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Abstract

:

The effect of artificial island on the geomorphologic processes in the coastal area under the coupled hydrodynamics, wave, and sediment transport system is a complicated and multi-scale problem. Studying these dynamic processes will suggest how coastal ecological restoration should be conducted. In this study, a unified, unstructured, gridded coupled hydrodynamics, wave, and sediment transport model and a topographic evolution model were adopted. Based on the field observations of water depth, velocity, suspended sediment concentration, bed sand, and quaternary thickness, a high-spatiotemporal-resolution numerical simulation of the offshore dynamic environment under the disturbance of artificial island was performed, and the accuracy of the calculation was verified. The research showed that the coupling system with an unstructured mesh was able to reproduce the flow and sediment transport processes with acceptable accuracy. The contracted flow zone between the artificial island and the coastline, the runoff and alongshore current from the river, as well as the tidal flow from the ocean, worked together to mold the local complex morphology around the artificial island. The coupled modeling system, supported with parallel computation, can be used to study coastal environments with small-scale wading structures.
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1. Introduction


With the rapid development of society and economies in coastal areas of China, the contradiction between the shortage of land resources and development is becoming more and more prominent. Artificial islands became an effective method for human beings to expand production and living space into the sea and alleviate the human–land contradiction in coastal areas [1]. Hainan is a province seeing the rapid development of artificial island. According to statistics, from 2000 to 2014, Hainan approved the construction of 11 artificial islands, totaling 1845.34 hm2. However, unreasonable land reclamation also brings about corresponding negative environmental and ecological effects, such as the decline in the quality of the marine environment, habitat degradation, destruction of the ecological balance, changes in the hydrodynamic environment, erosion and siltation of the shoreline, etc., which is particularly significant for sandy coasts and coastal areas [2,3].



Under current national policy and because of the demand for the construct of an ecological civilization and shoal restoration, research on the coastal erosion and siltation caused by artificial island is also being carried out by various scientific and technological workers. The traditional method is to use multi-stage remote sensing interpretation analysis to check the scale of the impact of the artificial island’s construction on the adjacent coastline. For example, Yang Yanxiong et al. [4] analyzed the changes in the coastline before and after the construction of an artificial island by using remote sensing image interpretation. Li Songzhe [5] applied a one-dimensional coastal shoreline evolution model based on the principle of the conservation of mass to evaluate the development of changes to the erosion and siltation of the nearby shoreline before and after the construction of man-made islands. However, using remote sensing image analysis and one-dimensional simulation, it is difficult to understand the dynamic development process of artificial island’ impacts on the nearby sea area at high spatial and temporal resolutions.



Most studies on the stability of the shorelines of artificial island were carried out by establishing relevant numerical models and conducting a comprehensive analysis and evaluation of the influence of artificial islands on the stability of the shoreline through the simulation of regional wave, tide, and sediment change characteristics before and after the island’s construction. Jetro [6] studied the feasibility of constructing an artificial island at the Pacific entrance of the Panama Canal in 2002. The artificial island was filled using earth excavated for the expansion of the Panama Canal. Bayyinch [7] studied the impact of Palm Tree Island in Dubai on the marine environment in the Persian Gulf in 2006. They analyzed the impact of artificial island construction on marine organisms and marine sediment movement and evaluated the compliance of artificial island construction with local marine environmental protection laws and regulations. In China, Gong Wenping et al. [8] used the DELFT3D model based on a structural grid to discuss the influence of building sun and moon islands under different schemes on the hydrodynamic conditions and sediment transport in coastal areas. However, a structural grid is unable to reflect the complex coastline and local geometric features of artificial islands. Tan and Gao [9] applied the FVCOM model of ocean dynamics based on an unstructured grid to evaluate the influence of the proposed construction of the new Sanya Airport artificial island in Hainan Province on the surrounding hydrodynamics. The results showed that the unstructured grid model can accurately reflect the boundaries of local buildings and is suitable for simulating problems across physical scales, which can significantly improve the simulation accuracy. However, there is a nonlinear response relationship between artificial island and natural driving forces (such as typhoons and waves, etc.). For example, Kuang Cuiping et al. [10] used the MIKE21 model based on an unstructured grid to study the influence of the nonlinear superposition effect on tidal currents and waves when artificial island and coastal remediation projects co-exist. Yang Fan et al. [11] used a mathematical model of typhoon winds and waves to analyze wave elements under extreme weather in the presence of the artificial island of the Hong Kong–Zhuhai–Macao Bridge.



According to previous studies, it is necessary to use an unstructured grid ocean dynamics model when considering the dynamic nonlinear processes of hydrodynamics, waves, sediment transport, and topographic evolution affecting the nearshore area under the coupling of artificial island and natural driving forces. When a complex coupled mathematical model of wind and wave flow is used to study offshore dynamic processes under the disturbance of artificial island, a large number of basic data-driven models are needed to obtain reliable initial and boundary conditions of the model, which was lacking in previous numerical simulation studies on the influence of artificial island on the offshore environment [12,13]. Meanwhile, when mathematical models with different spatial-temporal evolution scales are coupled, such as the hydrodynamic, wave, and sediment transport models mentioned above, couplers are usually used for spatial interpolation [8], and interpolation errors will be introduced no matter what interpolation algorithm is used.



In this study, the marine area around the artificial island of Qionghai City, Hainan Province, was taken as the research object, and a unified unstructured grid marine dynamics SCHISM simulation system [14,15] was adopted to complete the simulation of the wind, wave, current, and sediment transport systems. Combined with a large number of field-measured data including sounding, velocity, suspended sediment, and bed sand and quaternary bed sand thickness in the surrounding marine area collected in 2020 and 2021, a simulation study on the influence of artificial island on the coastal environment under a coupled model of the wind, waves, current [16], and sediment transport [17] was carried out. The proposed approach improved the simulation accuracy of inshore environments across multiple scales (transition from small-scale artificial island to large-scale open ocean boundary).




2. Materials and Methods


2.1. Study Area


The study area was the waters around an artificial island—in, Qionghai City, Hainan Island. The artificial island is the only artificially reclaimed island in Boao Town, Qionghai City, Hainan Province, about 6.8 km north of the mouth of the Wanquan River (Figure 1a). The study area is a tropical monsoon climate, with an average annual temperature of about 25.0 °C and an average annual precipitation of 2103.0 mm. According to the wind data from Qionghai-Wanning Meteorological Station, from 1981 to 2010, the average annual wind speed in Qionghai was 2.2 m/s, and the prevailing wind direction was mainly southerly in summer and northerly in winter. Spring and autumn represent the transition seasons between the two wind directions (Figure 1b). The tides were irregular semi-diurnal tides. The normal wave direction throughout the year was southeast, which was the main wave direction. At the same time, the coast will be affected by the Taiwan wave and the near sea wave; the sub-normal wave direction was SSE; the strong wave direction was ESE, SE, and SSE; and the SE and SSE wave directions account for 68% of the total frequency (Figure 1c).



The construction of an artificial island began in 2011, with a circumference of 4040 m and an area of 4.61 × 105 m2. However, due to environmental problems along the shoreline, construction was stopped, and the shoreline restoration project was launched in 2021. The whole artificial island section presents the phenomenon of siltation in the middle channel and erosion on the north and south sides of the channel. Since the construction of the artificial island in 2011, the phenomenon of erosion and siltation was significantly intensified. The maximum annual average erosion and siltation distance were about 55.6 m/a and 10.2 m/a, respectively, which increased by about 22 times and 5 times compared to before construction. The monitoring data of the bank profile in 2020 showed that erosion and sedimentation occurred in both normal seasonal weather and typhoon weather, and the variation in erosion and sedimentation in the north and south coast sections increased by 2 times and 6 times, respectively, after the passage of typhoons. The reclamation of the artificial island changed the regional hydrodynamics, which were superimposed with the influence of extreme weather such as typhoons. Waves scour the loose shoals of the north and south coasts, which intensified erosion and increased the concentration of coastal suspended sediment. This sediment accumulated in the wave shadow area with weak hydrodynamics on the west side of the artificial island to form an intermediate silting salient [18]. In addition, the hydrodynamic environment around the artificial island was also affected by the inflow of inland rivers in Wanquan River and Tanmen Town, and the hydrodynamic process is very complicated. Therefore, it is necessary to establish a local 3D mathematical model of the artificial island and the Wanquan River.




2.2. Data Source and Model Setup


The data in this research came from the field survey data and part of the collected data were collected from the waters around Qionghai’s artificial island in 2019, 2020, and 2021. The locations of the survey stations are shown in Figure 2. The pre-processing of the data and basic settings of the mathematical model are discussed below.



2.2.1. Initial Depth Condition


Based on the coastline data of Hainan Island collected by Bi Jingpeng et al. [19], we defined the calculation domain and generated a triangular unstructured grid in the study area, which was divided into 489,776 units and 249,782 nodes. The triangular grid used different lengths at the river channel, coastline, artificial island boundary line, and offshore boundary. After mesh quality optimization, the triangular mesh with uneven density was able to meet the needs of high-precision water and sediment simulation.



The topographic survey adopted a single-beam sounder to carry out an intensive survey of the marine area near the study area. The tracked line of the navigation survey is shown in Figure 3a (the x and y axes in the figure represents longitude and latitude, respectively, in decimal form of WGS1984 system, and the full text is unified). The intensive topographic survey reflects local topographic features under the influence of the artificial island, as shown in Figure 3b.



At the same time, we collected the spatial resolution of 2 km of global water depth ETOPO1 figures released by the American NOAA (https://www.ngdc.noaa.gov/mgg/global/, accessed on 15 July 2021). Due to the low spatial resolution of ETOPO1 data, which cannot accurately reflect the local topography around the artificial island (Figure 3c), the measured and collected data needed to be fused to form more accurate bathymetric data (Figure 3d) that can reflect the scour pits and silts around artificial island more clearly, in addition to more detailed siltation patterns at the mouth of Tanmen Port. Then, we interpolated the fused water depth data into the grid by using the inverse range interpolation method, which was used as the initial water depth condition for this study and laid a foundation for the numerical simulation of water and sediment in the complex near-shore environment.




2.2.2. Sediment Transport and Tidal Boundary Conditions


The open boundary included the water level boundary at the entrance of Wanquan River and the tidal driving boundary of the ocean. The 2020 daily recorded water level and suspended sediment concentration data from Jiaji Hydrographic Station at the entrance of Wanquan River were used, as shown in Figure 4. Except for flood season (concentrated from August to November), the flow and sediment transport rates of Wanquan River were very low.



The tide boundary drive data from the Gangbei Tidal Station near the study area were adopted, as shown in Figure 5a. The T_TIDE program in MATLAB language was used to conduct harmonic analysis on the recorded tide data [20], and the tide value calculated by harmonic analysis was in good agreement with the measured value when applied to the ocean tidal boundary (Figure 5b).




2.2.3. Wind and Wave Conditions


The hydrodynamics and wave boundary conditions were determined using meteorological data of wind speed, wind direction, air temperature, and air pressure in 2020, which were collected from the meteorological station in Gangbei Town. In addition, for Typhoon 19 in July 2017, Gangbei Town recorded the wind field (including wind speed and direction) and water level process of the typhoon, as shown in Figure 6. The typhoon caused obvious water increases, and water increase and wind speed showed a positive correlation. At the same time, the wind direction during the typhoon was mainly northeasterly, which had a more obvious water increase effect on the Wanquan estuary and the area near Tanmen Port. Therefore, this study included both general meteorological conditions and extreme typhoon meteorological conditions, and the data were highly representative.




2.2.4. Suspended Sediment and Bed Sediment Conditions


The suspended sediment concentration affected the regional sediment movement trend and had a great influence on regional erosion and sedimentation. The data used in this study were based on the suspended sediment concentration in the middle and lower surface waters measured around the artificial island in 2020 and 2021. In addition, different types of seabed sediment also affected regional flow, suspended sand, and other indices. In this simulation, bed sand conditions were also taken into account. The data were based on bed sand and quaternary bed sand thickness surveys conducted using three shallow holes (depth < 60 cm) and 1 deep hole (about 20 m deep). Then, the suspended sediment was divided into 5 groups according to particle size and interpolated into the calculation grid by inverse distance to form the initial distribution conditions of the suspended sediment concentration, bed sand gradation, and quaternary bed sand thickness [21].





2.3. Mathematical Model Building


In this study, SCHISM and WWM were used to simulate the water and sediment dynamics under the influence of the artificial island in the study area. Below, the mathematical model of the basic equations and modules used are introduced briefly, and the SCHISM of the specific physical principle and the numerical method can be seen at the following web site (https://geomodeling.njnu.edu.cn/modelItem, accessed on 10 August 2021).



2.3.1. Hydrodynamic Model


The hydrodynamic model adopts the SCHISM system, the full name of which is the Semi-implicit Cross-scale Hydroscience Integrated System Model, developed by the Virginia Oceanographic Institute [13]. SCHISM was widely applied in the research of many ocean engineering problems [12]. To be specific, SCHISM is not a model, but a simulation system. The core of the SCHISM simulation system is a three-dimensional hydrodynamic model based on the assumption of hydrostatic pressure, which drives other coupled modules, including a sediment model, water ecological model, water quality model, wave model, oil spill model, sea ice model, hydraulic building model, etc. The three-dimensional hydrodynamic calculation module was developed in unstructured grid mode, which was suitable for computationally complex geometric boundaries and complex terrain. The governing equations of the hydrodynamic model included a continuity equation and a momentum equation:


    ∂ u   ∂ x   +   ∂ v   ∂ y   +   ∂ w   ∂ z   = 0  



(1)






    d u   d t   = f v − g   ∂ η   ∂ x   +  K  m h   (    ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2    ) +  ∂  ∂ z   (  K  m v     ∂ u   ∂ z   )  



(2)






    d v   d t   = − f u − g   ∂ η   ∂ y   +  K  m h   (    ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2    ) +  ∂  ∂ z   (  K  m v     ∂ v   ∂ z   )  



(3)




where   ( x , y )   is the Cartesian plane coordinate (m); Z is the vertical coordinate, where upward is positive; t is the time (s);    Z  i n i     is used to calculate the initial water level (m);  η  is the fluctuation of the free water level (m);  h  is the water depth (m);   u ,   v   are normal and tangential velocity (m/s);  g  is the acceleration of gravity (m/s2) and is 9.81;  f  is the Coriolis force coefficient (1.0487974 × 10−4);  ρ  is the density of water; and    K  m h    ,    K  m v     are the horizontal and vertical turbulent viscosity coefficients (m2/s) in the flow momentum equation.




2.3.2. Wave Model


The wind-generated wave model adopts the third-generation WWM (WWM-III) model, the full name of which is the Wind Wave Model. WWM-III solves the 2D wave spectrum equation of a plane [22]. The wave spectrum equation is:


   ∂  ∂ t   N +  ∇ X  (  X .  N ) +  ∂  ∂ σ   (  θ ˙  N ) +  ∂  ∂ θ   (  σ ˙  N ) =  S  t o t      



(4)




where the wave motion index N is defined as:


   N  ( t ,  X  , σ , θ )   =    E  ( t ,  X  , σ , θ )    σ   



(5)




where E represents the variance density of sea level elevation;  σ  is the relative fluctuation frequency; and  θ  is the direction of fluctuation.



Wave propagation from deep water to shallow water is accompanied by complex nonlinear processes, such as bed bottom friction, wave breaking and tumbling, and wave energy input imposed by the boundary, which are considered in the source terms of Equation (4). WWM-III is transformed by Roland into a triangular unstructured grid model to achieve seamless coupling with SCHISM.




2.3.3. Sediment Model


The sediment model adopts the MORSELFE model [17], which is based on a triangular unstructured mesh and can be applied to water simulation with complex geometric boundaries and complex topography. The MORSELFE model considers the effects of waves on sediment transport and riverbed evolution. In the suspended sediment module, the transport equation was solved based on SCHISM, the Soulsby formula was used to obtain the settling rate of suspended sediment, and the bed sediment exchange model used the active bed sediment adjustment model. The bedload sediment is calculated using the Meyer–Peter–Muller formula and the Van Rijn formula.




2.3.4. Hydrodynamic Wave–Sediment Coupling Model


SCHISM, WWM-III, and the MORSELFE model all adopt an MPI parallel communication mechanism and use the same subregions and calculation grid, and so, there is no need to perform interpolation calculations. Compared to the use of couplers to perform interpolation conversion between grids of different types and resolutions, the hard-coded coupling mode in this study avoided the problem of interpolation error. Because SCHISM, WWM-III, and the MORSELFE model used different discrete time formats, different computing time steps were adopted, and the information exchange of the models was performed at a certain frequency set by the user. As shown in Figure 7, during information exchange, water level (Zl), seabed topography (Zb), wet and dry terrain markers and velocity (U, V) of SCHISM and some meteorological driving data, including wind speed (Uwind, Vwind) and air pressure, are transferred to WWM-III. The wave direction (Dw), wave height (Hw), wave length (Lw), and wave period (Pw) of WWM-III were transferred to SCHISM. Radiation stress (Rs), energy dissipation (Es), and orbital wave velocity (So) calculated by WWM-III were unidirectionally transferred to the MORSELFE model, while the suspended sediment concentration (SS) and velocity (U, V) calculated by SCHISM were unidirectionally transferred to the MORSELFE model. The above variable exchange was completed in memory, and the efficient communication mechanism based on the MPI library realized the variable exchange on different processes.






3. Results


Model verification was required to complete a model’s construction. The verified data measured were the water velocity, wave parameters (including significant wave height and wave period), and suspended sediment concentration at four stations. The four measuring points are shown in Figure 2, among which the two stations in the nearshore area, qwadcp01 and qwadcp03, were close to the artificial island. In addition, two sites, qwadcp02 and qwadcp04, were located in deep water. Based on the settings of the mathematical model above, the simulation period of 1 year was run, but only about 2 days of continuous synchronous observation data were used to verify the numerical simulation results of wind and wave flow. The accuracy of the model was verified using short-term measured data, and the influence of the artificial island on the topographic evolution of the coastal region was determined via long-term numerical simulation.



3.1. Velocity Verification


As shown in Figure 8a,b, the vertical velocity basically conformed to the decreasing law of the velocity of water facing the seabed. The velocity of water near the sea surface generally reached about 0.30 m/s, while the velocity of qwadcp01 and qwadcp03 stations in the offshore area decreased significantly and decreased to 0.02 m/s at the depth of 20 m. However, the vertical velocity distribution pattern of qwadcp02 and qwadcp04 sites in deep water was more complex. From 0 to 10 m, the velocity varied in the range of 0.2 to 0.3 m/s, while from 10 m depth below, the velocity gradually decreased to about 0.1 m/s, and the velocity was more uniform in the range of 20 to 40 m depth. Keep it at about 0.1 m/s. In general, the calculated flow velocity was in good agreement with the measured flow velocity. The accurate simulation of hydrodynamic conditions laid a foundation for the simulation of sediment transport and topographic evolution.




3.2. Wave Simulation Verification


The significant wave height Hs (m) and wave period Tp (s) measured at the four measuring points in Figure 2 were used to verify the calculation accuracy of WWM-III. As shown in Figure 9a, the significant wave height of the qwadcp02 measuring point far from the coast reached 2.5 m, and the unsteady process was more obvious. At the qwadcp01 measuring point near the mouth of the Wanquan River in Figure 9b, the significant wave height of wind waves reached the maximum value of 1.2 m at 12 h, because it was affected by the runoff of the Wanquan River. The runoff of Wanquan River was opposite to the higher tidal current of open sea and cancelled each other out, making the wave height smaller than that of open sea area, which reflected the spatial difference of wind waves. The wave periods in Figure 9c,d show that the difference in the wave periods between these two measuring points was not significant, and both varied between 6 and 18 s. In general, the calculated results of WWM-III were in good agreement with the measured data and, thus, reflected the wave characteristics around the artificial island.




3.3. Verification of Suspended Sediment Concentration


Due to the limitations of offshore real-time observation operation conditions, the effective time series values of the suspended sediment concentration were only obtained at qwadcp02, but the instantaneous values of suspended sediment concentration were obtained from 13 points around the artificial island and the waters near the mouth of the Wanquan River. These values were used as the initial distribution conditions of the suspended sediment concentration via spatial interpolation into the calculation grid, as shown in Figure 10a. The surface suspended sediment concentration over Tanmen Harbor formed two high concentration zones (about 0.15 kg/m3) and one low concentration zone (sediment concentration <0.01 kg/m3); the concentration at the entrance of Tanmen Port was very low, and a high sediment content area was formed in the offshore area (sediment concentration >0.35 kg/m3). The formation of areas with high sediment concentrations was related to human activities near the artificial island and fishing ports. The measured suspended sediment concentration at qwadcp02 showed no significant rule, but it was roughly consistent with the variation trend of the calculated value, as shown in Figure 10b, which showed a decreasing trend during the simulation period.





4. Discussion


Based on the verified coupled model driven by measured water and sediment data presented above, the evolution of the near-shore topography under the disturbance of the artificial island and its causes were analyzed, and the trend of the topographic evolution after the removal of the artificial island is discussed.



The existence of the artificial island will interfere with the local flow field, causing the formation and shedding of vortices. Different hydrodynamic characteristics were shown during the different advances and retreats of the tides relative to the coastline, as shown in Figure 11a. In the tidal surge stage, an obvious beam flow area was formed between the artificial island and the coastline, and a vortex area was formed behind the island. In addition, there was a dry terrain area near Tanmen Port, and the dry and wet terrains changed with the change in the tidal current, which also shows the superiority of SCHISM’s dry and wet terrain processing algorithm. In the stage of an abrupt tidal current (Figure 11b), the channel runoff from Tanmen Harbor was large, forming a significant coastal current from bottom to top (from west to east), constantly transporting the sediment from the Wanquan River. Meanwhile, the seabed around the artificial island was mainly composed of sand and silt, which were non-cohesive and easy to stir up, contributing to the sediment accumulation between the artificial island and the coastline. With the passage of time, the tombolo bar was gradually formed. In general, multi-directional currents and sediment transport from the artificial island and shoreline-confined areas, channel runoff and coastal currents, and ocean-directed tidal currents contributed to the local seabed topography of the artificial island.



In order to further simulate the influence of the artificial island on regional changes in scour and siltation, we simulated an ideal scenario of the complete removal of the artificial island. The simulation compared the distribution of topographic scour and siltation thickness around the artificial island one year after its removal and combined the results with the actual situation of active beds of the seabed surveyed by drilling, that is, the thickness of the quaternary was generally less than 2 m. The results show that in the case of the artificial island, as shown in Figure 12a, about 0.1 m of siltation occurred between the island and shoreline and on both sides of the island, with a −0.1 m scour thickness behind it. After the removal of the artificial island, as shown in Figure 12b, the erosion and siltation on both sides of and behind the island decreased (the thickness was less than 0.05 m) and tended to return to the natural bed morphology. However, the siltation morphology remained at the local location of the shore at 0.1 m.



A comprehensive analysis of the sediment transport and topographic evolution mechanism around the artificial island concluded that when the artificial island exists, a beam will form between the artificial island and the coastline, which will meet the coastal current coming to Tanmen Port (see Figure 11), resulting in the siltation between the artificial island and the coast. An eddy wake was formed on the back surface of the artificial island, which interacted with the tidal current and formed scour pits on the back surface (see Figure 3b). After the complete removal of the artificial island, the sea bed developed towards a balance of erosion and silt. In conclusion, due to the synthetic effect of the beam and the water-retaining effect on the man-made island, the coastal current and the tidal current led to the artificial island having a complex influence on the water and sediment transport and topographic evolution.




5. Conclusions


In this study, a coupled simulation system based on an unstructured grid SCHISM, the WWM-III wave model, and the MORSELFE sediment transport and topographic evolution model was used to simulate the dynamic processes of local water and sediment transport and the topographic evolution under interference from an artificial island in the offshore area of Qionghai, Hainan Province. The field-measured data can drive complex coupled simulations of the wind, waves, and sediment transport. In particular, the local small-scale geometric characteristics of the artificial island significantly affect the distribution of hydrodynamics, suspended sediment, and topographic evolution in local waters. The coupled hydrodynamic wave–sediment simulation system based on a unified unstructured grid can reflect detailed information of the cross-scale, near-shore environmental evolution.



Local disturbance from the artificial island led to the formation of eddies in the surrounding waters during the ebb and flow of the tides, resulting in the formation of local siltation and erosion pits, especially near the angle between the island and the coastline. Over time, siltation will form into tombolo bars, and erosion will be caused behind local walls such as the sharp corners of the artificial island. The simulation results showed that after the removal of the artificial island, most of the thickness of the scouring and silting will be reduced, and the seabed can return to its natural equilibrium state; however, the silting caused by local coastline morphology will still exist.



There were also shortcomings in this study, such as the insufficient observational data on suspended sediment concentration and topographic evolution, which limited the demonstration and disclosure of more detailed information about near-shore sediment transport and topographic evolution under interference from the artificial island. Due to the lack of observational data on hydrodynamics, sediment transport, and topographic evolution during typhoons, the topographic evolution during typhoons was not analyzed in this paper. The influence of individual extreme typhoon events on the evolution of the coastal environment combined with the influence of the artificial island also needs to be studied in the future.
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Figure 1. (a) Study area. (b) Rose chart of annual mean wind power in the study area. (c) Annual mean wave rose map of sea area around the study area. 
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Figure 2. Field survey stations (The x-axis is the east longitude axis and the y-axis is the north latitude axis). 
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Figure 3. (a) Bathymetric survey line in the study area; (b) distribution of water depth around the artificial island; (c) bathymetric maps for ETOPO1 data collection; (d) three-dimensional topographic and geomorphic features of the study area for fusion of infill bathymetric data [The x-axis is the east longitude axis and the y-axis is the north latitude axis]. 
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Figure 4. Changes in water level and suspended sediment concentration at the Wanquan River Jiaji Station (2020). 
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Figure 5. Tidal level and harmonic analysis recorded at Gangbei Town tidal level Station ((a) tidal level; (b) harmonic analysis). 






Figure 5. Tidal level and harmonic analysis recorded at Gangbei Town tidal level Station ((a) tidal level; (b) harmonic analysis).



[image: Applsci 13 07171 g005]







[image: Applsci 13 07171 g006 550] 





Figure 6. Water level and wind field recorded during Typhoon 19, 2017, in Gangbei Town. (a) Curve of typhoon water level and wind speed. (b) Typhoon transit wind speed rose chart. 
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Figure 7. Framework of the hydrodynamic wave–sediment coupling simulation system. 
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Figure 8. ADCP velocity verification ((a) qwadcp 01 and qwadcp 03 measurement points; (b) qwadcp 02 and qwadcp 04 measuring points). 
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Figure 9. Verification of significant wave height and wave period ((a) significant wave height at qwadcp02; (b) significant wave height at qwadcp01; (c) wave period at qwadcp02; (d) wave period at qwadcp01). 
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Figure 10. (a) Distribution of suspended sediment concentration [the x-axis is the east longitude axis and the y-axis is the north latitude axis]; (b) suspension sediment simulation validation. 






Figure 10. (a) Distribution of suspended sediment concentration [the x-axis is the east longitude axis and the y-axis is the north latitude axis]; (b) suspension sediment simulation validation.



[image: Applsci 13 07171 g010]







[image: Applsci 13 07171 g011 550] 





Figure 11. Vector diagram of velocity around the artificial island ((a) surge tidal current field; (b) plunging tidal current field) [the x-axis is the east longitude axis and the y-axis is the north latitude axis]. 






Figure 11. Vector diagram of velocity around the artificial island ((a) surge tidal current field; (b) plunging tidal current field) [the x-axis is the east longitude axis and the y-axis is the north latitude axis].



[image: Applsci 13 07171 g011]







[image: Applsci 13 07171 g012 550] 





Figure 12. Impact assessment of the artificial island’s demolition ((a) thickness distribution of scour and silt around the artificial island after demolition; (b) distribution of scour and silt thickness around the artificial island under standard conditions [the x-axis is the east longitude axis and the y-axis is the north latitude axis]. 
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