.

Materials and methods
Tide gauge-derived tidal constituents

The study utilizes tidal harmonic constants to validate the CD model. A
total of 72 long-term tide gauge stations are included in the harmonic con-
stant dataset, strategically positioned across the study area defined by the
geographical coordinates of 0° N-41° N latitude and 96° E-129° E longi-
tude (Figure 1).

This dataset encompassed harmonic constants of 13 major tidal constitu-
ents, which include diurnal and semi-diurnal (Q,, O;, P;, K, N5, M5, S,, and
K,), shallow water constituents (M,, MS,, and M), as well as long-period
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Figure 1. Distribution of tide gauge stations and satellite tracks in the study area. The Chinese
tide gauge stations are denoted by red triangles, while the GESLA-3 stations are marked by
black circles. The primary mission along-tracks of TOPEX/Poseidon and Jason are represented by
solid lines, and the interleaved mission along-tracks are depicted by dotted lines.

constituents (Sa and Ssa). Notably, the tidal constants for 51 tide gauge sta-
tions are derived from TIdal CONstants (TICON; Piccioni et al. 2019), while
data for the remaining 21 tide gauge records are sourced from the Chinese
tide gauge station (CTG).

The TICON-3 dataset encompasses harmonic constants of 40 tidal con-
stituents computed for 5119 tide gauges located on a quasi-global scale,
along with additional details (Woodworth et al. 2016; Haigh et al. 2023).
These tidal calculations are based on publicly accessible sea level data from
the Global Extreme Sea Level Analysis (GESLA) project (https://gloss-sea-
level.org/), presenting the most current and comprehensive high-frequency
tide gauge data compiled from 33 international sources. The tidal constants
were obtained from the GESLA-3 time series using a least-squares har-
monic analysis method. A thorough screening process was conducted on
all records to eliminate unreliable observations, ensuring that the time ser-
ies utilized are longer than one year.
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The CTG dataset contains three years of hourly sampled tide observa-
tions spanning from January 1, 2010 to December 31, 2012. The missing
data and extreme values were interpolated using a continuous iteration
method based on the least squares technique. This process yielded 13 tidal
constituents mentioned above at 21 tide gauge stations. The amplitude and
phase values of Sa and Ssa tidal constituents at each CTG station are
detailed in Table 1.

It is worth noting that the observation period of the CTG dataset (2010-
2012) does not coincide with that of the TICON-3 dataset or the satellite altim-
etry. Admittedly, this temporal discrepancy has some impact on the accuracy
of the harmonic constants obtained, which in turn affects the evaluation results
of this study. Previous researches have shown that when the time scale reaches
10years or more, the standard error of Sa and Ssa tidal constituents can be
reduced to below 1 cm (Feng et al. 2023). Nevertheless, on the one hand, it is
virtually impossible for most tide gauge stations to obtain continuous tidal
measurements over a period exceeding a decade. On the other hand, the uni-
form distribution of tide gauge stations is more beneficial for assessing the
accuracy of the TLT model across different regions. Therefore, this study ultim-
ately retains these tidal data to ensure comprehensive evaluation.

Tide models and satellite-derived tidal constituents

We use the grided harmonic constants from the FES2014, FES2022, EOT20,
and DTU16 global ocean tide models, along with the satellite-derived tidal

Table 1. Geographic information and harmonic constants of annual (Sa) and semi-annual (Ssa)
long-period tidal constituents in the Chinese tide gauge stations.

Sa Ssa
Station No. Lon (°) Lat (°) amp (cm) pha (°) amp (cm) pha (°)
1 122.10 40.30 29.12 201.39 2.89 32.40
2 118.51 38.92 27.52 203.63 3.18 344.52
3 118.95 24.88 15.07 296.64 4.87 60.15
4 124.15 39.82 27.55 207.66 3.21 28.94
5 110.13 20.23 10.54 292.42 6.29 76.82
6 121.47 28.69 14.19 253.30 3.76 23.76
7 119.01 39.21 28.27 204.85 2.79 352.59
8 120.32 37.65 25.12 209.95 1.47 331.86
9 121.83 30.83 19.77 227.49 2.52 6.50
10 117.10 23.40 13.06 301.71 5.27 57.36
11 120.74 37.83 24.82 210.42 1.39 346.74
12 119.83 25.47 13.22 283.79 461 55.42
13 121.38 36.27 22.38 216.26 1.48 351.93
14 120.22 26.92 13.61 274.62 4.38 57.26
15 109.50 18.23 14.45 315.19 7.50 69.13
16 116.78 23.22 13.00 302.15 5.67 59.45
17 122.42 36.87 22.15 215.09 1.72 2.79
18 121.97 29.22 16.55 244.01 2.69 38.39
19 117.78 38.98 29.75 203.27 3.51 342.81
20 109.12 21.02 10.01 273.42 6.03 86.63

21 122.67 39.23 26.06 208.31 2.22 8.46
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constituents obtained from the Centre of Topography of the Oceans and the
Hydrosphere (CTOH). These selections were made based on their proven
precision in monitoring global ocean areas and their superior spatial reso-
lution. These models present the cutting edge in global tidal predictions.
Refer to Table 2 for a detailed comparison of the resolution and tidal constit-
uents included in the four global tide models, as well as the CTOH
constituents.

FES2014 and FES2022, developed by Laboratory of Space Geophysics
and Oceanography Studies (LEGOS) and NOVELTIS, utilize finite element
methods to solve tidal dynamics equations, calibrated with satellite altim-
etry and tide gauge data (Lyard et al. 2006). These models encompass pri-
mary and secondary tidal constituents, capturing tidal variations globally.
FES2014 offers superior spatial resolution and precision compared to earlier
versions like FES2004 and FES2012, especially in regions with complex top-
ography (Lyard et al. 2021). FES2022, an upgraded version of FES2014, fur-
ther refines the computational and data processing techniques. The spatial
resolution was increased from 1/16°x1/16° to 1/30°x1/30°, as shown in
Table 2.

Empirical Ocean Tide model 2020 (EOT20), developed by the GFZ
German Research Centre for Geosciences, is a global tide model that inte-
grates satellite altimetry data with extensive observational data to improve
the accuracy of tidal predictions (Savcenko et al. 2012). It encompasses 17

Table 2. The resolution and tidal constituents of the four global ocean tide models, and CTOH
constituents. The 13 common constituents among models are in bold.

Global ocean tide model

Tidal constituents

Model Resolution Short-period Long-period
FES2014 1/16°x1/16° Ky, 04, Pq, Qq, M,, E;, S5, Ny, Ms, Mg, MN,, Sa, Ssa, Mf,
Su h Kz Ry Ta, Ly, Ng, MS4, Sy, Mm, Mtm,
2N,, MKS,, Mg, Mg Msf, Msqm
Nu,, Lay, Mu,
FES2022 1/30°x1/30° Kq, 04, Pq, Qq, 2Ny, Ey My, Sp, M3, Mg, MN,, Sa, Ssa, Mf,
Su h N,, Ky, 2N,, Ng, MS4, Sy, Mm, Mtm,
MKS,, T,, Lay, Mg, Mg Msf, Msqm
Ry, Nu,,
L,, Mu,
EOT20 1/8°%1/8° Ky, 04, Py, Qq, M,, Sa, Ny, Ky, M, Sa, Ssa, Mf, Mm
Su 2N, T,
DTU16 1/8°x1/8° Kq, 04, P, Q My, Sz Ny, K, - -
CTOH
Short-period Long-period
Q,, 04, Py, Ky, N,, My, Sy, Ky, 0Q,, MNS,, Lay, Ry, 2MK3, M3, SO3, MK3, S3, SK3, MOs, Sa, Ssa, Msm,
S1, 2Q,, Sigy, 2MK;, 2N,, Mu,, Ty, Ly, Nu,, Ng, 3MSy, MN4, My, SN, MS,, Mm, Msf, Mf,
Ro;, MPy, My, MSK,, 2SM,, E;, KJy, M(SK),, MKy, Ss4, SK4, 2MNg, Mg, MSN, Mstm, Mtm,
Ji, Kiy, Piy, MSN,, MKS,, M(KS), 2MSg, 2MKg, 2SMg, MSKe, 3MSg Msgm, Mgm
Psi, Phis,
Tta;, SO,

00, KQ,
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tidal constituents, providing detailed forecasts. Compared to its predeces-
sors EOT11a and EOT10a, EOT20 exhibits notable enhancements in data
processing and tidal constituent extraction, particularly in shallow water
areas (Hart-Davis et al. 2021).

The DTUI16 tide model, developed by the Technical University of
Denmark (DTU), represents one of the latest advancements in global tide
modeling (Cheng and Andersen 2011). It aims to provide high-precision
tidal predictions and analysis. This model integrates extensive satellite
altimetry data and tidal observations, using advanced numerical simulation
methods and data assimilation techniques to accurately depict tidal varia-
tions across the global oceans. The DTU16 model includes harmonic con-
stants for eight major tidal constituents with a relatively low spatial
resolution of 1/8°x1/8°.

The CTOH is a French Observation Service founded in 1989, specializing
in satellite altimetry studies. Its primary goal is to enhance the accuracy of
altimetric measurements and related products. CTOH provides a collection
of 75 harmonic constants known as X-TRACK Coastal products. X-
TRACK is designed as a regional altimeter product specifically tailored for
coastal applications. The enhancements in the X-TRACK product and the
increased precision in nearshore data are thoroughly examined and out-
lined by Birol et al. (2017). The along-track tidal constants, including amp-
litude, phase lags and associated estimation errors for 75 constituents, are
derived from CTOH’s along-track 1Hz SLA products and computed
through harmonic analysis of time series data from T/P, Jason-1 and Jason-
2 satellite.

This study area encompasses 36 along-track passes from primary mis-
sions and 37 passes from interleaved missions. Figure 2 illustrates the
along-track distribution of satellite-derived amplitude and phase of Sa and
Ssa tidal constituents. In Section 3, the spatial distribution of the harmonic
constants of the Sa and Ssa is analyzed in detail in the construction of the
empirical model.

Calculation of theoretical lowest tide level

The TLT is calculated in accordance with the Chinese National Standard
Specifications for Hydrographic Surveying (GB12327-2022) (National
Standards of China 2023), which incorporates 13 tidal constituents.
L = —min[(fH), cos @k, + (fH)g, cos (2¢x, + as) = Ri — Ry — Rs + (fH),;, c0s @y,
+(fH) 5, €08 @5, + (fH) pp, €08 @y, — Hs, | cos @s,| + Hs,, cos ¢, ]
¢x € [0° ~ 360°]

(1)
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Figure 2. The along-track distribution of satellite-derived amplitude and phase of Sa and Ssa
tidal constituents.

where L is the TLT value. min[-] is the function of minimize operator, H
and g are the amplitude and phase of each tidal constituent, respectively, f
is the focus factor of each constituent. And ¢ is the variable parameter of
each tidal constituent. According to the equilibrium relationship between
tidal components, R;, Ry, Rs, o, o, and a5 are the custom variables by an
approximate hypothesis:

Ri = \/((H),,) + ((H)o,)* + 20H)y, (H)o, cos (0, +ar) (@)
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Ry =/ ((fH)5,)* + ((fH)p,)* + 2(H) g, (fH)p, cos (i, + @) (3)

Ry = \/(UH)Nz)z + ((H)q,)” +2(fH)y, (fH)q, cos (0x, +a3)  (4)

a; = gk, + 8o, — &M,

a, = gk, +8p, — &5, (5)
as = gk, + 8o, — &N,
as = 2gx, — 180° — gk,

Based on the relationship between basic astronomical elements, the ¢ of
My, MS,, Mg, Sa, and Ssa tidal constituents are calculated by the following
Equations:

Op, = 281+ 28m, — &M, (6)
Pps, = €1+ &+ gm, + &s, — us, (7)
Ou, = 361+ 180° + 3gur, — g, (8)

1 1 .
Ps, = P —5 %2 + 8k, — 585 ~ 8.~ 180 9)
Ps, = 20k, — &2+ 28k, — &5, — &5 (10)

Where ¢; and ¢, are calculated:

1 (]tH)ol sin (¢g, + ar)
(fH)MZ + (fH)ol Cos (pg, + a1)

1 (fH)p, sin (g, + a2)
(fH)s, + (fH)p, cos (¢, + a2)

In the tidal harmonic function, f generally means the moon’s nodal
modulation and is the time dependent variable in 18.6-year period. In the
calculation of the TLT value, the f value of each tidal constituent was deter-
mined depending on the tidal regime (the equation for F), as listed in
Table 3, namely:

(11)

& = tan~

& = tan~ (12)

F= (HOI +HK1)/MM2 (13)

Table 3. Determination of f in each tidal constituent.

Tidal constituent F>4 0<F<0.5
Q, 1.183 0.807
0, 1.183 0.806
P, 1.000 1.000
K, 1.113 0.882
N, 0.963 1.038
M, 0.963 1.038
S, 1.000 1.000
Ky 1317 0.748
M, 0.928 1.077
MS, 0.963 1.038

Me 0.894 1.118
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where Hop;, Hy;, and Hyy, is the amplitude of Oy, K;, and M,, respectively.
When 0.5<F <4, the TLT value should be calculated by the two types of f
value, and the maximum value is taken as the finally TLT value at that
location.

Calculation of ellipsoid-based TLT model

The calculation of the ellipsoid-based TLT model in this study is based on
the spatial relationship between the TLT surface and the China Geodetic
Coordinate System 2000 (CGCS2000) ellipsoid surface. This spatial rela-
tionship is illustrated in Figure 3. This process involves utilizing the
gridded TLT values and the mean sea surface (MSS) height model to com-
pute the distance between the TLT and the CGCS2000 surface, resulting in
the formulation of the ellipsoid-based TLT model.

Figure 3 illustrates key parameters utilized in maritime cartography, where
MSL represents the geodetic altitude at mean sea level, TLT signifies the dis-
tance between the TLT and MSS surface. Additionally, D, represents the
TLT datum based water depth, while D¢gesao00 denotes the CGCS2000 sur-
face based water depth. The conversion between Dr;1 and Degesaooo is articu-
lated in Equation (14). Moreover, the distance between the TLT and
CGCS82000 surfaces, denoted as SEP717/cGes2000, and the fundamental prin-
ciple of the tide-free model are jointly governed by Equation (15).

Drrr = Deaesa000 + SEPrrT/c6Cs2000 (14)
SEPrT/CGCs2000 = MSL — TLT (15)

The MSL and TLT values are derived from the MSS and TLT model,
respectively, in order to establish a conversion model for the SEP. Through

DcGes2000

' !

Figure 3. Spatial relationships between chart datum and reference ellipsoid surfaces.

Seafloor
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these procedures, a precise and uninterrupted model for TLT-to-CGCS2000
is formulated for the study area.

It is noteworthy that different MSS models are based on different refer-
ence ellipsoids. Since this study adopts the CGCS2000 reference ellipsoid,
MSS heights derived from models based on other reference ellipsoids (e.g.
WGS84) must be converted to the CGCS2000 framework prior to their
application. This conversion is a critical step to ensure the usability and
consistency of the ellipsoid-based TLT model.

Empirical tide model of long-period tidal constituents

The empirical tidal model for the Sa and Ssa constituents was developed
based on satellite-derived data. However, due to the phase values ranging
from 0° to 360°, conventional interpolation methods cannot be directly
applied during the gridding process. To address this issue, two parameters,
the sine variable HS and cosine variable HC of the amplitude, were intro-
duced to linearize the amplitude and phase, expressed as:

HS = H -sinG (16)
HC = H-cosG (17)

where H and G are the amplitude and phase of each tidal constituent,
respectively. Utilizing the inverse distance to a power interpolation method,
a parameter model with a spatial resolution of 1/8°x1/8° was developed.
Notably, the amplitude and phase values at grid points were computed to
construct an empirical model. Figure 4 illustrates the spatial distribution of
tidal amplitudes and phases for Sa and Ssa.

The spatial amplitude distribution exhibits a smooth pattern. In Figure 4a,
the tide gauge results surpass the model results notably in the central Bohai
Sea and the Yellow Sea (further referred to as BY Sea), a semi-enclosed region
in China. Research has previously highlighted that the satellite altimetry data
in this area are greatly influenced by interaction of radar signal and land top-
ography, leading to reduce measurement efficiency (Peng et al. 2023).
Furthermore, there is a stronger dependency on long-period tidal constitu-
ents in relation to the timescale data, contributing to lower precision in the
inversion process. It is worth noting that the amplitude of Sa and Ssa tides is
higher in coastal regions compared to open waters, with notable variations
across different sea areas.

Analyzing the distribution and statistical data of long-period tidal con-
stituents in Figure 4a, the amplitude of Sa varies between 1.01 and
19.88 cm. Approximately 57.68% of the data points fall within the 5-10 cm
range, while 25.06% exceed 10 cm. The highest amplitude value is recorded
in the northern part of the South China Sea at 23.66°N, 117.56°E. Larger
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Figure 4. The empirical model of Sa and Ssa in the study area. The tide gauge stations records

are shown as colored dots.

values are predominantly found in the Gulf of Tonkin and the BY Sea.
In contrast, the amplitude of Ssa (Figure 4b) ranges from 0.04 to 9.91 cm,
with 94% of the points below 5cm. An intriguing observation is the signifi-
cantly larger amplitude of the Sa tide in the northeastern open waters of
the South China Sea, particularly adjacent to the Philippines, compared to
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surrounding regions. This spatial disparity may be linked to ENSO variabil-
ity, though the exact mechanisms require further investigation.

The phase distribution of the long-period tidal constituents extracted
from satellite altimetry exhibits a relatively uniform pattern, with a singular
amphidromic point of the Sa constituent located in the central South
China Sea. This singular amphidromic point represents a location in the
tidal system where the tidal amplitude approaches zero and the phase expe-
riences a rapid transition. Such points are uncommon for Sa and Ssa con-
stituents due to their long wavelengths, highlighting the unique tidal
dynamics in this region. In contrast, the phase distribution of Ssa exhibits
greater complexity, likely due to its smaller amplitude.

Figure 5 presents the amplitude results for Sa and Ssa tidal constituents
at 72 tide gauge stations, comparing with the empirical model from this
study, the EOT20, and the FES2014 models. It is evident that, for both the
Sa and Ssa constituents, the results from this study’s empirical model align
better with the tide gauge observations, with generally smaller difference
than those of the EOT20 and FES2014 models. Moreover, the Sa results
from the EOT20 model are closer to the tide gauge data compared to the
FES2014 model. It is important to point out that the FES2014 model’s Sa
tidal amplitude results are essentially zero, and for the Ssa constituent, the
maximum amplitude in both the EOT20 and FES2014 models reaches only
0.77 cm, showing a significant discrepancy with the corresponding tide
gauge results. Therefore, when utilizing the Sa and Ssa results from these
models, it is necessary to consider their accuracy (Xu et al. 2024).

Table 4 presents the statistical differences of the amplitude of the Sa and
Ssa constituents between the tide gauge results and those from this study’s
empirical model, EOT20, and FES2014 model. Given that the FES2014

300 (a) I tide gauge result
" [ this paper result
. E0T20
FES2014

Amplitude of Sa (cm)
= A N

10 20 30 40 50 60 70
Tide gauge station

0 b

Amplitude of Ssa (cm)
IS
T

10 20 30 40 50 60 70
Tide gauge station

Figure 5. The amplitude of Sa and Ssa for tide gauge result, the empirical model result, EOT20
and FES2014.
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Table 4. Statistical differences between tide gauge result and those from this paper result and
tide model results (cm).

Sa constituent Ssa constituent
Model type average SD max min average SD max min
This paper result 3.72 5.85 15.75 —6.41 0.77 1.67 6.91 —5.61
EOT20 8.64 5.97 21.21 -0.23 3.40 2.04 7.99 0.09
FES2014 14.16 7.27 29.68 0.62 337 1.97 7.91 0.08

model demonstrates higher RSS values than FES2022 in the study area, we
chose to focus on FES2014 for comparison purposes. These differences
quantify the level of agreement or discrepancy between the tide gauge
observations and the model predictions, providing a clearer understanding
of how well each model performs relative to real-world measurements. For
Sa constituents, the average and standard deviation (SD) values of the dif-
ference between tide gauge-derived and empirical model results are 3.72
and 5.85cm, respectively. In comparison, they reach 8.64 and 5.97 cm for
tide gauge-derived and EOT20 results, which show better performance than
FES2014. For the Ssa constituent, the average difference and standard devi-
ation between the tide gauge-derived values and the empirical model were
0.77 and 1.67cm, respectively, indicating higher precision compared to
both the EOT20 and FES2014 models. Notably, the Ssa amplitude in the
EOT20 model is less than 1cm, which highlights the limitations of directly
relying on EOT20 for Ssa results. This underscores the importance of
incorporating satellite-derived data in the development of empirical
models.

Selection of tide model

The study assesses the accuracy of four tide models, namely FES2014,
FES2022, EOT20, and DTUI16, by comparing them with 72 tide gauge
observations. Discrepancies in spatial resolution among the models result
in the presence of unreliable grid points in close proximity. Previous
research has demonstrated that the method of interpolation significantly
impacts result accuracy. To address this issue, a meticulous algorithm is
introduced in this study. It identifies grid points corresponding to tide
gauge locations within the models and employs the spline spatial interpol-
ation method to guarantee data continuity and accuracy. This approach
effectively mitigates spatial discontinuity arising from differing spatial reso-
lutions of the models. Not only does this method enhance the precision of
harmonic constants extraction, but it also boosts the credibility of assess-
ment outcomes.

Table 5 presents the root-mean-square (RMS) error values for each
model pertaining to the eight tidal constituents, along with the total root
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Table 5. RMS and RSS between tide models and tide gauge results (cm). The second row of
each model is the result after excluding the second tide gauge station.

Tide model Q 0, P, Ky N, M, S Ky, M, RSS
FES2014 0.59 236 0.96 2,61 1.47 6.62 3.04 1.25 1.94 8.40
0.58 2.28 0.94 2.50 132 5.35 2.81 1.20 1.93 7.24
FES2022 0.51 2.30 0.96 231 1.88 8.94 3.55 1.56 3.13 10.50
0.50 2.09 0.93 2.15 117 541 2.21 1.10 2.23 6.84
EOT20 0.44 1.75 0.79 1.92 1.30 6.28 3.06 0.97 2.05 7.68
0.43 1.69 0.77 1.88 1.14 5.16 2.77 0.91 2.04 6.61
DTU16 0.52 177 1.44 2.28 1.59 6.25 2.90 1.23 - 7.89
0.51 177 135 2.25 153 5.66 2.70 1.12 730

sum square (RSS) error for these constituents. The assessment of individual
tidal components’ accuracy reveals that the EOT20 model exhibited super-
ior precision across most constituents. The EOT20 model demonstrates an
RSS value of 7.68 cm, signifying its superior overall accuracy. Subsequently,
the DTU16 exhibits an RSS value of 7.89 cm, while the FES2014 shows a
value of 8.40 cm. The precision of the various tide models exhibited notable
disparities. Despite exhibiting satisfactory performance at certain points,
the FES2014 model’s overall margin of error remained substantial.
Conversely, the RSS value for the FES2022 model stood at 10.50 cm, a note-
worthy deviation from tide gauge measurements when compared to the
FES2014 model. The EOT20 and DTU16 models demonstrated comparable
performance levels. This comparative evaluation not only enhances our
comprehension of the models’ performance in distinct areas but also fur-
nishes a scientific groundwork that provides a scientific basis for the
improvement and optimization of future models.

For the shallow water tidal constituents, it was observed that while
FES2022 represents the latest model in the FES series, its stability in certain
regions was not as robust as that of FES2014. Specifically, for the M, con-
stituent, the RMS values between FES2014 and tide gauge results were
1.94 cm, whereas those for FES2022 were 3.13 cm, indicating reduced stabil-
ity in certain regions. Furthermore, the RMS values derived from EOT20
and FES2014 were nearly identical, measuring 2.05 and 1.94cm, respect-
ively. Although EOT20 exhibited superior performance for primary tidal
constituents, its results for shallow water constituents in the study area did
not demonstrate a clear advantage over FES2014. Consequently, FES2014
was selected for providing shallow water constituents results in this study
due to its greater stability and consistent performance in the region, as well
as its nearly equivalent accuracy to EOT20 for the M, constituent, making
it a reliable choice for the analysis.

During our data processing, we identified a significant discrepancy at the
second tide gauge station (39.82°N, 124.15°E), as shown in Figure 1,
between the FES2022 model and both the tide gauge measurements and
the outputs from other tide models. To minimize the potential influence of
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Table 6. The amplitide of M, and K, at the second tide gauge station extracted from tide
models and tide gauge result (cm).

Tidal constituents FES2014 FES2022 EOT20 DTU16 Tide gauge
M, 211.40 156.80 206.18 214.16 219.79
K, 20.80 9.70 20.24 21.88 20.81

spatial interpolation methods, we directly extracted the model values from
the nearest grid point to the tide gauge station. The amplitude values of
the M, and S, tidal constituents for the tide models and the tide gauge
result are presented in Table 6, where a notable deviation in the FES2022
model compared to other models is evident at this location.

To evaluate the overall impact of this discrepancy, we recalculated the
RMS and RSS values for the tide models after excluding this tide gauge sta-
tion, with the updated results displayed in the second row of each model
in Table 5. Results indicate that, after removing this station, the RSS value
for the EOT20 model improved from 7.68 to 6.61 cm, maintaining its posi-
tion as the most accurate model. Similarly, the RSS value for the FES2022
model improved significantly, decreasing from 10.50 to 6.84 cm, surpassing
the accuracy of the FES2014 and DTU10 models.

These findings suggest that the regional discrepancy at this specific sta-
tion significantly impacts the overall accuracy of the FES2022 model in the
study area. The considerable deviations emphasize the importance of thor-
oughly evaluating model performance, particularly in regions where such
anomalies occur. This observation highlights the need for further refine-
ment and localized adjustments to the FES2022 model to enhance its reli-
ability and accuracy across different regions.

Determination of ellipsoid-based TLT datum model

A hybrid tide model incorporating 13 tidal constituents was established
based on validation results against tide gauge stations in the China Seas.
These constituents include short-period components from EOT20 (8) and
FES2014 (3), as well as two long-period constituents derived from satellite
data. The MSS-based TLT model was constructed by calculating the TLT
values at each grid point of the hybrid tide model using Equation (1).
Figure 6 presents the spatial distribution of TLT values in the study area,
where the color gradient represents the spatial variation of TLT values, and
the contours provide a detailed depiction of their distribution.

The distribution reveals that the TLT values ranges from 25.54 to
460.78 cm in the China Seas, contrasting with the lower value, typically
below 150cm, observaed in the central South China Sea, the eastern
Philippines, and the Java Sea. This distinct pattern underscores the diverse
impact of tidal forces across the study areas.
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Figure 6. Distribution of TLT values with respect to mean sea surface.

Specifically, the higher TLT values along the East China Sea coast may
be due to the larger tidal amplitude in that region. In contrast, the lower
TLT values in the central South China Sea and eastern Philippine regions
indicate that tidal variations in these regions are more subdued (Fang et al.
2004). However, there may be uncertainty within this distribution. For
example, in shallow nearshore areas, the variation of the TLT may be
affected by river inflow, sediment transport, and human activities, resulting
in prediction errors in tidal amplitude. In addition, the spatial resolution of
the model and the accuracy of the input data may also affect the calcula-
tion results of the TLT values, especially in areas with complex topography,
where certain deviations may exist. Therefore, when applying these TLT
model result, it is necessary to validate and calibrate them with the field
measurements to ensure the accuracy.

The latest hybrid MSS model, developed in 2023 (HYBRID2023MSS),
was chosen to develop the CCGS2000 elliposid based TLT model, which is
motivated by its high resolution, incorporation of up-to-date satellite data,
enhanced accuracy in coastal and shelf areas, and advanced data assimila-
tion technique, offering notable advantages over DTU18 and Centre
National d’Etudes Spatiales (CNES20) MSS model. We first extract the
MSS results of the HYBRID2023MSS at the grid points of the EOT20
model to ensure that the two models have the same spatial resolution. It is
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worth noting that the HYBRID2023MSS model is based on WGS84 as the
reference datum, which needs to be converted to CGCS2000 surface.
Finally, using Equation (14), the ellipsoid-based TLT model can be
obtained. Figure 7 presents the distribution of deviation between the TLT
surface and the CGCS2000 surface in China Seas.

The deviation between TLT surface and CGCS2000 ranges from —53.44
to 74.50 m, exhibiting significant spatial variations, particularly in the East
China Sea and South China Sea regions.

The BY Sea regions display relatively low and uniform deviations, attrib-
utable to the shallow and flat terrain in these areas. The continental shelf
of the East China Sea shows lower deviations, which increase with distance,
forming a clear gradient. This pattern is mainly due to the significant tidal
influence in the shallow continental shelf areas, resulting in lower sea sur-
face heights and thus smaller deviations from the CGCS2000 surface. In
contrast, in the deep-water areas of the East China Sea, the sea surface
height increases, leading to significantly higher deviations.

The deviation distribution in the South China Sea is more complex. The
northern continental shelf shows lower deviations, whereas the southern
deep-water basin exhibits significantly higher deviations. The lower devia-
tions in the northern continental shelf are due to the enhanced tidal
dynamics in shallow waters with complex topography, resulting in lower
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Figure 7. The distribution of deviation between TLT surface and CGCS2000 reference surface.



470 Y. FU ET AL.

sea surface heights. Conversely, the deep-water areas of the South China
Sea, characterized by greater depths and reduced tidal dynamics, have
higher sea surface heights, resulting in increased deviations (Li et al. 2024).
Climate change impacts sea level rise, further affecting sea surface height,
and deviation distribution. Global warming-induced sea level rise and ther-
mal expansion have a significant impact on the deviations, particularly in
the coastal areas of the East China Sea and South China Sea (Zhou et al.
2022). The varying influence of these factors in different regions results in
the significant spatial differences in deviations.

Discussion

The accuracy of the MSS based TLT model was evaluated using TLT values
calculated at 72 tide gauge stations. Figure 8 shows the statistical TLT val-
ues and the discrepancies between the tide gauge observations and the MSS
based TLT model results. The MSS based TLT model results demonstrate a
consistent spatial distribution and magnitude when compared to tide gauge
measurements. The differences range from —12.24 to 55.70 cm, with a SD
of 14.68 cm. Notably, the SD values calculated using EOT20 and FES2014
are 15.30 and 15.86 cm, respectively. Additionally, approximately 51% of
the stations show differences within +15cm, and 31% fall within +10 cm.
Furthermore, 92% of the stations show positive differences, indicating that
the TLT values derived from tide gauge observations are generally higher
than those from TLT model. As discussed above, the tidal constituent
amplitudes in the hybrid model are generally smaller than those observed
at tide gauge stations. Consequently, this leads to higher TLT values in the

3

Theoretical lowest tide value (cm)
© i

Difference value between tide gauge and this paper result (cm)
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Figure 8. Statistical results and the difference values between MSS based TLT model and tide

gauge result. Left y-axes is the TLT value and the right y-axes the difference between tide
gauge stations and TLT model.
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tide gauge observations compared to TLT model. Although the MSS based
TLT model demonstrates good accuracy in the study area, its performance
should be reassessed using local data in future applications to ensure
precision.

This study presents a comprehensive solution for establishing a continu-
ous TLT surface in the study area and enhancing the accuracy of the TLT
model through the integration of multiple tide models and satellite data.
Despite these advancements, several limitations warrant attention. First, the
accuracy of satellite altimetry data in nearshore areas remains an unavoid-
able challenge. Conventional and SAR nadir altimetry are constrained by
the wide separation between satellite ground tracks and the 7km radius of
the radar beam in the cross-track direction. This spatial resolution is insuf-
ficient for accurately capturing tidal dynamics in shallow coastal (Brown
et al. 2023). As a result, tides in the coastal regions are significantly larger
and more spatially variable than in the open ocean (Hart-Davis et al
2024). However, the continuous accumulation of SWOT satellite data pro-
vides a promising data foundation for improving accuracy in nearshore
regions. Secondly, the acquisition of harmonic constants is closely related
to the duration of tidal observations, often exhibiting a trend of variation
(Bij de Vaate, Slobbe, and Verlaan 2022). Consequently, the CD model
established based on these constants cannot effectively accommodate long-
term changes. Thirdly, the CD model constructed using tidal models are
static and precise; however, with ongoing sea level rise and the increasing
frequency of extreme weather events, the need for developing a dynamic
depth datum is becoming more urgent. Overcoming these limitations is
crucial for refining the accuracy and applicability of the CD model.

Conclusions

This paper introduces a novel approach to develop a CD model using
global tide models and satellite-derived long-period tidal constituents.
Short-period tidal constituents in global ocean tide models exhibit regional
variations in accuracy, with limited models offering long-period tidal
results. Four recent global tide models - FES2014, FES2022, EOT20 and
DTU16 - are assessed for their accuracy in the China Seas. Results indicate
that EOT20 demonstrated slightly superior precision. An empirical model
for long-period tidal constituents is established using satellite-derived
along-track results provided by CTOH. Comparative analysis among the
empirical model presented in this study, EOT20 and FES2014 model, and
tide gauge results reveals that the empirical model presented in this study
more accurately represents long-period tidal constituents. Building
upon this, the TLT values at each grid is calculated by integrating short-
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period tidal constituents from the EOT20 model, shallow water tidal con-
stituents from FES2014, and the developed long-period empirical model.
The standard deviation of MSS based TLT model from the hybrid tide
model is 14.68 cm, when compared with 72 tide gauge results, indicating
higher accuracy compared to individual models.

The CGCS2000 ellipsoid based TLT model was established by utilizing the
HYBRID2023MSS model. The results highlighted notable spatial discrepan-
cies in deviation values. Furthermore, future studies should concentrate on
improving the precision of observational data through augmenting the quan-
tity of measurement locations, utilizing advanced observational tools, and
refining data analysis techniques. The amalgamation of various data sources
such as satellite altimetry, tide gauge observations, and numerical simulations
is anticipated to enhance the accuracy of the model significantly. These
endeavors are poised to play a pivotal role in advancing the creation of a
more precise and dependable depth reference model, thereby establishing a
more robust groundwork for marine research and practical implementations.
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