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Modeling sea surface height (SSH) and tides is important but challenging in shelf seas. The Eastern China Seas (ECSs) is such a shelf sea with large inter-model deviations in prior studies. In order to assess and compare the possible uncertainty sources, numerical scenarios of varying the open boundary forcing, bottom roughness length scale, atmospheric forcing, grid resolution, and regional bathymetry were conducted in a hydrodynamic model of the ECSs. Results indicate that bathymetry data and open boundary forcing with inadequate accuracy generate uncertainties in SSH and tides locally and throughout the basin. An increase in bottom roughness enhances tidal dissipation and shifts amphidromes to the left relative to the incoming Kelvin waves, causing SSH variations in the ECSs. Refining the model resolution from 4 to 2 km mainly affects nearshore SSH and tides due to minor changes in depicted coastlines. Using different reanalysis meteorological data appears more important on the episodic than annual scale. It is highlighted that some uncertainty sources have opposing effects on SSH or tides and counteract their individual biases, making it difficult to achieve a realistic simulation. For example, increasing bottom roughness can not only compensate effects of overestimated tidal amplitude at open boundaries, but also balance out the overestimated M2 phase along the West Coast of Korea in a coarser-resolution model. Based on findings in this study, suggestions are provided for further reducing uncertainties in SSH and tide modeling in the ECSs and other shelf seas.
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INTRODUCTION

Accurate simulation of tides and sea surface height (SSH) in regional seas is crucial to operational ocean forecasting systems benefiting maritime voyage, marine engineering, shoreline protection, and coastal recreational and economical activities (Zijl et al., 2013). In addition to forecasting models, simulating SSH is fundamental in any hydrodynamic models to correctly resolving the barotropic pressure gradient, current velocity, and heat/salt transport (Sannino et al., 2004). Therefore, achieving a high model skill in SSH is a fundamental step in calibration and validation of a hydrodynamic model (Xia et al., 2006; Ge et al., 2013).

Variations of the real-time SSH are associated with tides, wind surges, river runoff, baroclinic processes, eddies, ocean circulation, climate change, and non-linear interactions of these processes, etc. (Cheng et al., 2013, 2017; Müller et al., 2014). In coastal and shelf seas, tides and wind forcing usually dominate the changes in SSH (Teague et al., 1998; Wang et al., 2009; Zijl et al., 2013). While the SSH prediction in global models becomes increasingly accurate due to the extensive assimilation of satellite altimetry data and advancement in dynamical modeling (Hart-Davis et al., 2021; Lyard et al., 2021), the shelf and coastal regions are always associated with large deviations in SSH and tides (Stammer et al., 2014).

For local interest, regional SSH and tide simulations are usually forced with the aforementioned global models as open boundaries and facilitated with finer model resolution and locally tuned model parameters (Aldridge and Davies, 1993; Lee et al., 2002; Zu et al., 2008; Thiébot et al., 2020a). Data assimilation and improved hydrodynamic model settings are primary solutions to reduce the local SSH uncertainties (Blain, 1997; Greenberg et al., 2007; Liu and Gan, 2016; Feng et al., 2019). Factors including the spatial resolution (Falcão et al., 2013), bathymetry (Quaresma and Pichon, 2013), open boundary forcing (Carter and Merrifield, 2007), bottom friction coefficients (Lee and Jung, 1999), and atmospheric forcing (Santoro et al., 2013) are potential sources of SSH and tide uncertainties in hydrodynamic models. Data assimilation cannot eliminate uncertainties from all sources (Lyard et al., 2006; Stammer et al., 2014). The relative importance of these factors seems to vary in different systems and models (Abdennadher and Boukthir, 2006; Yao et al., 2012; Lee et al., 2013). In order to achieve high model skills in SSH and tide simulations and to provide reference for subsequent data assimilation (e.g., the selection and priority of parameters for optimization), a comprehensive assessment of these uncertainty sources is highly essential but relatively limited in prior studies. Many studies focus on only a couple of them (e.g., Lardner et al., 1993; Shulman et al., 1998; Lu and Zhang, 2006; Nguyen and Lee, 2020).

In this study, we present a non-assimilative barotropic hydrodynamic model for SSH and tide simulation in the East China Seas (ECSs), a region with substantial inter-model deviations compared to other shelf seas (Stammer et al., 2014; Su et al., 2015). By comparing the modeled results to tide gauge data, influences of the open boundary forcing, bottom roughness length scale, atmospheric forcing, model resolution, and regional bathymetry on SSH and tide simulations were examined in order to discern the most important/sensitive sources of uncertainties. This study aims to provide suggestions for improving the SSH and tide modeling skills in the ECSs as well as reference for other shelf and coastal regions.



STUDY AREA

The ECSs, consisting of the Bohai, Yellow, and East China Seas, are semi-enclosed marginal seas surrounded by China, North and South Korea, and Japan (Figure 1). This region is connected to the South China Sea through the Taiwan Strait, adjacent to the Pacific Ocean and Sea of Japan to its southeast and east, respectively (Figure 1). Most of the ECSs are continental shelf seas with decreasing water depth northwestwards and an average depth of ∼218 m.
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FIGURE 1. The study area with locations of tide gauges (black dots). The Bohai, Yellow, and East China Seas are separated with the red dashed lines. The river boundaries in the model are marked with the green dots. Rivers on the East Coast of Taiwan from north to south are Tou Chien, Hou Lung, Ta An, Ta Chia, and Tan Shui, respectively. Rivers on the South Coast of the Korean Peninsula from west to east are Yeong San, Somjin, Nam KR, and Nagdong, respectively. Rivers on the Kyushu Island from north to south are Chikugo, Kikuchi, Midori, and Kawabe, respectively. The right panel is a zoom-in view of the difference between the refined and GEBCO_2019 (shown on the left panel) bathymetry in the southwestern Yellow Sea. See names of the numbered tide gauges in section “Comparison of the Modeled and Observational Sea Surface Heights.”


The ECSs is one of the marginal seas with strongest tidal dissipation, accounting for 5–10% of the global total (Munk and Wunsch, 1998; Matsumoto et al., 2000; Yao et al., 2012). Tides exert a large influence on the SSH projection in the ECSs (Nguyen and Lee, 2020). Tidal waves dominated by semidiurnal components from the Pacific propagate into the ECSs through the Ryukyu Islands, the island chain between Taiwan and Kyushu (Figure 1), and are amplified and dissipated in the shallow coastal regions (Fang, 1979). Four principal tidal constituents are M2, S2, K1, and O1 with descending amplitude, respectively (Fang et al., 2004). Several amphidromic systems are generated due to the reflection of Kelvin waves in the semi-enclosed ECSs (An, 1977; Yanagi and Inoue, 1994; Bao et al., 2001). The largest tidal range mainly appears along the West Coast of the Korean Peninsula (Guo and Yanagi, 1998; Fang et al., 2004).

Winds dominate the detided variation in SSH in the ECSs (Teague et al., 1998). Controlled by the Eastern Asian monsoon, stronger (7.5–8.3 m/s on average) northwesterlies to northerlies prevail in winter and weaker (4.5–7.0 m/s on average) southwesterlies to southeasterlies in summer in this region (Hwang et al., 1999), with large interannual variability (Zhu et al., 2005). Typhoons that usually occur from July to October complicate the SSH variations. For example, the Super Typhoon Lekima in 2019 interacted with the astronomical tide and gave rise to an up-to-3-m storm surge in shallow waters (Wu et al., 2021).



MATERIALS AND METHODS


Model Description

SSH in the ECSs was simulated with the open-source General Estuarine Transport Model (GETM)1 that has been widely applied in coastal and shelf seas (van der Molen et al., 2016; Jiang et al., 2019; Chrysagi et al., 2021). GETM solves the finite-difference approximation of Reynolds-averaged Navier-Stokes equations with the hydrostatic assumption and turbulence closure model GOTM (General Ocean Turbulence Model). GETM includes a thin-layer scheme accurately simulating flooding and drying of tidal flats (Duran-Matute et al., 2014), which is important in the Bohai and Yellow Seas. We will focus on GETM settings related to the SSH simulation in this study and refer to its user manual on its website for further GETM descriptions.

Our model setup covers the ECSs and part of the adjacent Sea of Japan and Pacific Ocean (Figure 1) on a 2 km × 2 km Cartesian grid. In contrast to the spherical grid, in which the grid cell of certain longitude in the north is smaller than in the south, the Cartesian grid was applied to guarantee that the coastline and nearshore bathymetry all over the domain have the same spatial resolution. The UTM (Universal Transverse Mercator) coordinates were converted from longitude/latitude referring to the World Geodetic System 1984 (WGS84). The bathymetry data were interpolated from the General Bathymetric Chart of the Oceans, release 2019 (GEBCO_2019), accessible at https://www.gebco.net. GETM was run on a two-dimensional barotropic mode because of negligible impacts of baroclinic processes on SSH variations reported previously in this region (Guo and Yanagi, 1998; Yao et al., 2012; Feng et al., 2019). River discharge obtained from the Global River Discharge online dataset2 was imposed on the river boundaries (Figure 1). SSH and barotropic currents were acquired from the FES2014 (Finite Element Solution 2014) global ocean tide atlas (Lyard et al., 2021) and imposed on the GETM Flather-type open boundaries (Figure 1). The 1/16° FES2014 assimilates SSH data of tidal gauges and satellite altimetry and includes 34 tidal components.3 Based on our prior test, the depth-average residual currents at the open boundary have a minimal effect on the tide and SSH in the domain and are omitted in all model runs. GETM calculates the non-uniform depth-related quadratic drag coefficient Cd based on the input of the bottom roughness length scale z0 (Equation 1; Blumberg and Mellor, 1987).
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In Equation 1, κ is the von Kármán constant (approximately 0.41) and z is the water depth. For lack of spatial bottom boundary layer data (discussed in section “Recommendations for Future Endeavors”), we set a constant bottom roughness length scale (z0 = 0.05 mm) according to the range of prior studies (e.g., Feng et al., 2019). The hourly ERA5 (ECMWF Reanalysis v5) meteorological data including air pressure and wind forcing were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF)4 and imposed on the model.



Model Scenarios

Five sets of model scenarios were conducted to assess influences of the open boundary forcing, bottom roughness length scale, atmospheric forcing, model resolution, and regional bathymetry on SSH and tide simulations (Table 1). In the Scenarios Obd1 and Obd2 (Table 1), open boundary forcing was extracted from two alternative global tide models: the TPXO9.v2 version of the OSU Tidal Prediction Software (OTPS, Egbert and Erofeeva, 2002)5 and the regional tide solution NAO99Jb version 2004.10.25 by the National Astronomical Observatory of Japan (Matsumoto et al., 2001),6 respectively. OTPS produces a state-of-the-art global tide atlas with a local resolution of 1/30°, 15 tidal constituents, altimetry and tide gauge data assimilated, and has improved its tide prediction skills over the past decades (Stammer et al., 2014; Lyard et al., 2021). Nested with a global tide model NAO99b solving 16 tidal constituents, NAO99Jb is a regional application of the Northwest Pacific with a resolution of 1/12°, which, assimilating SSH of the Topex/Poseidon altimetry and 219 coastal tidal gauges, shows relatively high accuracy in representing semidiurnal tides in the ECSs (Matsumoto et al., 2001; Feng et al., 2019; Nguyen and Lee, 2020).


TABLE 1. Model scenarios in this study.
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The roughness length z0 was varied in the literature range 0.05–1.5 mm (Mofjeld, 1988; Lu and Zhang, 2006; Feng et al., 2019; Thiébot et al., 2020b) in Scenarios Baseline, Z1, Z2, and Z3 (Table 1). As calculated from Equation 1, the drag coefficient Cd in these scenarios increases with z0 and decreases with water depth (Figure 2).
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FIGURE 2. Relationship between bottom roughness Cd and bottom roughness length scale z0 in seawater up to 200 m deep.


To compare with the ERA5 atmospheric forcing, we applied another set of meteorological input extracted from the Climate Forecast System v2 reanalysis data7 by NCEP (the National Centers for Environmental Prediction). The spatial resolution of the ERA5 and NCEP atmospheric data is 0.25° and 0.5°, respectively.

The model was also run on a 4 × 4 km grid with other settings identical to the baseline scenario (Scenario Gr in Table 1) in order to examine how the grid resolution may affect the SSH simulation.

Despite a high spatial resolution (15 arc-second), the GEBCO_2019 bathymetry is not always accurate in coastal waters. To differentiate from the baseline scenario, we applied bathymetry data that are locally measured as well as digitalized from the official marine charts published by the Maritime Safety Administration of China (Yao, 2016) to the Scenario Bd (Table 1). The locally refined bathymetry, despite not covering the entire model domain (Figure 1), can provide insight into influences of bathymetry on SSH and tide predictions.



Comparison of the Modeled and Observational Sea Surface Heights

To evaluate the SSH uncertainties in the aforementioned scenarios, model results were compared with SSH measured at the Chinese, Korean, and Japanese tide gauges (Figure 1). The hourly SSH at the Chinese (data range: 1985–1990 except for Keelung, 2013–2019) and Japanese (data range: 2013–2019) tide gauges were obtained from the University of Hawaii Sea Level Center database (UHSLC).8 The Korean tide gauges (data range: 2013–2019) were downloaded from Korea Hydrographic and Oceanographic Agency.9 To accommodate with the observational SSH, the model was run for the years 1985–1990 and 2013–2019.

Data gaps lasting days or months are common in the observational SSH time series. For each tide gauge, we selected 1-year data with the fewest data gaps for comparison against the model simulation: (1) Dalian, 1988; (2) Ishigaki, 1986; (3) Kanmen, 1988; (4) Keelung, 1987; (5) Lianyungang, 1986; (6) Lusi, 1985; (7) Nagasaki, 1987; (8) Naha, 1989; (9) Nakano Shima, 1985; (10) Naze, 1986; (11) Shijiusuo, 1988; (12) Xiamen, 1985; (13) Geomundo, 2013; (14) Geoje, 2014; (15) Goheung, 2014; (16) Seocheonmaryang, 2019; (17) Seongsanpo, 2015; (18) Anheung, 2015; (19) Eocheongdo, 2014; (20) Yeosu, 2013; (21) Yeonggwang, 2019; (22) Yeongheungdo, 2015; (23) Jindo, 2015; (24) Taean, 2015; (25) Heuksando, 2019. Note that this study focuses on SSH variations no longer than the annual scale, and the decadal sea-level rise signal is not considered. This was achieved by maintaining the same mean sea level for each simulation year. Correlation coefficients (CCs) and root mean square errors (RMSEs) between simulated and observed SSH at each station were calculated to formulate a Taylor diagram (Taylor, 2001) for quantification of their matches.

To examine the model skill of tide simulations, the major tidal components were extracted from the simulated and observed SSH time series with the T_TIDE toolbox (Pawlowicz et al., 2002). Tidal amplitude and phases are usually non-stationary, especially on the seasonal scale (Zijl et al., 2013; Müller et al., 2014), and a short data length may cause uncertainties in the harmonic analysis (Hall and Davies, 2005). Thus, we conducted trial harmonic analyses of various data lengths (1–12 months) based on the tide gauge data at Xiamen. Results illustrate that 6–10 months were required to reduce errors in the M2, S2, K1, and O1 amplitude and phases within 1% and 1°, respectively. Therefore, we applied 1-year data in tidal harmonic analyses of this study. Cotidal plots of tidal waves with comparable periods/wavelengths (e.g., M2, S2, N2 and P2; K1, O1, and P1), as well as their responses to changes in model settings, are highly similar in the ECSs (Yanagi et al., 1997). Due to the page limit, results for M2 and K1 tides are shown representing semidiurnal and diurnal components.




RESULTS


Impacts of Open Boundary Data on Sea Surface Height and Tide Simulations

In Taylor diagrams, a cluster of data with the same standard deviation indicates simulated SSH at one station with different open boundary forcing (Figure 3A). The three sets of open boundary data obtained from FES2014, OTPS, and NAO99Jb display similar model skills at most stations, as revealed by the mostly overlapping dots of one cluster, e.g., Stations 8, 9, 10, and 14 (Figure 3A). These four tide gauges are close to the southeastern and northwestern boundaries, which demonstrates similarities of the three tide models at these deep-water regions. However, the shallow-water stations such as those around Taiwan (4 and 12) and Kyushu (7) Islands exhibit relatively larger discrepancies among different open boundary inputs (Figure 3A). The discrepancies at the open boundaries can penetrate into the semi-enclosed ECSs to a certain distance. For example, along the East Coast of China, the SSH differences induced by the open boundary forcing gradually reduce with distance northwards (Station 3, 6, 5, 11, and 1, Figure 3A). In addition, the influence of open boundary data appears larger along the West (e.g., Stations 16, 21, 22, and 24) than South (e.g., Stations 13, 15, 17, 20, and 23) Coast of the Korean Peninsula (Figure 3A).
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FIGURE 3. Taylor diagrams of the observed SSH at all tide gauges vs. simulations in all model scenarios of this study: (A) Baseline, Obd1, and OBd2, (B) Baseline, Z01, Z02, and Z03, (C) Baseline and Afd, (D) Baseline and Gr, (E) Baseline and Bd (Table 1). Distances from the lower left black origin marked by the y-axis and the black dotted arcs are the normalized standard deviations of the observational SSH. Distances from the green cross marked by the x-axis and the green dashed arcs are the RMSEs between the simulated and observational SSH. Blue lines indicate the correlation coefficients between the simulated and observational SSH. See Figure 1 for location of tide gauges.


Of all three tide models applied in this study, FES2014 seems to be superior to the others, as shown by higher CCs and lower RMSEs at most stations in the baseline scenario (Figure 3A). An exception is Station 21, where OTPS and NAO99Jb demonstrates better model performance (Figure 3A).

With different open boundary forcing, the M2 amplitude shows the following relationship at most tide gauges: OTPS > NAO99Jb > FES2014, except for Station 4, where FES2014 presents the largest M2 amplitude (Figure 4A). In contrast, the M2 phase is relatively insensitive to the open boundary setting (Figure 5A). FES2014 generally provides the M2 tide boundary better, as revealed by lower RMSEs (averaging 0.058 m in amplitude and 4.7° in phase) at tide gauges close to the open boundary (i.e., Stations 12, 4, 2, 8, 10, 9, 7, and 14). Based on the comparison between the Ob1 and baseline scenarios, OTPS produces stronger M2 tide than FES2014throughout the ECSs, particularly in the Taiwan Strait (Figure 6B). The open boundary induced discrepancies in the M2 phase are pronounced around Taiwan and in the Sea of Japan but are weakened as tides propagate into the semi-enclosed basin (Figure 6B).
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FIGURE 4. Comparison of the simulated vs. observed M2 amplitude in all model scenarios of this study: (A) Baseline, Obd1, and OBd2, (B) Baseline, Z01, Z02, and Z03, (C) Baseline and Afd, (D) Baseline and Gr, (E) Baseline and Bd (Table 1). Numbers in each panel indicate the tide gauges, the locations of which are shown in Figure 1.
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FIGURE 5. The same as Figure 4 but for the M2 phase. Model scenarios in each panel: (A) Baseline, Obd1, and OBd2, (B) Baseline, Z01, Z02, and Z03, (C) Baseline and Afd, (D) Baseline and Gr, (E) Baseline and Bd (Table 1).



[image: image]

FIGURE 6. (A) The M2 cotidal graph of the baseline scenario and the difference between the (B) Obd1, (C) Z02, (D) Afd, (E) Gr, (F) Bd and baseline scenarios. In (B–F), the red or blue background colors indicate the difference in M2 amplitude, while the green and pink lines are the co-phase lines of the baseline and respective scenarios. See Table 1 for settings of scenarios.


Similar to M2, the K1 tide is stronger in the simulation with OTPS boundaries at all 25 tide gauges in the ECSs but weaker in the Sea of Japan, and the other two open boundary inputs tend to underestimate K1 (Figures 7B, 8A). Standard deviations of the K1 phase at the 25 tide gauges among the baseline, Ob1, and Ob2 scenarios (1.0°, 4.0 min) are about twice (four times) as much as that of the M2 phase (0.48°, 0.99 min) in terms of degrees (time), indicating a much larger inter-model difference (Figures 5A, 9A). At tide gauges close to open boundaries, OTPS and FES2014 simulate the K1 amplitude (RMSE = 0.0082 m) and phase (RMSE = 3.1°) better, respectively.
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FIGURE 7. The same as Figure 6 but for the K1 tide. Model scenarios in each panel: (A) Baseline, (B) Obd1 – Baseline, (C) Z02 – Baseline, (D) Afd – Baseline, (E) Gr – Baseline, (F) Bd – Baseline (Table 1).
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FIGURE 8. The same as Figure 4 but for the K1 amplitude. Model scenarios in each panel: (A) Baseline, Obd1, and OBd2, (B) Baseline, Z01, Z02, and Z03, (C) Baseline and Afd, (D) Baseline and Gr, (E) Baseline and Bd (Table 1).
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FIGURE 9. The same as Figure 4 but for the K1 phase. Model scenarios in each panel: (A) Baseline, Obd1, and OBd2, (B) Baseline, Z01, Z02, and Z03, (C) Baseline and Afd, (D) Baseline and Gr, (E) Baseline and Bd (Table 1).


To summarize, three tide models display some discrepancies in tidal elevation and main constituents at the open boundary, especially near Taiwan and in the Sea of Japan, which can radiate into the ECSs domain. Overall, FES2014 exhibits better agreements with the observed SSH and the M2 tide. Modelers of this region should notice that the inter-model discrepancies of the diurnal phase are greater than the semidiurnal.



Impacts of Bottom Roughness on Sea Surface Height and Tide Simulations

Considering a tidal Kelvin wave entering a rectangular semi-enclosed basin, Rienecker and Teubner (1980) and Pugh (1981) give an analytical solution that amphidromes in the northern hemisphere tend to shift left in the presence of friction. This phenomenon is reproduced by our model that the incoming Kelvin waves in the Yellow Sea are wider than the outgoing waves (Figures 6A, 7A). As a result of the increasing z0 and friction, the amphidromes move further left relative to the incoming Kelvin waves (Figures 6C, 7C). Meanwhile, as bottom friction increases, the incoming tidal waves become faster compared to the exiting in an amphidromic system, which is illustrated by the decreased (increased) tidal phase on the right (left) side of the amphirdormes looking into the semi-enclosed basin (Figures 5B, 6C, 7C, 9B).

An intuitive result of increasing bottom roughness and frictional dissipation is the reduction of tidal amplitude in most of the ECSs, especially in shallow (< 100 m) coastal waters (Figures 6C, 7C). In addition, looking into the direction of tidal wave propagation, due to the left movement of amphidromes, some regions to the right are further away from the amphidromes, where the tidal amplitude increases slightly (Figures 4B, 6C, 7C).

Overall, the increased bottom roughness induces weakened tidal amplitude and shifted amphidromes, which results in various changes in SSH model skills depending on the location of tide gauges (Figure 3B). A low, intermediate, and high z0 is favorable for lowering the SSH errors at Stations 6, 5, and 11, respectively (Figure 3B), although they are closely located (Figure 1).



Impacts of Atmospheric Data on Sea Surface Height and Tide Simulations

Over the episodic timescales (hours to days), discrepancies between the NCEP and ERA5 atmospheric forcing lead to uncertainties in SSH simulations. For instance, on 19 January 2019, the difference in wind speed can exceed 5 m/s (Figure 10A). The difference-induced wind stress curl creates a convergence/divergence zone in the East China/Yellow Sea and generates an instantaneous SSH difference up to 5 cm (Figure 10A). Likewise, in the Bohai Sea, the NCEP southerly winds are stronger than ERA5 southerlies, inducing a meridional SSH slope over 5 cm (Figure 10A). Differences of the two meteorological datasets are largest during storms. For example, the Super Typhoon Lekima is stronger in the NCEP reanalysis than ERA5, and the surge differs by ± 15 cm (Figures 10B–D).
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FIGURE 10. Differences in SSH (background color) and winds (arrows) at (A) 19 January 2019 1:00 and (B) 9 August 2019 6:00 calculated as the Afd (with NCEP forcing) minus the baseline (with ERA5 forcing) scenario. (C,D) Indicate the (C) ERA5 and (D) NCEP wind magnitude and direction at the same time as (B), right before landing of the Super Typhoon Lekima. Note that arrows in (C,D) only represent wind directions.


However, when it comes to the annual scale, the selection of atmospheric forcing exerts a minimal influence on the simulated SSH or tides in the ECSs, since the SSH model skills and tidal constituents extracted from 1-year data are mostly identical whether driven by ERA5 or NCEP data (Figures 3C, 4C, 5C, 6D, 7D, 8C, 9C). The SSH simulation is slightly better at Station 4 in the baseline scenario (Figure 3C).



Impacts of the Model Resolution on Sea Surface Height and Tide Simulations

When depicting the coastlines, the Cartesian mesh grid with a coarser resolution inevitably generates more and larger sawtooth-like land-water boundaries that impede the propagation of tidal waves. Thus, compared to the 2-km-resolution baseline run, a coarser (4 km) spatial resolution results in reduction in the M2 amplitude and retardation of the M2 waves (i.e., increased M2 phases) in most of the domain, especially in regions with complex coastlines and bathymetry (marked with red arrows in Figure 6E). In coastal regions like the Hangzhou Bay (Figure 6E), the landward narrowing is enhanced in the coarser grid so that local tides are further amplified (Figures 6E, 7E). Semi-diurnal tides with a shorter wavelength are more sensitive to model resolution than diurnal (Figures 6E, 7E).

With a coarser model grid, the average RMSE between the observed and simulated M2 amplitude decreases (from 0.164 to 0.153 m, Figure 4D), but that of the M2 phase increases (from 7.84° to 8.69°, Figure 5D). The K1 amplitude is better simulated in the 2-km-resolution (RMSE = 0.0265 m) than 4-km-resolution model (RMSE = 0.0294 m, Figure 8D), while the K1 phase is the opposite (RMSE lowers from 4.99° to 4.77° in the coarser-grid model, Figure 9D). Namely, a higher resolution (2 km vs. 4 km) does not seem to improve the tide simulation. However, the higher-resolution model performs better in modeling SSH at the majority of tide gauges, particularly where SSH is not well simulated (Figure 3D). For example, of all 15 tide gauges where RMSEs between simulated and observed SSH are over 0.05, most stations, except 1 and 6, show higher or equivalent model skills in a higher-resolution model (Figure 3D).



Impacts of Bathymetry Data on Sea Surface Height and Tide Simulations

When applying the refined bathymetry in the southern Yellow Sea (Figure 1), SSH simulation is greatly improved at the tide gauges covered by the new bathymetry (Stations 5, 6, and 11) and in surrounding regions (e.g., Stations 3 and most Korean stations) (Figure 3E). Errors of modeled M2 and K1 tides are prominently reduced throughout the ECSs (Figures 4E, 5E, 8E, 9E), largely accounting for the improvement in SSH simulation.

Bathymetry-induced changes in tides include the redistribution of amphidromes in the southern Yellow Sea and associated changes in tidal amplitude and phases (Figures 6F, 7F). The sand ridges and tidal channels between 31 and 34°N in the southwestern Yellow Sea are better depicted in the refined bathymetry (Figure 1), where changes in tides are most pronounced (Figures 6F, 7F). Impacts of the refined bathymetry reach as far as hundreds of kilometers away, such as the Taiwan Strait and South and West Coasts of the Korean Peninsula (Figure 6F). In comparison, the Bohai Sea to the north and deep regions close to the open boundary are less affected (Figures 6F, 7F).




DISCUSSION

SSH and tide simulations have been a challenge in shelf and coastal seas (Wang et al., 2009; Zijl et al., 2013). In the ECSs, such applications start in the 1970s (e.g., An, 1977) and the modeling skill keeps improving in the last decades (Tang, 1988; Yanagi and Inoue, 1994; Guo and Yanagi, 1998; Kang et al., 1998; Shulman et al., 1998; Lee and Jung, 1999; Bao et al., 2001; Naimie et al., 2001; Lee et al., 2002; Xia et al., 2006; Yao et al., 2012; Ge et al., 2013; Su et al., 2015; Feng et al., 2019; Nguyen and Lee, 2020). Many of these studies tend to calibrate their models with the empirical tidal components rather than SSH. Our model skills of major tidal components are comparable to them (e.g., Ge et al., 2013; Lee et al., 2013; Nguyen and Lee, 2020), which also means that there is much room for improvement.


Uncertainty Sources in Sea Surface Height Simulations of the Eastern China Seas

In our case study of the ECSs, open boundary forcing, bottom roughness, atmospheric forcing, the model resolution, and bathymetry play different roles in SSH simulations. Of these uncertainty sources, atmospheric forcing appears to be the least important, partly because the meteorological it is sufficiently well reproduced by the reanalysis products of ERA5 and NCEP. Their differences and the induced episodic uncertainties of SSH are negligible on the annual scale (Figure 3C). In addition to scenarios presented in this study, by switching off river input, we examined the role of river discharge in SSH and tide simulations. It turns out that it has a trivial impact on the shelf sea, even smaller than meteorological forcing, which is consistent with the prior finding that river discharge can be neglected in such applications (Su et al., 2015).

In the baseline scenario, relative RMSEs between the simulated and observed SSH are over 7.5% at only five tide gauges, i.e., Stations 6 (0.126), 10 (0.125), 5 (0.105), 2 (0.091), and 4 (0.087), and CCs at these stations are below 0.95 (Figure 3). Among these five stations with worst simulated SSH, the locally refined bathymetry substantially improves the model skill of two inner stations, 5 (RMSE = 0.051, CC = 0.976) and 6 (RMSE = 0.041, CC = 0.984), but has little impact on the other three near the open boundary (Figure 3E). Of the three tide models used for open boundary inputs, while FES2014 is likely superior to the others, none is able to substantially reduce the SSH errors at these three stations (Figure 3A), neither is changing bottom roughness or grid resolution (Figures 3B,D). Hence, in terms of “fixing the shortest boards of a wooden barrel,” our results underline open boundary forcing as another key uncertainty source in SSH simulation of the ECSs in addition to bathymetry.

According to Zijl et al. (2013), the model resolution and shallow-water dynamics including tidal wave propagation and dissipation, rather than open boundary forcing, are key to the SSH simulation in the Northwest European Shelf and North Sea, a marginal sea similar to the ECSs in terms of the basin geometry, spatial scale, and tidal range. It is likely that the bathymetry and open boundary data are better measured and modeled in the Northwest European Shelf than the ECSs.



Uncertainty Sources in Tide Simulations of the Eastern China Seas


Uncertainties of the Amphidromic Points

As a dominant component in the SSH variations, tides in the semi-enclosed ECSs are featured by multiple amphidromic systems (Figures 6A, 7A) because of reflection of Kelvin waves (Taylor, 1920). Positions of amphidromes regulating the tidal amplitude and phases in the associated regions have been discussed in many tide simulation studies (e.g., Guo and Yanagi, 1998; Kang et al., 1998; Yao et al., 2012; Yao, 2016). Our results demonstrate that the amphidromic points are most sensitive to bathymetry and bottom roughness and relatively insensitive to the model resolution, open boundary forcing, and meteorological forcing (Figures 6, 7).

In addition to precisely delineating bathymetry and coastlines, adjusting local Cd conduces to accurately locating the amphidromes in tide simulations. Pugh (1981) derived that the amphidrome in a channel with constant depth h should displace from the centerline by [image: image] in the northern hemisphere, where f is the Coriolis frequency, g is the gravitational acceleration, and α is the friction-induced attenuation ratio between the reflected and incident tidal waves. This analytical solution explains the wider (in the direction perpendicular to wave propagation) incidental waves than the reflected, as well as the further left displacement of amphidromes relative to the wave propagation direction induced by enhanced friction (Figures 6C, 7C). By integrating empirical tide data, Fang et al. (2004) detect two M2 amphidromes close to the land-sea boundary in the northern and southwestern Bohai Sea, respectively, which appear further landwards (i.e., degenerate amphidromes) in Guo and Yanagi (1998) and Varlamov et al. (2015), and our study, and further seawards in Ogura (1936), Yao et al. (2012), and Ge et al. (2013), etc. These variations in amphidromic points indicate relatively strong or weak friction in the Bohai Sea, respectively, for which coastal morphological changes, different bathymetry datasets, and discrepancies in Cd parameterization are potential causes.



Uncertainties of the Tidal Amplitude

The modeled tidal amplitude in the ECSs is a combined result of all tested factors except meteorological forcing (Figures 6, 7). Of these four factors, open boundary forcing and bottom roughness have specific and predictable effect on the tidal amplitude throughout the domain. Specifically, a large z0 and low tidal amplitude of a certain constituent (e.g., M2) at the open boundaries reduce the M2 amplitude in the entire ECSs (Figures 6, 7). In contrast, variations in bathymetry and grid resolutions (i.e., coastlines) have relatively strong but non-uniform effects on tidal amplitude in the basin, especially in shallow waters (Figures 6, 7).

It is inferred from our findings that overestimated (underestimated) incoming tides from the open boundaries combined with overestimated (underestimated) Cd may lead to similar simulated tidal amplitude that matches the observation. Yet, the aforementioned combination of open boundary inputs and Cd may not be realistic. This has important implications for understanding the wide selection of z0, Cd, and open boundary forcing in previous ECSs tide models. For instance, Cd in our baseline scenario (< 0.001 on average, Figure 2) is similar to that applied by Feng et al. (2019), in the lower range of that assimilated by Lu and Zhang (2006, 0.0001–0.003), and significantly lower compared to many ECSs models (e.g., 0.0035, Lee and Jung, 1999; 0.0015, Bao et al., 2001; 0.0015–0.00175, Hu et al., 2010; 0.002–0.0035, Nguyen and Lee, 2020). With a relatively low bottom roughness, our study finds the FES2014 data with relatively weak semidiurnal tides preferable as open boundary forcing. In contrast, Nguyen and Lee (2020) apply relatively strong bottom friction as well as semidiurnal tides (NAO99Jb) in their selected case. This phenomenon is named as equifinality in sediment models, which affects the predictive capacity of models (van Maren and Cronin, 2016).



Uncertainties of the Tidal Phase

Bathymetry, bottom friction, and the grid resolution have dominant impacts on tidal phases in the ECSs, while differences in open boundary tidal phases gradually diminish as tidal propagation into shallow waters (Figures 6, 7). Changes in tidal phases induced by bathymetry and bottom friction are mostly associated with redistribution of amphidromes discussed in sections “Impacts of Bottom Roughness on Sea Surface Height and Tide Simulations,” “Impacts of Bathymetry Data on Sea Surface Height and Tide Simulations,” and “Uncertainties of the Amphidromic Points.” In contrast, variations in model resolutions do not lead to marked shift of amphidromes but affect the delineation of coastlines and shallow-water tidal deformation (e.g., damping, convergence, and reflection). The resulting uncertainties in tidal phases are notable in regions with complicated or abruptly changing coastlines (Figure 6E).

It is noteworthy that increasing bottom friction and using a coarser model grid have complementary effects on the M2 phase on the West Coast of Korea (Figures 6C,E). Specifically, if model calibration is only concerned in this region, uncertainties from an insufficient grid resolution can be offset by adding bottom friction basin-wide, making them difficult to discern and eliminate.




Recommendations for Future Endeavors

Prior studies attempting to decompose and reduce uncertainties in modeled SSH and tides in regional seas highlight the importance of open boundary forcing (Abdennadher and Boukthir, 2006; Yao et al., 2012), bottom friction (Lu and Zhang, 2006; Zijl et al., 2013; Nguyen and Lee, 2020), model resolutions (Falcão et al., 2013; Zijl et al., 2013), or bathymetry data (Lee et al., 2013; Quaresma and Pichon, 2013) as the main uncertainty source. After examining their influences, we have the following suggestions for such attempts in the ECSs and other regional seas.

Acquiring the realistic bathymetry is the priority of all efforts. Of all the scenarios in our study, locally refined bathymetry reduces errors in SSH and tides to the largest extent. As implied by our results (e.g., section “Uncertainties of the Tidal Amplitude”), adjusting other model inputs or parameters with inadequately accurate bathymetry runs the risk of introducing unrealistic processes or overcorrecting the bathymetry-induced errors. However, open-access bathymetry datasets for the ECSs are limited except for some global ones such as GEBCO and ETOP (by the National Geophysical Data Center). Extensive measurements of shelf and coastal bathymetry, as well as publicizing them are as important, if not more so, than developing high-resolution models with fine-tuning parameters.

With accurate bathymetry and coastline data, the next suggested practice is to find the optimal open boundary input before running any sensitive tests of model parameters. For example, tuning z0 with biased boundary forcing likely produces additional errors in the simulated tides (section “Uncertainties of the Tidal Amplitude”). Boundary forcing can be selected by comparing candidates with observations near open boundaries, in our case, Stations 12, 4, 2, 8, 10, 9, 7, and 14. In such attempts of our study, none of the three candidates seems completely superior to the others. FES2014 simulates semidiurnal tides of these stations with fewer deviations, especially around the Taiwan Strait (Figure 4A), but largely underestimates diurnal tides along the Ryukyu Islands (Figure 8A). In addition to seeking better alternatives, Yao (2016) suggests correcting the existing tide model output using observational data near the boundaries, which, as a potential solution, still needs an algorithm to fill the spatial gaps between observations.

Another uncertainty source, bottom roughness, should be adjusted after bathymetry and open boundary forcing. The best practice would be to set the z0 or Cd range based on measurements in the bottom boundary layer (e.g., velocity at 1 m above the seabed, Soulsby, 1983) and the sediment grainsize map (Thiébot et al., 2020b). In shelf seas such as the Northwest European Shelf and ECSs, sediment grainsize is mostly mapped (Zeng et al., 2015; Wilson et al., 2018; Mi et al., 2020). However, sediment mixture composition, morphology of seabed ripples, and even near-bottom suspended sediments change the z0 magnitude (Soulsby, 1983). Given that these data or bottom boundary layer measurements are sparse or unavailable, many regional models tune z0 or Cd for optimal matches with observations, some using data assimilation (Lu and Zhang, 2006; Nguyen and Lee, 2020). While it may be effective, caution needs to be used for equifinality, i.e., different combinations of model parameters/settings may produce similar model performance. Hence, the large Cd range in prior ECSs studies (0.0001–0.0035, section “Uncertainties of the Tidal Amplitude”) generally reflects the inter-model uncertainties, which should be eliminated by optimized z0 or Cd estimation referring to in situ measurements, as well as improved bathymetry data, boundary forcing, and other model settings.

Furthermore, increasing the grid resolution may not be an effective solution to all biases. A higher grid resolution results in improved model skills in many global (Lyard et al., 2006, 2021; Zu et al., 2008; Stammer et al., 2014) and regional (Lefevre et al., 2000; Zijl et al., 2013) tide models, as well as SSH in our study. However, increasing the grid resolution to a certain extent, 2–1 km in the study by Lee et al. (2013) and 4–2 km in our study, does not significantly improve the modeled tides, since the grid resolution may not be the largest uncertainty source.

Last but not least, when conducting model calibration, the ECSs, or other shelf seas, should be considered as an entire system. According to our results, local adjustment in model settings (bathymetry, open boundaries, etc.) has far-reaching influences on regions hundreds of kilometers away, especially those within the same amphidromic system. Moreover, focusing on part of an amphidromic system is unfavorable for discerning opposite deviations caused by different factors (section “Uncertainties of the Tidal Phase”). A thorough model assessment should include observational data not only in the area of interest (e.g., Feng et al., 2019; Nguyen and Lee, 2020) but all around the basin. While the observed SSH collected in this study lasting several decades satisfies this need, tidal current data of sufficient spatial coverage and temporal span are mostly unavailable in the ECSs. A similar modeling assessment of tidal current requires increasingly extensive flow measurements and an updated data-sharing agreement involving several countries around the ECSs. Additionally, given the SSH seasonal variation, we recommend using at least 12-month time series for validation of tidal harmonics.




CONCLUSION

SSH and tide simulations are relatively inaccurate in shelf seas. Even though tide simulations in the ECSs have been reported for decades, it remains one of the shelf seas with highest inter-model standard deviations (Stammer et al., 2014). Rather than presenting a perfect model with fewest errors, our study explores potential uncertainty sources and their effects on SSH and tide modeling.

Our results indicate that SSH and tide modeling accuracy is primarily constrained by bathymetry data, and regionally refined bathymetry reduces biases locally as well as hundreds of kilometers away. Open boundary forcing provided by FES2014, OTPS, or NAO99Jb is associated with large uncertainties, especially in shallow waters near Taiwan and Sea of Japan, which can penetrate into the entire ECSs. FES2014 simulates SSH and semidiurnal tides better but extensively underestimates diurnal tides. Besides adding frictional dissipation, increasing z0 and Cd affects the amphidromic system by amplifying the relative strength of incoming to exiting Kelvin waves, with shifted amphidromes and corresponding tidal phases. Impacts of adjusting the grid resolution are mainly revealed in the nearshore waters with complicated coastlines. A higher resolution (2 km vs. 4 km) does not improve the overall model skill of tides but that of SSH. Using different meteorological forcing data produces SSH uncertainties of mostly a few centimeters over timescales of hours to days, which is insignificant on the annual scale.

In addition to the individual impacts of the five examined uncertainty sources, our study highlights their combined effects and the possible equifinal model settings. “All models are wrong but some are useful” (Box, 1976). Factors that have opposing effects on SSH, tidal amplitude, or tidal phases may counteract their respective biases, diminish the simulation deviations in part of or the entire domain, but make the model less “useful,” i.e., reduce predictive capability of the model.

As Lyard et al. (2006) claim, data assimilation cannot be the ultimate answer to a better tide model or replace the efforts of improving the simulation of tidal dynamics. Our non-assimilative findings offer insights into developing a more “useful,” or realistic, ECSs model, which should be applicable to modeling other regional seas as well as designing data assimilation strategies.
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7 https://www.ncei.noaa.gov/products/weather-climate-models/climate-forecast-system

8 https://uhslc.soest.hawaii.edu/

9 http://www.khoa.go.kr/koofs/kor/observation/obs_real.do


REFERENCES

Abdennadher, J., and Boukthir, M. (2006). Numerical simulation of the barotropic tides in the Tunisian shelf and the strait of Sicily. J. Mar. Syst. 63, 162–182. doi: 10.1016/j.jmarsys.2006.07.001

Aldridge, J. N., and Davies, A. M. (1993). A high-resolution three-dimensional hydrodynamic tidal model of the Eastern Irish Sea. J. Phys. Oceanogr. 23, 207–224. doi: 10.1175/1520-0485(1993)023<0207:AHRTDH>2.0.CO;2

An, H. S. (1977). A numerical experiment of the M2 tide in the Yellow Sea. J. Oceanogr. Soc. Jap. 33, 103–110. doi: 10.1007/BF02110016

Bao, X., Gao, G., and Yan, J. (2001). Three dimensional simulation of tide and tidal current characteristics in the East China Sea. Oceanol. Acta 24, 135–149. doi: 10.1016/S0399-1784(00)01134-8

Blain, C. A. (1997). Development of a data sampling strategy for semienclosed seas using a shallow-water model. J. Atmosp. Oceanic Technol. 14, 1157–1173. doi: 10.1175/1520-0426(1997)014<1157:DOADSS>2.0.CO;2

Blumberg, A. F., and Mellor, G. L. (1987). “A description of a three-dimensional coastal ocean circulation model,” in Three-dimensional Coastal Ocean Models, ed. N. Heaps (Hoboken, NJ: Wiley), 1–16. doi: 10.1029/CO004p0001

Box, G. E. (1976). Science and statistics. J. Am. Statist. Assoc. 71, 791–799. doi: 10.1080/01621459.1976.10480949

Carter, G. S., and Merrifield, M. A. (2007). Open boundary conditions for regional tidal simulations. Ocean Model. 18, 194–209. doi: 10.1016/j.ocemod.2007.04.003

Cheng, X., Li, L., Du, Y., Wang, J., and Huang, R. X. (2013). Mass-induced sea level change in the northwestern North Pacific and its contribution to total sea level change. Geophys. Res. Lett. 40, 3975–3980. doi: 10.1002/grl.50748

Cheng, X., McCreary, J. P., Qiu, B., Qi, Y., and Du, Y. (2017). Intraseasonal-to-semiannual variability of sea-surface height in the astern, equatorial Indian Ocean and southern Bay of Bengal. J. Geophys. Res. Oceans 122, 4051–4067. doi: 10.1002/2016JC012662

Chrysagi, E., Umlauf, L., Holtermann, P., Klingbeil, K., and Burchard, H. (2021). High-resolution simulations of submesoscale processes in the Baltic Sea: the role of storm events. J. Geophys. Res. Oceans 126:e2020JC016411. doi: 10.1029/2020JC016411

Duran-Matute, M., Gerkema, T., De Boer, G. J., Nauw, J. J., and Gräwe, U. (2014). Residual circulation and freshwater transport in the Dutch Wadden Sea: a numerical modelling study. Ocean Sci. 10, 611–632. doi: 10.5194/os-10-611-2014

Egbert, G. D., and Erofeeva, S. Y. (2002). Efficient inverse modeling of barotropic ocean tides. J. Atmosp. Oceanic Technol. 19, 183–204. doi: 10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2

Falcão, A. P., Mazzolari, A., Gonçalves, A. B., Araújo, M. A. V., and Trigo-Teixeira, A. (2013). Influence of elevation modelling on hydrodynamic simulations of a tidally-dominated estuary. J. Hydrol. 497, 152–164. doi: 10.1016/j.jhydrol.2013.05.045

Fang, G. (1979). Dissipation of tidal energy in Yellow Sea. Oceanol. Liminol. Sin. 10, 200–213.

Fang, G., Wang, Y., Wei, Z., Choi, B. H., Wang, X., and Wang, J. (2004). Empirical cotidal charts of the Bohai, Yellow, and East China Seas from 10 years of TOPEX/Poseidon altimetry. J. Geophys. Res. Oceans 109:C11006. doi: 10.1029/2004JC002484

Feng, X., Feng, H., Li, H., Zhang, F., Feng, W., Zhang, W., et al. (2019). Tidal responses to future sea level trends on the Yellow Sea shelf. J. Geophys. Res. Oceans 124:2019JC015150. doi: 10.1029/2019JC015150

Ge, J., Ding, P., Chen, C., Hu, S., and Wu, L. (2013). An integrated East China Sea-Changjiang Estuary model system with aim at resolving multi-scale regional-shelf-estuarine dynamics. Ocean Dynamics 63, 881–900. doi: 10.1007/s10236-013-0631-3

Greenberg, D. A., Dupont, F., Lyard, F. H., Lynch, D. R., and Werner, F. E. (2007). Resolution issues in numerical models of oceanic and coastal circulation. Continental Shelf Res. 27, 1317–1343. doi: 10.1016/j.csr.2007.01.023

Guo, X., and Yanagi, T. (1998). Three-dimensional structure of tidal current in the East China Sea and the Yellow Sea. J. Oceanogr. 54, 651–668. doi: 10.1007/BF02823285

Hall, P., and Davies, A. M. (2005). The influence of sampling frequency, non-linear interaction, and frictional effects upon the accuracy of the harmonic analysis of tidal simulations. Appl. Math. Model. 29, 533–552. doi: 10.1016/j.apm.2004.09.015

Hart-Davis, M. G., Piccioni, G., Dettmering, D., Schwatke, C., Passaro, M., and Seitz, F. (2021). EOT20: A global ocean tide model from multi-mission satellite altimetry. Earth Syst. Sci. Data 13, 3869–3884. doi: 10.5194/essd-13-3869-2021

Hu, C. K., Chiu, C. T., Chen, S. H., Kuo, J. Y., Jan, S., and Tseng, Y. H. (2010). Numerical simulation of barotropic tides around Taiwan. Terr. Atmos. Ocean. Sci. 21, 71–84. doi: 10.3319/TAO.2009.05.25.02(IWNOP)

Hwang, P. A., Bratos, S. M., Teague, W. J., Wang, D. W., Jacobs, G. A., and Resio, D. T. (1999). Winds and waves in the Yellow and East China Seas: A comparison of spaceborne altimeter measurements and model results. J. Oceanogr. 55, 307–325. doi: 10.1023/A:1007880928149

Jiang, L., Gerkema, T., Wijsman, J. W., and Soetaert, K. (2019). Comparing physical and biological impacts on seston renewal in a tidal bay with extensive shellfish culture. J. Mar. Syst. 194, 102–110. doi: 10.1016/j.jmarsys.2019.03.003

Kang, S. K., Lee, S. R., and Lie, H. J. (1998). Fine grid tidal modeling of the Yellow and East China Seas. Continent. Shelf Res. 18, 739–772. doi: 10.1016/S0278-4343(98)00014-4

Lardner, R. W., Al-Rabeh, A. H., and Gunay, N. (1993). Optimal estimation of parameters for a two-dimensional hydrodynamical model of the Arabian Gulf. J. Geophys. Res. Oceans 98, 18229–18242. doi: 10.1029/93JC01411

Lee, H. J., Jung, K. T., So, J. K., and Chung, J. Y. (2002). A three-dimensional mixed finite-difference Galerkin function model for the oceanic circulation in the Yellow Sea and the East China Sea in the presence of M2 tide. Continent. Shelf Res. 22, 67–91. doi: 10.1016/S0278-4343(01)00068-1

Lee, J. C., and Jung, K. T. (1999). Application of eddy viscosity closure models for the M2 tide and tidal currents in the Yellow Sea and the East China Sea. Continent. Shelf Res. 19, 445–475. doi: 10.1016/S0278-4343(98)00087-9

Lee, M. E., Kim, G., and Nguyen, V. T. (2013). Effect of local refinement of unstructured grid on the tidal modeling in the south-western coast of Korea. J. Coastal Res. 65, 2017–2022. doi: 10.2112/SI65-341.1

Lefevre, F., Le Provost, C., and Lyard, F. H. (2000). How can we improve a global ocean tide model at a regional scale? A test on the Yellow Sea and the East China Sea. J. Geophys. Res. Oceans 105, 8707–8725. doi: 10.1029/1999JC900281

Liu, Z., and Gan, J. (2016). Open boundary conditions for tidally and subtidally forced circulation in a limited-area coastal model using the Regional Ocean Modeling System (ROMS). J. Geophys. Res. Oceans 121, 6184–6203. doi: 10.1002/2016JC011975

Lu, X., and Zhang, J. (2006). Numerical study on spatially varying bottom friction coefficient of a 2D tidal model with adjoint method. Continental Shelf Res. 26, 1905–1923. doi: 10.1016/j.csr.2006.06.007

Lyard, F. H., Allain, D. J., Cancet, M., Carrère, L., and Picot, N. (2021). FES2014 global ocean tide atlas: design and performance. Ocean Sci. 17, 615–649. doi: 10.5194/os-17-615-2021

Lyard, F., Lefevre, F., Letellier, T., and Francis, O. (2006). Modelling the global ocean tides: modern insights from FES2004. Ocean Dyn. 56, 394–415. doi: 10.1007/s10236-006-0086-x

Matsumoto, K., Sato, T., Takanezawa, T., and Ooe, M. (2001). GOTIC2: A program for computation of oceanic tidal loading effect. J. Geodetic Soc. Jap. 47, 243–248.

Matsumoto, K., Takanezawa, T., and Ooe, M. (2000). Ocean tide models developed by assimilating TOPEX/POSEIDON altimeter data into hydrodynamical model: A global model and a regional model around Japan. J. Oceanogr. 56, 567–581. doi: 10.1023/A:1011157212596

Mi, B., Zhang, Y., and Mei, X. (2020). The sediment distribution characteristics and transport pattern in the eastern China seas. Quaternary Int. [Preprint]. doi: 10.1016/j.quaint.2020.11.020

Mofjeld, H. O. (1988). Depth dependence of bottom stress and quadratic drag coefficient for barotropic pressure-driven currents. J. Phys. Oceanogr. 18, 1658–1669. doi: 10.1175/1520-0485(1988)018<1658:DDOBSA>2.0.CO;2

Müller, M., Cherniawsky, J. Y., Foreman, M. G., and von Storch, J. S. (2014). Seasonal variation of the M2 tide. Ocean Dynam. 64, 159–177. doi: 10.1007/s10236-013-0679-0

Munk, W., and Wunsch, C. (1998). Abyssal recipes II: Energetics of tidal and wind mixing. Deep Sea Res. Part I Oceanogr. Res. Pap. 45, 1977–2010. doi: 10.1016/S0967-0637(98)00070-3

Naimie, C. E., Blain, C. A., and Lynch, D. R. (2001). Seasonal mean circulation in the Yellow Sea—a model-generated climatology. Continental Shelf Res. 21, 667–695. doi: 10.1016/S0278-4343(00)00102-3

Nguyen, V. T., and Lee, M. (2020). Effect of open boundary conditions and bottom roughness on tidal modeling around the West Coast of Korea. Water 12, 1706. doi: 10.3390/w12061706

Ogura, S. (1936). The tides in the northern part of the Hwang Hai. Jap. J. Astronomy Geophys. 14:27.

Pawlowicz, R., Beardsley, B., and Lentz, S. (2002). Classical tidal harmonic analysis including error estimates in MATLAB using T_TIDE. Comp. Geosci. 28, 929–937. doi: 10.1016/S0098-3004(02)00013-4

Pugh, D. T. (1981). Tidal amphidrome movement and energy dissipation in the Irish Sea. Geophys. J. Int. 67, 515–527. doi: 10.1111/j.1365-246X.1981.tb02763.x

Quaresma, L. S., and Pichon, A. (2013). Modelling the barotropic tide along the West-Iberian margin. J. Mar. Syst. 109, S3–S25. doi: 10.1016/j.jmarsys.2011.09.016

Rienecker, M. M., and Teubner, M. D. (1980). A note on frictional effects in Taylor’s problem. J. Mar. Res. 38, 183–191.

Sannino, G., Bargagli, A., and Artale, V. (2004). Numerical modeling of the semidiurnal tidal exchange through the Strait of Gibraltar. J. Geophys. Res. Oceans 109:C05011. doi: 10.1029/2003JC002057

Santoro, P. E., and Fossati, M. Piedra-Cueva, I. (2013). Study of the meteorological tide in the Río de la Plata. Cont. Shelf Res. 60, 51–63. doi: 10.1016/j.csr.2013.04.018

Shulman, I., Lewis, J. K., Blumberg, A. F., and Kim, B. N. (1998). Optimized boundary conditions and data assimilation with application to the M2 tide in the Yellow Sea. J. Atmosp. Oceanic Technol. 15, 1066–1071. doi: 10.1175/1520-0426(1998)015<1066:OBCADA>2.0.CO;2

Soulsby, R. L. (1983). “The bottom boundary layer of shelf seas,” in Physical Oceanography of Coastal and Shelf Seas, ed. B. E. Johns (Amsterdam: Elsevier), 189–266. doi: 10.1016/S0422-9894(08)70503-8

Stammer, D., Ray, R. D., Andersen, O. B., Arbic, B. K., Bosch, W., Carrère, L., et al. (2014). Accuracy assessment of global barotropic ocean tide models. Rev. Geophys. 52, 243–282. doi: 10.1002/2014RG000450

Su, M., Yao, P., Wang, Z. B., Zhang, C. K., and Stive, M. J. (2015). Tidal wave propagation in the Yellow Sea. Coast. Engine. J. 57:1550008. doi: 10.1142/S0578563415500084

Tang, Y. (1988). Numerical modelling of the tide-induced residual current in the East China Sea. Prog. Oceanogr. 21, 417–429.

Taylor, G. I. (1920). Tidal oscillations in gulfs and rectangular basins. Proc. Lond. Math. Soc. 2, 148–181. doi: 10.1112/plms/s2-20.1.148

Taylor, K. E. (2001). Summarizing multiple aspects of model performance in a single diagram. J. Geophys. Res. Atmosp. 106, 7183–7192. doi: 10.1029/2000JD900719

Teague, W. J., Perkins, H. T., Hallock, Z. R., and Jacobs, G. A. (1998). Current and tide observations in the southern Yellow Sea. J. Geophys. Res. Oceans 103, 27783–27793. doi: 10.1029/98JC02672

Thiébot, J., Coles, D. S., Bennis, A. C., Guillou, N., Neill, S., Guillou, S., et al. (2020a). Numerical modelling of hydrodynamics and tidal energy extraction in the Alderney Race: a review. Philosop. Transact. R. Soc. A 378:20190498. doi: 10.1098/rsta.2019.0498

Thiébot, J., Guillou, N., Guillou, S., Good, A., and Lewis, M. (2020b). Wake field study of tidal turbines under realistic flow conditions. Renewable Energy 151, 1196–1208. doi: 10.1016/j.renene.2019.11.129

van der Molen, J., Ruardij, P., and Greenwood, N. (2016). Potential environmental impact of tidal energy extraction in the Pentland Firth at large spatial scales: results of a biogeochemical model. Biogeosciences 13, 2593–2609. doi: 10.5194/bg-13-2593-2016

van Maren, D. S., and Cronin, K. (2016). Uncertainty in complex three-dimensional sediment transport models: equifinality in a model application of the Ems Estuary, the Netherlands. Ocean Dynamics 66, 1665–1679. doi: 10.1007/s10236-016-1000-9

Varlamov, S. M., Guo, X., Miyama, T., Ichikawa, K., Waseda, T., and Miyazawa, Y. (2015). M2 baroclinic tide variability modulated by the ocean circulation south of Japan. J. Geophys. Res. Oceans 120, 3681–3710. doi: 10.1002/2015JC010739

Wang, X., Chao, Y., Dong, C., Farrara, J., Li, Z., McWilliams, J. C., et al. (2009). Modeling tides in Monterey Bay, California. Deep Sea Res. Part II Top. Stud. Oceanogr. 56, 219–231. doi: 10.1016/j.dsr2.2008.08.012

Wilson, R. J., Speirs, D. C., Sabatino, A., and Heath, M. R. (2018). A synthetic map of the north-west European Shelf sedimentary environment for applications in marine science. Earth Syst. Sci. Data 10, 109–130. doi: 10.5194/essd-10-109-2018

Wu, R., Wu, S., Chen, T., Yang, Q., Han, B., and Zhang, H. (2021). Effects of Wave-Current Interaction on the Eastern China Coastal Waters during Super Typhoon Lekima (2019). J. Phys. Oceanogr. 51, 1611–1636. doi: 10.1175/JPO-D-20-0224.1

Xia, C., Qiao, F., Yang, Y., Ma, J., and Yuan, Y. (2006). Three-dimensional structure of the summertime circulation in the Yellow Sea from a wave-tide-circulation coupled model. J. Geophys. Res. Oceans 111:C003218. doi: 10.1029/2005JC003218

Yanagi, T., and Inoue, K. (1994). Tide and tidal current in the Yellow/East China Seas. La Mer 32, 153–165.

Yanagi, T., Morimoto, A., and Ichikawa, K. (1997). Co-tidal and co-range charts for the East China Sea and the Yellow Sea derived from satellite altimetric data. J. Oceanogr. 53, 303–310.

Yao, P. (2016). Tidal and sediment dynamics in a fine-grained coastal region: a case study of the Jiangsu Coast. Ph.D. Thesis. The Netherlands: Delft University of Technology.

Yao, Z., He, R., Bao, X., Wu, D., and Song, J. (2012). M2 tidal dynamics in Bohai and Yellow Seas: a hybrid data assimilative modeling study. Ocean Dynamics 62, 753–769. doi: 10.1007/s10236-011-0517-1

Zeng, X., He, R., Xue, Z., Wang, H., Wang, Y., Yao, Z., et al. (2015). River-derived sediment suspension and transport in the Bohai, Yellow, and East China Seas: A preliminary modeling study. Continent. Shelf Res. 111, 112–125. doi: 10.1016/j.csr.2015.08.015

Zijl, F., Verlaan, M., and Gerritsen, H. (2013). Improved water-level forecasting for the Northwest European Shelf and North Sea through direct modelling of tide, surge and non-linear interaction. Ocean Dynam. 63, 823–847. doi: 10.1007/s10236-013-0624-2

Zhu, C., Lee, W. S., Kang, H., and Park, C. K. (2005). A proper monsoon index for seasonal and interannual variations of the East Asian monsoon. Geophys. Res. Lett. 32, L02811. doi: 10.1029/2004GL021295

Zu, T., Gan, J., and Erofeeva, S. Y. (2008). Numerical study of the tide and tidal dynamics in the South China Sea. Deep Sea Res. Part I Oceanogr. Res. Pap. 55, 137–154. doi: 10.1016/j.dsr.2007.10.007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jiang, Lu, Xu, Yao and Cheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmars-09-827547-g010.jpg
(w) @oualayiq |aA7 Ja1BAA

132°E

o Yo
™ N

(s/w) spnyubely puipp

o wn o
N

-
BT, . e o
!

)

<5

N &
~a L
NN N
DR AT,
oL RN
N N

vy [

/ / \_” \ ! f J“
Beh ) v 7
e ._v|||\||\|14||.m
\ m 2 /7 %/ \

\ \m Y
--M ..... w--up-;;b-yl

o |

b A nnds

e e e Voo o s e

4

123°E 126°E 129°E 132°E

120°E

.00/ \ i

]
|
|
=
l
-
|

[ |
| |
N r Al
| | |
I v N
I I | I
-~ L - 4 ' 1 ~J ~ ~ \ { | w
I | I I | o)
||||||||||||||||||||||| i e B e - B
K - ¢ i Vo N - ( ) I
_ | \ I I | =
A v | \ ~ ~ 4 ¥ y|
Q- I | | |
M - u ~ - .l_ = ! - _l ._
I I I _
ﬂ I _ I |
% s ‘ 1 1 =H r L
|||||||| A _ e . _ - _-_-L1 O
S - S
o | 1 =
A - / w _
(o)} | | |
2 [ J \ N \ [N ~
A I I I
D S \ ~ NN NoEe L
b) b I I o
||||||| e ibataiuiatninbabaial G 0 ™
7/ _/ ™ | S~ - N _/ ~ 2
I I I L
\ &~ r—= .~
] _ I
~ L N ¥ -~ =3 (S ’
I I |
_ b e addll
¢ ¥ \ | | ) 0:._
|||||| - ———— &||||||||||4|||||!|||| —————— m
N \ -~ =~
_ _ - | o
- ] S - | - N
R [ [ \ =
— N | |
N B i | I N B
| | | , I |
\ g W \ 1 - f T | _\‘ \ ~
! | | n—v/ | |
1 1 1 _1 1 1 1 1
Z =z =z =z z Z — s Z =z < =z
o o o 1) o) ) o <) o o o
(o)) (o) ™ (&) N~ < (o)) (o] ™ [ <
™ (4p) ™ ™ N N D (4p] o (a0) ™ N
N ™ < 7o)
2 _—
S S S = S S = =
o o o o Q Q Q = =
= T T

k- 7 -
A

-

/
pi A

d-Aug-201

39°N T~

360N ey el e

33°N T

27°N T

24°N

117°E

120°E 123°E 126°E 129°E 132°E

117°E

123°E 126°E 129°E 132°E

E

120°





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Uncertainties Associated With Simulating Regional Sea Surface Height and Tides: A Case Study of the East China Seas



		INTRODUCTION



		STUDY AREA



		MATERIALS AND METHODS



		Model Description



		Model Scenarios



		Comparison of the Modeled and Observational Sea Surface Heights









		RESULTS



		Impacts of Open Boundary Data on Sea Surface Height and Tide Simulations



		Impacts of Bottom Roughness on Sea Surface Height and Tide Simulations



		Impacts of Atmospheric Data on Sea Surface Height and Tide Simulations



		Impacts of the Model Resolution on Sea Surface Height and Tide Simulations



		Impacts of Bathymetry Data on Sea Surface Height and Tide Simulations









		DISCUSSION



		Uncertainty Sources in Sea Surface Height Simulations of the Eastern China Seas



		Uncertainty Sources in Tide Simulations of the Eastern China Seas



		Uncertainties of the Amphidromic Points



		Uncertainties of the Tidal Amplitude



		Uncertainties of the Tidal Phase









		Recommendations for Future Endeavors









		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Marine Science

Uncertainties Associated With
Simulating Regional Sea Surface
Height and Tides: A Case Study

of the East China Seas







OPS/images/fmars-09-827547-e000.jpg
(6]







OPS/images/logo.jpg
’ frontiers
in Marine Science





OPS/images/fmars-09-827547-i000.jpg
hing
fdiina

2f





OPS/images/cross.jpg
3,

i





OPS/images/fmars-09-827547-g001.jpg
117°E 132°E 1 1§°e 1 1s?°e 129°E 12]°E 12?°E 12:'3°E 12¢3°E 125°E
: 380

30°N 1 4

360N_ b o o il

36°N -

33°N
V)

30°N -

27°N

Pacific
Ocean






OPS/images/fmars-09-827547-g002.jpg
Cd (dimensionless)

><10'3

T —___Lh'h---_'!'_-—

=TT — o
-
-
~

z0=0.05 mm

= = 70=0.5 mm
—=—=70=1.5 mm

50 100 150 200
Water depth (m)





OPS/images/fmars-09-827547-g003.jpg
]

cmomeens=tT
o ]
1

PR

0.20

——eh e,
Ve,

5 -

m (pazijewloN) uoneira( plepue)

%1
0.05

7@

~
—, N ..,
[ S LT S
y ———
~
~
~

3

05
14"
-

7
05

0

® 9
0

0.10
2
0.10

0.15
Root Mean Square Error (Normalized)

0.15
Root Mean Square Error (Normalized)

0.20

(pazijewloN) uoneira(q plepue)

.05
05

0
0

1
H
1
.
1
.
1
)
1
)
1
H

1

iy
3 [
1

0.10
0.10
8

0.10

0.16
Root Mean Square Error (Normalized)

0.15
Root Mean Square Error (Normalized)

0.15
Root Mean Square Error (Normalized)

0.20

0.20

0.20

(pazijewloN) uoneireq piepue) (pazijewloN) uoneireq piepue)





OPS/images/fmars-09-827547-g004.jpg
Simulated M2 Amplitude (m)

2571

15T

N
o

N

-
&)

—
T

=
o

1.5}

0.5+

Observed M2 Amplitude (m)

+ FES2014 -3
+ OTPS 24, 22
+  NAO99Jb 161
-------- 1:1 Line 21 ¢18
19 .~
5. #3
42
+2
15525711
13+%20 2
174 4™
14, 7
1049
2 %
#4
0.5 1 15 2 25
+ ERA5 L
+ NCEP 0422
i 1:1 Line 16, 7
214 +18
19+,//
5 43
12
+23 .4
15,2511
13++20" 6
17+
14, 7
1049
2+ﬂF
4
0.5 1 15 2 25
+ GEBC02019 e
+  Locally refined 24 22
N 1:1 Line 16, o
21:':4:1’,8"
19+
54
12
23,
15&25’ 11
134920
174+
14, 7
1049
2%
#4
0.5 1 15 2 25

2.5

1.5

0.5

- D3

2.9

1.5

0.5

z0=0.05 mm

-+ + ,’/
+ z0=0.15 mm L2
+24
+ z0=0.5 mm 16,
+  z0=1.5mm 21++148 &
------ 1:1 Line +H *
191 ,4:_5_ = 4=
ot
" #3
3
2 ,’,,:i_ G
15405 14 +
13+t20" + #P
+ o+
A7 _,_%1
10+9
2¢ g
44
0.5 1 1.5 2 2.5
+  2km w
+ 4 km +22
. +24.-
-------- 1:1 Line 16, ~ -
214 $187
19¢,//
St
5 #3
I F
5 111 6
13¢ﬁﬂ3
10+9
Zt#
#4
0.5 1 1.5 2 25

Observed M2 Amplitude (m)






OPS/images/fmars-09-827547-g005.jpg
A

(@

Simulated M2 Phase (degrees)

360

300

240 |

180

120 |

60 r

W
(@)
e

W
o
G2

N
AN
e

=
oo
o

120 |

o
o

0
360

300

240 |

180

120 |

60 r

. . —.~B360 . . . -
+  FES2014 5 14 +  z0=0.05 mm 5 ,|.ﬁ'4
+  OTPS 11+2+8"' / + z0=0.15 mm 11 218 7
+  NAO99Jb ,,51*0 1 3001 | + 20=0.5mm %g%
-------- 1:1 Line +  z0=1.5 mm
s | | || 1:1 Line
’ +22 _ 240 [l ’ +22
24+. 24+,
16#,‘1"1'8 16, #18
21+.19 180 | . 21+79
+6 f6
42 425
125 120 1 1255
4423 60 , 4 423
3, * 2 |
134=’1,/7 1 13$17
% | 1 | . 1 204 0 % | | | | | 20
0 60 120 180 240 300 360 O 60 120 180 240 300 360
. . . . —D360 - . . . —
+ ERAS 5+ :|,_"14 + 2km 5+ 14
+ NCEP 11625 / $ 4k 2% 7
e 1:1 Line Je | 800 | 1:1 Line j% ‘
,’,’,’ _F',',
422 ; I 422
24+ F 24+ .
16, 718 16$,?F1'8
24419 180 | 21419
46 6
42 A2
122 120 | 124
4_}7,4—23 60 f 4 44;,,'4&23
pas 4
13+/ 1 137 1
17 17
A5 | | 204 4LA5 | | . 204
0 60 120 180 240 300 360 O 60 120 180 240 300 360
| | | | | % Observed M2 Phase (degrees)
+ GEBC02019 5, +,'T4
+  Locally refined 2% 1
-------- 1:1 Line T8
' 410
422
24+
16#,*’1'8
21+19
16 7
12442
4 +23
3 %
+ .M
13,47
% | | 1 204
0 60 120 180 240 300 360

Observed M2 Phase (degrees)





OPS/images/fmars-09-827547-g006.jpg
(w) @ouaiayip apnydwe Jusuodwod |epl|

(w) @ouaiayip apnyijdwe Jusuodwod |epl|

(w) souasayip apnydwe Jusuodwod |epl|

N i e S 2 N = o N ol N - - N
o o o Q & Q o o o Q Q Q o o o < <
T T T T T T

----------------

\”‘\
.‘P\‘l-
o
5l

(w) epnyjdwe jusuodwod [epi| 0 (w) @ouaiayip apnyjdwe Jusuodwod |epl| LL (w) aouauayip apnydwe Jusuodwod |epl|

o o o < < Q o o o < <? =
| _ _ _ T T | i j _
° o
4 L ( & -
& / \ i
a . ; 7
|\ RGA N g v 2o
4 ,_,,W( \ n <_w.n.w - N\ N \ m | |
| il \ \ ¢ ndl e ; i .
| i | £\ g ,,,.,..z..m ¢ \ - v \% ,,,, V4
oo | | S T ke / \ J ] |
: \ - SIS ‘ _ m. N
- N\ ? : P ..r; = = 3 : e ) - R
AN v Reiia® TN\ by
..,,,,/f .,. ,._,J i / | )
o/ N : = LN A . e

39°N
36°N
33°N
30°N
27°N
24°N
C

39°N
36°N
33°N
30°N
27°N
24°N
E

39°N
36°N
33°N
30°N
27°N
24°N





OPS/images/fmars-09-827547-g007.jpg
120°E  123°E  126°E  129°E 132°E

B117°E

123°E  126°E  129°E  132°E

120°E

A 117°E

(w) soualayip epnyiidwe jusuodwod |epl |

L AN (a2} < w0
S & & & 3 2 a4 & = &
o o o o o o & = s < P
_ _ ] _ _ _ B
{ m .,.‘\ f 3 'l ,
nnnnnnnnnnnnnnnnnnn i, ,/.ﬂ L4 5
- '
LE; ¥
oy P %
- N 3 £ §
a: d : il 4
; _ . v £ i A T
\\ p v. ﬂ..n 3 : %
(w) apnydwe jusuodwod |epi|
o] o] o] o]
= 9 bl N N = - Q
(@] (=) o (=] (=] o (=) o o
HT _ T T T
N KN
Sl .
g ¥
o $ v
.C.L.... o S v‘
3 ! T A
». il
/78 , ; ; e
= Z Z Z Z s
o o o o o o
(®)] (o] ™ o N~ <
o o o o N N

(w) @ouauayip apnyjdwe jusuodwo? |epl|

- — N ™ < 0
2 3 8 § 3 = = & & ¢
o o o o o o . 4 < & 9 <?
°
,. . ..'o—'. {
D g y Yy
K ok
e ¥
P .,’
of NG 4.. .~ &
m = \\N\l
& \ . N
Q-J /v £ s
(=) (w) @ousauaylp spnyjdwe jusuodwod |epi]
3 & 8 & &5 S & &8 & 8
o o = o S o S . i . i i s
_ _ _ : _ _ B
%, N
.................... b e b
: iy
3 &
-\
et =,
| \ i *
=z =z =z Z Z =
o (@] (] o o (@]
c [e)) © ™ o N~ <
o o™ (op] o™ N N

(w) @oualayip apnydwe Jusuodwod |epl|

o™ (o}
s & 8 & & S & 38 & &
o o o o o o o . i i i o
— T T T T T
v
-1 . 1 - %
] % . L3
AL . /az
“ : ...v.
° .. S V
TS : ’
” Cha NS \
. u -
4 - & : #
7 : % : <
y 4..
2 L
L (w) @oualayip apnydwe Jusuodwod |epl|
(a2} 0
g & 8 & & S & 38 & &
o =] o o o o < i i i e}
_’ T T T T I
1
P e if
] A. 4
¥ ' i
e / i
7. T a8
zZ zZ Z zZ zZ zZ
o o (] o o (]
E D (o) ™ o N~ <
o o o o (qV} AN





OPS/images/fmars-09-827547-g008.jpg
m)

Simulated K1 Amplitude (

0.4

0.3

0.2

0.1

&
w

&
N

=
—

0.4

0.3

0.2

0.1

0.4

0.4

B
, ' ' = 0.4 ' ' '
+ FES2014 +  20=0.05 mm
3 -
+ OTPS 12% 2422 + z0=0.15 mm 12i 2422
+  NAO99Jb 16&++ +  20=0.5 mm
________ . H , + —
1:1 Line 234, 1 + Y8 103F| T ?91 1:5 mm 2375 4 ++1$
151921 - -ne " % 1P+
13, $711 13 . +711 Hig
17, 5 5
wAE o
A4+ 1 +g 9 ‘
202 %ﬁ? ++
+6 ' +6 +F
g +
145" 10.1 14,%” S -
1 1 1 O A 1 1 1
0.1 0.2 0.3 04 0 0.1 0.2 0.3
] ] ' 7 O 1= ' l ' ,
+ ERAS +  2km
+ NCEP 12, /2422 +  4km 12,2422
-------- 1:1 Line g, 1 Line 16, 7T
23 T8 {03 23 18 -
1+ ++31921 - :':'*'31921
13 .47 13 47 +
17 41511 17 441511 +
10 ++425 +° 05 10 #525 79
4448 [ = 44;15’;#8 |
202 202
+6 6
14 101} 1454 :
1 1 1 O al 1 | 1
0.1 0.2 0.3 0.4 0.1 0.2 0.3
' ' ' i Observed K1 Amplitude (m)
+ GEBC02019
+  Locally refined 12 2422
-------- 1:1 Line I +¥
237, ++ 18
(o 31921
13, 4711
17 415
10, %425 £
4=H-++8
202
+6
144
0.1 0.2 0.3 0.4

Observed K1 Amplitude (m)





OPS/images/fmars-09-827547-g009.jpg
Simulated K1 Phase (degrees)

360

300 1

240

180 1

120 1

60 r

360

W
2
e

N
AN
-

el
0]
o

120 ¢

(o)
-

360

300 1

240

180 1

120

60 r

+ FES2014
+ OTPS
+  NAO99Jb
-------- 1:1 Line 5,
11,7
1+
o 422
2150 N\
£ 191812 24
3.4,] 29
10,72
- 159803
6 HFIIN78
D017
AG
60 120 180 240 300 360
+ ERAS5
+ NCEP
[ == 1:1 Line |
B
113>
,,7*‘,
. 277 l
4
217%*\<\
19181224 l
3.4 25
10,727
9 A~
6 15*’?3\\\7823
20 17
AL
60 120 180 240 300 360
+ GEBC02019
+  Locally refined
-------- 1:1 Line [
5,
11,7
14
. 422
21*]%{\\
. 1918 12 24
3,|s" 25
10,72
9AI03
6 153@\\78
+.720 17
AL
60 120 180 240 300 360

Observed K1 Phase (degrees)

360

1 300 [

1 240

180

120 ¢

60

360

300

1 240

180

120

60

Observed K1 Phase (degrees)

B
+ z0=0.05 mm
+  z0=0.15 mm
+ z0=0.5 mm
+  z0=1.5mm 5.7
-------- 1:1 Line 11,7
1 #20
21% {\\
‘F" 1918 12 24
25
+ o %"4
M )
T 1 9{‘*\\\23
6 1973\58
0 17!
AL
D 60 120 180 240 300 360
+ 2Km
+ 4 Kkm
-------- 1:1 Line
5
11>
1+
o 1),
+
21% jF&\\
‘F/ 1918 12 24
Suis| 2D
ik 4
10,2
+ 159, a 28
6 13 78
/,"1'4
60 120 180 240 300 360





OPS/images/fmars-09-827547-t001.jpg
Scenario Name

Baseline
Obd1
Obd2
Z01

Z02

Z03

Afd

Gr

Bd

Open boundary data

FES2014
OTPS
NAO99Jb
FES2014
FES2014
FES2014
FES2014
FES2014
FES2014

zp (mm)

0.05
0.05
0.05
0.15
0.50
1.5
0.05
0.05
0.05

Atmospheric forcing data

ERA5
ERA5
ERA5
ERA5
ERA5
ERA5
NCEP
ERA5
ERA5

Grid resolution

2 km
2 km
2 km
2 km
2 km
2 km
2 km
4 km
2 km

Bathymetry data

GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019
GEBCO_2019 and locally refined*

*See the region with locally refined bathymetry in Figure 1.





