
Citation: Liu, Z.; Jiao, S.; Liu, X.;

Lv, X. Two-Dimensional Numerical

Simulation of Tide and Tidal Current

of Eight Major Tidal Constituents in

the Bohai, Yellow, and East China

Seas. Remote Sens. 2023, 15, 3735.

https://doi.org/10.3390/rs15153735

Academic Editors: R. Dwi Susanto

and Zhenhua Xu

Received: 25 May 2023

Revised: 19 July 2023

Accepted: 20 July 2023

Published: 27 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Two-Dimensional Numerical Simulation of Tide and Tidal
Current of Eight Major Tidal Constituents in the Bohai,
Yellow, and East China Seas
Zizhou Liu 1, Shengyi Jiao 1,2, Xingchuan Liu 3 and Xianqing Lv 1,2,*

1 Frontier Science Center for Deep Ocean Multispheres and Earth System (FDOMES), Ocean University of China,
Qingdao 266100, China; lzz2013@ouc.edu.cn (Z.L.); jsy10000@stu.ouc.edu.cn (S.J.)

2 Physical Oceanography Laboratory, Ocean University of China, Qingdao 266100, China
3 Key Laboratory of Ocean Circulation and Waves, Institute of Oceanology, Chinese Academy of Sciences,

Qingdao 266071, China; liuxc@qdio.ac.cn
* Correspondence: xqinglv@ouc.edu.cn

Abstract: Numerical simulations of the eight major tidal constituents (M2, S2, K1, O1, N2, K2, P1,
and Q1) in the Bohai, Yellow and East China Seas (BYES) were conducted using the Regional Ocean
Modeling System (ROMS) based on altimeter products from X-TRACK. Tidal harmonic constants and
two-dimensional tidal current data with a spatial resolution of 1/12◦ were obtained. To validate the
simulation results (SRs), harmonic constants from altimeters and tide gauges, two sea level anomaly
time series, and velocity observations from 12 current meters were utilized. Additionally, data from
five tidal models were used for comparison. The validation and comparison results demonstrated
the accuracy of SR, especially when compared with coastal tide gauge data where SR performs
exceptionally well. The cotidal charts and tidal current ellipses obtained through SR exhibited good
continuity and consistency with the previous studies, effectively reflecting the tidal characteristics of
the BYES. The SR can serve as a valuable reference and support for tidal-related fields in the BYES,
including the supplement and verification of ocean measurements and the calculation of reference
planes for ocean engineering.

Keywords: tide; tidal current; satellite altimeter observations; ROMS

1. Introduction

Tides are an important and fundamental component of ocean dynamics. The gen-
eration of internal waves by tides, known as internal tides, provides the majority of the
mechanical energy necessary for maintaining internal turbulent mixing in the ocean, which
has a significant impact on climate [1,2]. Tides and their interaction with storm surges
and waves can strongly influence sea level in coastal areas, with implications for coastal
engineering and the environment [3,4]. The cyclic variations in seawater properties induced
by tidal currents can also affect the marine ecosystem [5]. Accurate understanding of tides
is required in various fields of geophysics [6,7].

The Bohai, Yellow, and East China Seas (BYES) are typical marginal seas surrounded
by land and islands with complex topography and tortuous coastlines. They are among
the most active and complex regions in the world in terms of tides and tidal currents [8].
The diurnal and semi-diurnal tidal currents in the BYES have been calculated in the early
two-dimensional numerical simulation, and the propagation and dissipation of tidal energy
have been given [9,10]. However, it is difficult for two-dimensional numerical simulation to
distinguish the vertical structure of tidal currents. The three-dimensional numerical model
with high resolution can simulate the BYES more accurately [11,12]. Zhu et al. [12] used
FVCOM to indicate that three diurnal and five semidiurnal constituents of independent
rotary tidal systems appear in BYES, and they are all anti-clockwise. Twelve tidal current-
amphidromic points for diurnal and semi-diurnal constituents are also given. Due to
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the complex coastline topography and water depth of BYES, it is necessary to have more
precise and high-resolution data to effectively study tides in this area. The study of tides
in the BYES is of great significance, and the tidal characteristics of the region have been
systematically researched for a long time [13,14].

To effectively study tides in the BYES area, it is necessary to have more precise and
high-resolution data due to the intricate nature of their complexity. The study of tides
in the BYES is of great significance, and the tidal characteristics of the region have been
systematically researched for a long time [13,14].

With the advancement of observation technology, satellite altimeters have been used
to provide sea level anomaly (SLA) data. This has greatly improved the study of tides
in various regions, including the BYES [15]. Altimetry data can be directly employed to
depict the tidal characteristics of a region. Fang et al. [8] used 10 years of TOPEX/Poseidon
(T/P) altimeter data to obtain empirical cotidal charts of the main diurnal, semidiurnal, and
long-period constituents in BYES. Cotidal charts of various constituents near the Hawaiian
were derived by fitting T/P altimeter data using Chebyshev polynomials fitting (CPF) [16–18].
The CPF method for processing altimeter data to obtain tidal harmonic constants has also
been applied to the Bohai and Yellow Seas [19]. However, altimeter sampling exhibits
spatial discontinuity, particularly in marginal seas with convoluted coastlines where data
are dispersed and scarce. Simultaneously, satellite signals can be contaminated by land
near the coast, which can diminish the accuracy of altimeter data in tidal research in coastal
regions [20,21].

The development and utilization of tidal models can better characterize the tide in
various regions and provide tide corrections for ocean measurements [7]. When performing
numerical simulations on small-scale marginal seas, open boundary conditions (OBCs) are
key parameters. In the case where there is a lack of observation in the region to derive
OBCs, the required data must be obtained from model data. This places demands on the
accuracy and resolution of the model data [22]. The deficiencies in altimeter observations
require corresponding corrections. Tidal model data can be used to correct altimeter
measurements, such as for satellite altimetry data correction [23]. The chart datum is a
height reference surface used in hydrography and must be considered in activities, such as
ship navigation and port construction [24]. Moreover, chart datum can facilitate accurate
satellite navigation and offshore surveying [25]. Tides are one of the important factors
in chart datum calculation. Accurate high-resolution ocean tidal model data play an
indispensable role in the derivation of regional chart datums. Additionally, tidal models
facilitate research on internal tides, storm surges, and ocean circulation [16].

Accurate and high-resolution tidal model data can provide great support and as-
sistance for the study of tidal characteristics in China’s coastal areas, sea level and its
long-term changes, calibration of new satellite altimeters, maritime transportation, and off-
shore engineering construction. This study employs the Regional Ocean Modeling System
(ROMS) [26] model and X-TRACK altimeter data (2016 version) to conduct a numerical
simulation of the eight major tidal constituents (M2, S2, K1, O1, N2, K2, P1, and Q1) in BYES.
High-resolution two-dimensional tidal harmonic constants and tidal current data in the
BYES are obtained.

Two key parameters in the model, the OBCs and bottom friction coefficients (BFCs),
are obtained from altimeter data. The CPF method is used to directly fit the harmonic
constants of satellite altimeter data to obtain OBCs. The CPF method has been validated for
calculating the harmonic constants of eight major constituents and has demonstrated excel-
lent performance in the area near Hawaii (open sea) and Bohai and Yellow Seas (marginal
seas) [16,19]. The altimeter data are assimilated by the adjoint method to estimate BFCs.
Lu and Zhang [27] used the adjoint method to assimilate T/P altimeter data and estimate
the spatially varying BFCs of the M2 tidal constituent in BYES. Gao et al. [28] optimized
the BFCs in the South China Sea by assimilating T/P altimeter and tide gauge data using
the adjoint method and numerically simulated the four tidal constituents M2, S2, K1, and
O1. Wang et al. [29] utilized harmonic constants of the four tidal constituents (M2, S2, K1,
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and O1) derived from T/P altimeter data and employed the adjoint method to estimate the
spatially and temporally varying BFCs in BYES. By combining the aforementioned technical
means, tidal and tidal current data with a horizontal resolution of 5′ × 5′ are obtained. The
simulated results (SRs) are evaluated using observational data from altimeters, tide gauges,
and current meters. The results of five commonly used tidal models are also compared
with SR to verify their effectiveness.

The paper is organized as follows. The data and methodology are introduced in
Section 2. In Section 3, the SR are validated using altimeter, tide gauge data, and other
observations, a comparison with five models is also included. Section 4 provides a summary
and discussion.

2. Materials and Methodology
2.1. Data

The study area ranges zonally from 117.5◦E to 131◦E and meridionally from 24◦N to
41◦N, including the BYES, which is a broad continental shelf with significant tides and tidal
currents (Figure 1). The harmonic constants of tidal constituents (M2, S2, K1, O1, N2, K2, P1,
and Q1) are provided by X-TRACK tidal products. The long time series of SLA obtained
from the Topex/Poseidon, Jason-1 and Jason-2 (T/P-Jason) missions were processed using
X-TRACK software, with the processing of X-TRACK software, the outlines in altimetric
corrections are more efficiently detected, the missing or rejected correction values are better
reconstructed, and the correlation between near-shore altimetry sea level anomaly and tidal
gauge records is substantially increased [30,31]. The tidal harmonic constants are derived
by harmonic analysis of the improved SLA time series.
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Figure 1. Bathymetry of the BYES (color; unit: m). Black and red contours denote 50 m and 200 m
isobaths, respectively. Gray lines denote the altimetry satellite tracks. Solid blue dots denote the tidal
gauge stations.

Tidal harmonic constants observed from 56 tide gauges (Figure 1, blue dots) are taken
into account to validate the harmonic constants of SR. Due to data limitations, not all tide
stations include harmonic constants of all eight tidal constituents. The harmonic constants
of the four major constituents (M2, S2, K1, O1) are complete. There are 35 observed data for
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K2 and P1 constituents, and 24 and 22 observed data for N2 and Q1 constituents, respectively.
Time series of SLA from two stations (S1 and S2, red asterisks in Figure 2) and seven tidal
gauges (G1–G7, blue asterisks in Figure 2) are used to compare and validate the data. In
addition, tidal current data are validated using twelve current velocity observations from
eight sites located in the Bohai and Yellow Seas (C1–C12, black dots in Figure 2).
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Figure 2. Bathymetry of the Bohai and Yellow Seas (color; unit: m). Locations of observations for
SLA and current validation. Red asterisks denote two stations for SLA observation, blue asterisks
denote tidal gauges for SLA observation, black dots denote current meters.

Five commonly used tidal model data are used to perform model validation. The
Finite Element Solutions 2014 (FES2014) model (https://www.aviso.altimetry.fr/en/data/
products/auxiliary-products/global-tide-fes/description-fes2014.html, accessed on
7 December 2017), a global tidal model based on the finite element method incorpo-
rates a wide range of data sources with a horizontal resolution of 1/16◦ [32]. TPXO9
(https://www.tpxo.net/global/tpxo9-atlas, accessed on 8 March 2018) is the latest version
of the TPXO series of tidal models developed by Oregon State University, with a horizontal
resolution of 1/6◦ at BYES [33]. EOT20 is the most recent version of an empirical ocean
tide (EOT) model (https://doi.org/10.17882/79489) that used residual tide analysis from
multi-mission satellite altimetry, with a horizontal resolution of 1/8◦ [34]. The National As-
tronomical Observatory 99b (NAO.99b) model (https://www.miz.nao.ac.jp/staffs/nao99,
accessed on 25 June 2021) is a global ocean model with a spatial resolution of 1/2◦ that
assimilated T/P altimeter data, the NAO.99Jb dataset with higher spatial resolution was
also considered [35].

2.2. Model and Parameters

ROMS is a three-dimensional, free-surface numerical model that uses hydrostatic
and Boussinesq assumptions and is primarily used in coastal areas [36]. It employs
terrain-following vertical coordinates, which allow for improved vertical resolution in
shallow water and regions with complex bathymetry [37]. The complete algorithm, numer-
ical schemes, and physical parameterizations are described in detail in Shchepetkin and
McWilliams [26,38].

ROMS is a three-dimensional, free-surface numerical model that uses hydrostatic and
Boussinesq assumptions and is primarily used in coastal areas [36]. It employs terrain-
following vertical coordinates, which allow for improved vertical resolution in shallow
water and regions with complex bathymetry [37]. The model has a horizontal resolution of
1/12◦ and 10 vertical layers in the stretched terrain-following coordinates. In the model,
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temperature and salinity are set as spatially uniform in the entire domain. Atmospheric
forcing, including wind, heat flux, and fresh water flux are also not included. In the open
boundaries, only tidal forcing is considered.

In ROMS, there are two methods to impose tidal forcing for the model domain: (a) By
specifying the time evolution of sea level at the open boundary and (b) by specifying the
harmonic amplitudes and phases of the major tidal constituents. In this study, we forced
the model using the second spectral method. ROMS uses a split-explicit time stepping
scheme by advancing the three-dimensional (baroclinic) prognostic equations with larger
time step and the depth-integrated (barotropic) prognostic equations with shorter time
step [38]. The third-order upstream horizontal advection of 3D momentum and fourth-
order centered vertical advection of momentum were used. The turbulence closure scheme
is the generic length scale scheme. The complete algorithm, numerical schemes, and
physical parameterizations are described in detail in Shchepetkin and McWilliams [26,38].

OBCs and BFCs are critical in the numerical simulation of marginal sea tides. In
this study, these two spatially varying parameters were derived by processing T/P-Jason
altimetry data.

OBCs are provided in the form of harmonic constants for the eight major tidal con-
stituents at the open boundary (M2, S2, K1, O1, N2, K2, P1, Q1). However, the spatially
discontinuous harmonic constants exported by X-TRACK cannot be directly applied as
OBCs. To address this, the CPF method is used to directly fit the harmonic constants of
satellite altimeter data. Chebyshev polynomials are orthogonal and are commonly used
to smoothly describe continuous varying surfaces [16]. However, as a fitting method, the
results of the CPF method are inevitably affected by the low accuracy and limited quantity
of observations near the coast, resulting in deviations from actual conditions. This is also
reflected in the cotidal charts drawn by Wang et al. [19]. As the open boundary is adjacent
to the open ocean, the CPF method can be effectively utilized [16]. Therefore, the harmonic
constants derived by altimeter data are fitted using the CPF method to obtain OBCs with
the required resolution for spatial continuity.

BFCs cannot be directly calculated through altimeter observations and are generally
derived through empirical functions [39,40]. Data assimilation methods can quantitatively
estimate model parameters that vary spatially or temporally by minimizing the difference
between simulation and observation [41]. The adjoint method, which has been widely used
in the oceanic and atmospheric models is a powerful tool for estimating parameters [29].
However, using the adjoint assimilation method to numerically simulate multiple tidal
constituents with high horizontal resolution over a large area requires a significant amount
of computational resources. This is difficult to achieve in some applications. The adjoint
method has been widely used to assimilate altimeter data to estimate spatially varying
BFCs and has achieved excellent results. Therefore, this study uses the adjoint assimilation
method to obtain BFCs and achieve improved simulation results. BFCs are estimated by
assimilating T/P-Jason altimeter data using the adjoint method, details of the method can
be found in Lu and Zhang [27].

The hindcast run started at 0:00 on 1 October 2019, with a time step of 2 min, and the
total duration of the simulation is 450 days. Cao et al. [42] suggest that for the simultaneous
simulation of multiple tidal constituents, the appropriate time span of sea level anomaly
(SLA) series for harmonic analysis is approximately 1 year. As the model requires a stable
process, the initial 90-day-long data of the simulation are not available.

Following the numerical simulation, time series data of SLA and tidal currents that
span a length of 562.5 days are obtained, the harmonic analysis is performed on the data
from the last 360 days to obtain the harmonic constants of the eight major tidal constituents.
In this process, the CPF method is used to compare the altimeter data with the model
simulation results and adjust the model parameters based on the comparison results to
further optimize the SR.
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The harmonic constants of the altimeter and the coastal tide gauges are respectively
used to verify data from different models. The root-mean-square (RMS) differences [7], the
absolute mean errors (MAEs) of amplitude and phase are calculated as:

RMS =
(

1
2N ∑N

i=1
[
Aicos

(
Pi
)
−Aicos(Pi)

]2
+

[
Aisin

(
P̂i
)
−Aisin

(
Pi
)]2

)1/2

∆A = 1
N ∑N

i=1
∣∣Ai−Ai

∣∣ , ∆P = 1
N ∑N

i=1
∣∣Pi−Pi

∣∣
where A and P are the observed amplitudes and phases, A and P are the simulated
amplitudes and phases, ∆A is the MAE of amplitude, and ∆P is the MAE of phase.

3. Results
3.1. Harmonic Constants Validation with T/P-Jason Data

Using T/P-Jason data to validate SR, the RMS differences and MAEs of harmonic
constants are calculated. The RMS differences for the eight major constituents are 3.48 cm,
1.29 cm, 1.30 cm, 0.89 cm, 0.94 cm, 1.09 cm, 0.77 cm, and 0.52 cm (M2, S2, K1, O1, N2, K2, P1,
and Q1). Additionally, results from five ocean tide models are included for comparison.
The RMS differences, MAEs of the amplitude and phase are shown in Table 1. The average
amplitudes of the altimeter observations of M2, S2, K1, and O1 constituents in this area
are 77.49 cm, 30.44 cm, 21.12 cm, and 16.27 cm, respectively. The simulated difference
ratios of the amplitudes (ratio of MAEs of amplitude to average amplitude) of these four
constituents of SR are all less than 5%. The average amplitudes of the remaining four
constituents are less than 15 cm, and the simulated difference ratio was in the range of
4–12%. Numerically, SR simulates the eight major tidal constituents of BYES well and has
good performance.

Table 1. RMS differences and MAEs of harmonic constants derived from SR and five ocean tidal
models compared to T/P-Jason data.

RMS (cm) M2 S2 K1 O1 N2 K2 P1 Q1

SR 3.48 1.29 1.30 0.89 0.94 1.09 0.77 0.52
FES2014 1.26 0.92 0.92 0.47 0.57 0.60 0.68 0.48
TPXO9 8.94 3.00 3.22 2.35 1.64 1.24 1.15 0.74
EOT20 1.20 0.91 0.96 0.48 0.47 0.52 0.69 0.42

NAO.99b 3.10 1.91 1.31 1.17 1.17 0.85 0.78 0.80
NAO.99Jb 3.01 2.04 1.43 1.22 1.20 0.89 0.85 0.77

∆A (cm) M2 S2 K1 O1 N2 K2 P1 Q1

SR 1.86 0.68 0.78 0.70 0.58 0.63 0.58 0.37
FES2014 0.82 0.57 0.87 0.34 0.39 0.45 0.54 0.33
TPXO9 4.46 1.77 1.75 1.16 0.89 0.91 0.82 0.56
EOT20 0.79 0.49 0.92 0.39 0.36 0.41 0.55 0.30

NAO.99b 2.35 1.43 0.93 0.92 0.96 0.62 0.61 0.53
NAO.99Jb 2.18 1.55 1.06 0.90 0.89 0.66 0.68 0.54

∆P (◦) M2 S2 K1 O1 N2 K2 P1 Q1

SR 1.76 2.01 3.45 2.88 2.43 6.77 6.60 9.00
FES2014 0.73 1.48 2.28 1.40 1.80 3.36 5.62 7.98
TPXO9 4.42 4.00 5.79 4.81 5.16 7.01 7.59 11.25
EOT20 0.75 1.60 2.42 1.35 1.47 2.97 5.29 6.68

NAO.99b 1.72 2.89 2.97 2.59 3.36 5.19 6.02 13.76
NAO.99Jb 1.89 2.89 2.88 3.01 3.61 4.91 6.13 12.48

The histogram of the differences between each data and satellite observation provides
a more visual comparison of the effectiveness of each model data (Figure 3). For all tidal
constituents, the RMS differences between FES2014 and EOT20 compared to the altimeter
data are close and the smallest. FES2014 and the altimeter data agree well, which may be
attributed to the assimilation method of FES2014 and its assimilation of more observations,
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including T/P-Jason altimeter data [7,43]. EOT20 data also incorporate a large amount of
observational and model data, and is based on FES2014 as a reference, resulting in the two
having very similar performances [34]. NAO.99b and NAO.99Jb (NAO) perform slightly
worse, while TPXO9 has the largest RMS difference with altimeter data among the five
models. In the altimeter validation, for the M2 and K2 constituents, SR performs close to
NAO and better than TPXO9. For the S2, K1, O1, and N2 constituents, the RMS differences
for SR are smaller than TPXO9 and NAO.99b and slightly larger than FES2014 and EOT20.
For the P1 and Q1 constituents, the RMS differences for SR were smaller than TPXO9 and
NAO and slightly larger than FES2014 and EOT20.
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After processing with X-TRACK software, there are a total of 1788 observation data
from T/P-Jason altimeters in BYES. The RMS differences for each observation are calculated
and counted as in Figure 4. More evident than in Table 1, the performance of SR in
semidiurnal tide is close to NAO and better than TPXO9. However, there are some data
with large RMS differences, which also exist in other models. The performance of SR in
the diurnal constituents is relatively good, similar to that of FES2014 and EOT20, with few
data points showing a significant RMS difference.

The crossover points are the intersection of ascending and descending satellite altime-
ter tracks. At the crossover points, the satellite observes twice in a single period, with more
data than other observation points and a higher signal-to-noise ratio [17]. As a result, tidal
constituents information obtained at crossover points are more reliable. The altimeter data
at crossover points are extracted for harmonic analysis, the SR and other model data are
validated and compared (Table 2). The RMS differences for all constituents of SR, except for
the K2 constituent, decreased compared to Table 1. Apart from EOT20, data in other modes
also exhibit the same variations. This variation may be due to the fact that most crossover
points are located in deeper waters where amplitudes of tidal constituents are small and
errors are relatively small. In addition, there is a larger amount of data near the crossover
points, which is conducive to data assimilation and correction. According to Table 2, SR
also have good performance in crossover validation.
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Table 2. RMS differences between different datasets and T/P-Jason data at crossover points.

M2 S2 K1 O1 N2 K2 P1 Q1

SR 2.66 0.99 1.13 0.84 0.79 1.13 0.76 0.33
FES2014 1.04 0.80 0.41 0.38 0.42 0.65 0.52 0.26
TPXO9 3.62 1.63 1.13 1.10 0.75 1.39 0.83 0.60
EOT20 1.33 0.90 0.51 0.56 0.38 0.66 0.64 0.31

NAO.99b 1.65 1.32 0.72 1.13 1.02 1.01 0.64 0.56
NAO.99Jb 2.23 1.53 0.59 1.31 0.96 0.92 0.59 0.61

3.2. Harmonic Constants Validation with Tidal Gauges Data

The data from tide gauges in the BYES are also used to validate the performance of SR,
and the corresponding RMS differences and MAEs are calculated. The RMS differences
for M2, S2, K1, O1, N2, K2, P1, and Q1 constituents are 9.22 cm, 5.57 cm, 2.73 cm, 3.76 cm,
1.96 cm, 1.57 cm, 0.90 cm, and 0.82 cm, respectively. The results of the five models are also
used for comparison (Table 3). Compared to Section 3.1, SR and each model data all show a
decrease in performance at the coastal tide gauges, with the most significant deterioration
in the M2 and S2 constituents. Although FES2014 and EOT20 still perform well on the
semidiurnal constituents, the gap between SR and the two models is reduced compared
to the altimeter data verification. In terms of diurnal constituents, the effects of the K1,
O1, and Q1 constituents of SR are the best. This suggests that SR is effective in coastal
areas and has performance that surpasses several widely recognized model data in some
partial tidal constituents. It is worth noting that NAO.99Jb performs significantly better
than NAO.99b in the M2 and S2 constituents in the validation with the tide gauge stations,
which somehow suggests that the improved spatial resolution is helpful in optimizing the
numerical simulation of coastal tides.
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Table 3. RMS differences and MAEs of harmonic constants derived from SR and five ocean tidal
models compared to tide gauges data.

RMS (cm) M2 S2 K1 O1 N2 K2 P1 Q1

SR 9.22 5.57 2.73 3.76 1.96 1.57 0.90 0.82
FES2014 7.55 4.54 2.74 3.72 1.74 1.32 0.89 0.83
TPXO9 9.63 5.52 3.53 4.40 2.45 1.18 0.98 1.03
EOT20 7.21 4.33 2.87 4.07 1.18 1.01 0.82 0.86

NAO.99b 14.59 6.90 3.40 4.29 2.60 1.30 0.91 0.87
NAO.99Jb 7.34 4.48 3.72 4.79 1.89 1.52 1.10 1.07

∆A (cm) M2 S2 K1 O1 N2 K2 P1 Q1

SR 5.51 2.91 1.63 1.29 1.08 0.97 0.57 0.45
FES2014 4.34 2.87 1.74 1.27 1.17 0.81 0.57 0.43
TPXO9 5.48 2.87 2.16 1.47 1.22 0.69 0.72 0.70
EOT20 4.05 2.51 1.72 1.16 0.76 0.55 0.66 0.51

NAO.99b 7.74 4.09 2.39 1.88 1.28 0.67 0.69 0.58
NAO.99Jb 3.95 2.89 2.37 1.72 1.08 0.77 0.82 0.79

∆P (◦) M2 S2 K1 O1 N2 K2 P1 Q1

SR 6.26 8.61 3.79 5.72 8.61 10.03 5.10 9.72
FES2014 4.85 6.76 3.74 5.34 4.15 8.18 4.58 10.57
TPXO9 5.18 7.78 4.75 8.02 6.67 8.31 4.51 8.11
EOT20 4.79 6.94 3.70 6.16 4.98 8.74 3.54 9.73

NAO.99b 7.11 8.84 3.99 5.80 9.16 9.61 4.23 9.49
NAO.99Jb 5.57 7.75 5.03 7.05 7.13 12.16 5.09 9.68

3.3. Water Elevation Validation

Nine SLA time series from two stations located in the Yellow Sea (red asterisks in
Figure 2) and seven gauges (blue asterisks in Figure 2) are used to verify the accuracy of
the data. The observation interval for both time series from S1 and S2 is 30 min, and the
total time span is greater than 30 days for both time series. Due to the poor accuracy of
the initial period of observations, only the last 30 days of data (Figure 5) were selected for
processing and analysis for comparison purposes. The start time for the data at the first
station (S1) is 6:30 on 24 July 2007, while the start time for the data at the second station
(S2) is 12:30 on 18 July 2007. The observation interval for time series from G1–G7 is 1 h, the
total time span from G1–G6 is 3 years, and the total time span for G7 is 1 year. The start
time for data from G1–G6 is 0:00 on 1 January 2018 and the start time for data for G7 is 0:00
on 1 January 2020. Due to the large amount of original data, only the results of the first
month of each time series are selected for display (Figure 6).
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The water depth at the location of station S1 is deeper than that of station S2, and the
SLA variation amplitude at S1 is smaller, ranging from −0.8 m to 0.7 m, while the SLA
range at S2 station is from −2 m to 1.6 m. The tidal type of both stations is an irregular
semidiurnal tide; however, the inequality of tides at S1 station is more prominent. The
SLA difference of some adjacent high and low tides is very small. G1–G7 are located in the
eastern side of the Yellow Sea, the tidal types are also an irregular semidiurnal tide, and the
SLA variation amplitudes are greater than those of S1 and S2.

The simulated SLA series obtained through SR show good consistency with the
observations. At the temporal resolution of the observational data, the timing of simulated
and observed high and low tides in SLA is the same. The MAEs of simulated and observed
SLA at S1 and S2 are 4.84 cm and 11.59 cm, respectively. The simulated SLA has a relatively
smaller amplitude for S1 compared to the observed SLA, manifested as relatively higher
low-tide levels and relatively lower high-tide levels. The opposite is true in S2, where the
amplitude of the simulated SLA is higher than observed SLA. The SLA comparison of G5
shows similar characteristics to S1, while the SLA comparison of G1 and G3 shows similar
characteristics to S2. The rest of the simulation results also show good agreement with
the tide gauge data. However, the magnitude of the error is within a reasonable range
compared to the observations.

Calculations of MAE for simulated and observed SLA are obtained by using the har-
monic constants of SR to calculate the SLA time series (Figures 5 and 6), respectively.
Additionally, SLA time series and MAE are derived for five models using the same
method (Table 4).
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Table 4. MAE (unit: cm) of SLA derived from SR and five ocean tidal models compared to SLA from
two stations in the Yellow Sea.

SR FES2014 TPXO9 EOT20 NAO.99b NAO.99Jb

S1 4.84 4.29 5.75 4.19 38.34 4.29
S2 11.59 10.07 10.00 10.16 96.57 10.07
G1 14.64 12.02 12.61 12.04 15.24 12.29
G2 22.05 22.31 22.80 21.93 26.65
G3 14.55 13.77 16.74 14.74
G4 17.58 16.61 17.32 16.64 16.66 16.32
G5 15.05 14.06 14.33 14.11 16.48 15.26
G6 16.26 14.37 18.62 14.34 13.60
G7 20.64 18.33 24.93 18.18

In the SLA validation of G1–G7, the evaluation results of SR and model data are very
close, and the data performance varies in different observations. In the SLA validation of
S1 and S2, the evaluation results of NAO.99b show a large error, which may be affected by
its lower horizontal resolution. Combined with Figures 5 and 6 and Table 4, SR also has
excellent and stable performance in the calculation of SLA and can be well applied to the
forecasting and research of water level.

3.4. Cotidal Charts

Based on the harmonic constants from SR and five models, cotidal charts for eight
major constituents are given, respectively (Figures 7–14). Compared to the cotidal charts
obtained from the five models, the SR also adequately reflects the spatial characteristics
of the eight major tidal constituents in BYES. Tidal waves of different constituents are
transmitted from the Pacific Ocean to BYES and form different numbers of counterclock-
wise rotating tidal systems under the action of topography and Coriolis force. The tidal
semidiurnal constituents represented by the M2 constituent have four rotating tidal systems
and four amphidromic points in the Bohai Sea and Yellow Sea, while the tidal diurnal
constituents represented by the K1 constituent have one amphidromic point in the Bohai
Sea and one in the Yellow Sea. Under the influence of friction, the amphidromic points are
located to the left of the central axis of the sea area, which also causes the amplitude on
the east coast to be slightly larger than that on the west coast [44]. At the same time, under
the influence of topography, the amplitude at the top of the bay is larger than the other
areas, such as in Gyeonggi Bay on the west side of Korea [45], which is more evident in the
semidiurnal constituents.

The SR model’s spatial resolution is only surpassed by that of FES2014. It can accu-
rately display the location of amphidromic points with good continuity. NAO99b has the
lowest spatial resolution among the models, resulting in some discontinuity in its spatial
representation, especially near amphidromic points. Compared to the other model data,
the TPXO9 model has smaller amplitudes and different co-phase lines in the Bohai Sea and
southwest side of the Yellow Sea. This is especially evident for the diurnal tidal constituents
(Figure 8c, Figure 9c, Figure 12c, and Figure 13c). The cotidal charts of SR, EOT20, and
FES2014 have similar characteristics. However, it should be noted that the K2 (Figure 11d)
and Q1 (Figure 13d) cotidal charts of EOT20 display some disorder in the region of the first
island chain and the Japan Sea.

According to the cotidal charts, the SR effectively captures the characteristics of the
eight major tidal constituents in BYES. This provides an effective reference for studying the
long-term changes in sea level in BYES and its internal regions and for drawing the chart
datum and other work.
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3.5. Tidal Current Validation

By conducting depth-averaging and harmonic analysis on the current velocity data of
SR, the two-dimensional tidal harmonic constants for eight major constituents are obtained.
The tidal current data are validated using twelve current velocity observations from eight
sites located in the Bohai and Yellow Seas (Figure 15). The observation time of these current
velocity data is between July 2006 and October 2007, with observation durations ranging
from 30 to 100 days and an observation interval of 1 h.
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To eliminate the influence of background flow and other non-tidal factors in the
observed current velocity data, harmonic analysis is conducted on 12 sets of current
velocity time series. Using harmonic constants, the zonal and meridional velocities (u and
v) are calculated for the 30 days prior to each observation, after which the tidal current data
of SR are validated (Table 5), where Max is the maximum magnitude of the velocity vector.
The differences between SR and observation data are all below 15 cm/s. The water depth
of the stations (C1–C6) in the Bohai Sea and the North Yellow Sea is relatively shallow, the
velocity is relatively high, and the MAEs are relatively large. The velocity of the stations in
the Yellow Sea is relatively small, and the MAEs are all less than 10 cm/s.
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Table 5. The MAE of the zonal velocity, meridional velocity between SR and the processed observation
data, and the average velocity magnitude of the processed observation data (unit: cm/s).

u v Max

1 14.11 5.53 76.28
2 13.80 4.21 68.67
3 13.38 4.59 70.75
4 10.92 10.06 77.00
5 4.65 8.27 88.09
6 3.97 9.73 86.10
7 8.75 5.36 69.17
8 3.99 6.18 66.53
9 3.58 6.33 55.45
10 9.03 6.46 74.07
11 8.94 6.48 49.87
12 4.56 7.05 54.62

The tidal current ellipses of the eight major tidal constituents are drawn based on the
SR tidal data (Figure 15). It can be seen that the semidiurnal tidal currents are relatively
strong in the Yangtze River Delta and on the west side of the Korean Peninsula, which
is consistent with the high amplitude area of the cotidal chart. The diurnal tidal currents
are relatively strong in the Bohai Sea and the Korea Strait. Wang et al. [29] and Guo and
Yanagi [46] conducted simulations and studies on the M2, S2, K1, and O1 tidal constituents
of BYES, and the tidal current ellipses of SR (Figure 15) are similar to their tidal ellipses.
This also indicates that SR well reflects the characteristics of the tidal currents in BYES.

It can be noticed that the difference between the tidal simulation and observation
is larger compared to the SLA, which may be mainly caused by the lack of observation.
On the one hand, SLA observation technology is well developed, with wide spatial and
temporal distribution and small errors. However, acquiring ocean current observation
data is difficult and there is strong spatiotemporal variability. In the numerical simulation
process, more consideration will be given to the SLA observational data, which may result
in significant differences between the simulated current values and the observed data. On
the other hand, tidal signals are relatively easy to distinguish in SLA. However, there are
more factors influencing ocean currents, especially when the actual ocean is in a state of
baroclinic, it can be difficult to accurately distinguish the barotropic tidal current signal in
velocity observations.

4. Conclusions

This paper employs ROMS to conduct numerical simulations of the eight major tidal
constituents (M2, S2, K1, O1, N2, K2, P1, and Q1) in the BYES. The two main parameters of
the model, the OBCs and BFCs, are obtained from T/P-Jason altimeter data provided by
X-TRACK. The OBCs are obtained by processing harmonic constants derived from altimeter
data using the CPF method. The BFCs are obtained by assimilating T/P-Jason data using
the adjoint method. Tidal harmonic constants and tidal current data for the study area are
then obtained through harmonic analysis. The SR are validated using various data sources,
including satellite altimeter data, tidal gauges observation data, and current meters.

The tidal harmonic constants are validated using satellite altimeter and tide gauges
data, and data from five tidal models are also used for comparison. The RMS differences
between the simulation results and the altimeter are 3.48 cm, 1.29 cm, 1.30 cm, 0.89 cm,
0.94 cm, 1.09 cm, 0.77 cm, and 0.52 cm (M2, S2, K1, O1, N2, K2, P1, and Q1), respectively.
Based on the results of the model comparison, the harmonic constants of SR exhibit good
agreement with the altimeter data, especially for the diurnal tidal constituents. The RMS
differences between the SR and the tide gauges data are 9.22 cm, 5.57 cm, 2.73 cm, 3.76 cm,
1.96 cm, 1.57 cm, 0.90 cm, and 0.82 cm, respectively. The difference between all tidal models
and tide gauge data has increased compared to their difference with the altimeter. However,
the error of SR has not increased significantly, and SR still maintains a relatively good
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performance. In the SLA time series validation, the SR and observed SLA have good
consistency, indicating that SR can be well used for water level calculation and forecasting.
The tidal charts of SR have a high horizontal resolution (second only to FES2014) and reflect
the characteristics of the eight major tidal constituents of BYES well. Verifying of the tidal
data of SR through 12 ocean current meter data and tidal current ellipses of eight major
tidal constituents are drawn. The comparison results show that SR have a high degree of
consistency with the actual observed data, verifying the effectiveness and reliability of the
data and method.

As the BYES is one of the most complex regions for tides and tidal currents, research
on BYES tides is important and necessary. After comparison and verification, the product of
this work can provide support for observation instrument calibration in ocean observation,
depth reference calculation in ocean engineering, and other related research on BYES
tides and tidal currents. It is of great significance for deepening the understanding of the
tidal characteristics of the BYCS, optimizing marine forecasts, and protecting the marine
environment. In subsequent works, we will also further study the tides of BYES, including
research on three-dimensional tidal currents, shallow water tidal constituents, and higher
resolution simulations.
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