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Abstract

:

Coastline changes have significant impacts on coastal hydrodynamics. Xiangshan Bay is a semi-closed and long-narrow bay located in Zhejiang Province, China. Its coastline has changed dramatically in recent decades; however, the variations in the small-scale hydrodynamics in the changed coastline areas have not been carefully studied. This study uses the Finite-Volume Community Ocean Model (FVCOM) to design a set of control experiments and five sets of compared experiments targeting the areas with significant coastline changes in Xiangshan Bay over the past 21 years. It was found that the coastline changes at the mouth of the bay, such as areas near Meishan Island and Dasong, have a significant impact on both residual currents and tidal currents, changing the amplitudes and phase distributions of the tides. Coastline changes in the inner bay have lesser impacts on hydrodynamics, mainly affecting the small-scale areas in the vicinity.
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1. Introduction


Xiangshan Bay is located on the eastern coast of Zhejiang Province in China, bordered by Sanmen Bay to the south and Hangzhou Bay to the north. It is a long-narrow bay stretching in the northeast–southwest direction, with its narrowest point measuring approximately 4 km. It has three significant channels connected to the open sea. The Fodu and Shuangyumen channels are connected to the Zhoushan Sea, whereas the Niubishan channel connects to the Damuyang Sea. Meanwhile, there are three secondary bays in Xiangshan Bay: the Xihu inlet, Tie inlet, and Huangdun inlet [1]. The total length of the Xiangshan Bay’s coastline is about 390 km, with a distribution of natural and artificial coastlines.



The dynamic processes of tidal currents in Xiangshan Bay are considerably significant, serving as the primary propelling factors for the conveyances of nutrients and pollutants. The tides observed in Xiangshan Bay are categorized as irregular semi-diurnal shallow tides. Upon the ingress of the tidal wave into the bay inlet, the wave progressively transforms from a propagating wave to a stationary wave. This phenomenon can be attributed to the reflection that occurs as a result of the topographical and boundary features present in the area [2,3,4].



In recent decades, the coastline of Xiangshan Bay has changed dramatically, mainly due to artificial reclamation. The areas with drastic changes are shown in Figure 1, including Area 1 near Meishan Island, Area 2 on the east side of Dasong, Area 3 on the east side of Tongzhao, Area 4 on the north of Tie inlet, and Area 5 near Qiangjiao [5].



Coastline changes have significant impacts on coastal hydrodynamics, with direct consequences for sediment transport, pollutant dispersion, and ecological processes [6,7,8,9]. Coastline change can alter the tidal current velocity [10], alter the water and sediment transport processes [11], and result in tidal amplitude variations [12], e.g., a shift of the M4 shallow water tidal line towards the shore, a weakening of the flood tide advantage, and a reduction in suspended sediment concentration in Wenzhou Coast, China [13]. Understanding the complex interactions between coastline changes and hydrodynamics is crucial for effective coastal management and conservation efforts.



The accumulated influences of the coastline changes in Xiangshan Bay have been considered [14]. However, the variations in small-scale hydrodynamics for each area have not been carefully studied, which have a more direct impact on local sediment erosion and deposition as well as the ecological environment.



In this study, we used the Finite-Volume Community Ocean Model (FVCOM) [15] to set up a group of control experiments and five groups of comparative experiments corresponding to five areas with drastic changes in the coastline of Xiangshan Bay. We built a three-dimensional hydrodynamic model for Xiangshan Bay before and after the changes and examined the effects of coastline changes on the nearby waters’ hydrodynamic environment. The materials and methods are described in Section 2. The results are analyzed in Section 3, with conclusions presented in Section 4.




2. Materials and Methods


2.1. Model Configuration


The FVCOM ocean model uses a triangular mesh that can accurately fit complex coastlines and numerous islands of the Xiangshan Bay area, which is conducive to the accurate simulation of real topography. At the same time, FVCOM uses a method to determine dry and wet grids, which can better simulate the situation of tidal flats in the Xiangshan Bay. The hydrodynamic model constructed in this study sets two open boundaries in the Fodu channel and Niubishan channel, respectively. Due to the complex terrains in areas with drastic changes in topographies, the coastline is densified in areas such as islands and coastal boundaries. This study sets up a group of control experiments and five groups of comparative experiments. The above grid of Xiangshan Bay was nested into a larger domain, covering the entire East China Sea (Figure 2). In terms of experimental design for the control group, each of the comparative experimental groups only added or removed coastlines in different areas. Comparative experiment A targeted Area 1 near Meishan Island (Figure 3A); Experiment B targeted Area 2 on the east side of Dasong (Figure 3B); Experiment C targeted Area 3 on the east side of Tongzhao (Figure 3C); Experiment D targeted Area 4 on the north of Tie inlet (Figure 3D); and Experiment E targeted Area 5 near Qiangjiao (Figure 3E). To accurately simulate the horizontal and vertical profiles of the currents, the minimum grid accuracy of the above experiments was within 100 m, and the water column was divided into 11 uniform vertical layers using the σ coordinate system. The detailed descriptions and key parameters of these numerical experiments are shown in Table 1 and Table 2.




2.2. Coastline and Bathymetric Data


The control experiment used the coastline of Xiangshan Bay in 2002 extracted by the Canny operator [16], whereas the bathymetric data came from digital electronic charts.




2.3. Boundary Conditions and Forcing


This study used the TPXO9 model [17] to provide the open boundary tidal wave for each experimental model, which was driven by the water level calculated based on the harmonic constants of eight major astronomical tides (M2, S2, K1, O1, N2, K2, P1, Q1). The water level calculation formula was as follows:


  h   t   =   h   0   +   ∑  i = 1   n        f   i   H   i   c o s     a   i   t +   v   0 i   +   u   i   −   g   i        











In the formula,   h   t     represents the tidal height at time   t  ,     h   0     represents the residual water level (set to 0 here),     f   i     represents the intersection factor,     H   i     represents the amplitude,     a   i     represents the angular frequency,     u   i     represents the intersection correction angle,     v   0 i   +   u   i     represents the initial phase angle, and     g   i     represents the lag angle.



In our models, as Xiangshan Bay had strong tides, small runoffs, and calm winds [18], both wind and heat flux at the free-surface boundary were neglected.




2.4. Residual Current


The residual current analysis presented in this study used the Eulerian residual current [19], which was expressed by the following formula:


      v  →    E u l e r   =   1   T     ∫    t   0       t   0   + T      v  →    d t  








where       v  →    E u l e r     is the velocity of the Eulerian residual current,   T   is the tidal period,     t   0     is the starting time of the last two tidal periods, and     v  →    is the current velocity of the tidal flow at a certain time. This study used the last two tidal cycles calculated by the model for the analysis.





3. Results


3.1. Model Calibration


This study calibrated the results of the control experiments using observation data. The observation data were obtained from the study by Zhu [20], which covered the period from 00:00 on 16 August to 23:00 on 30 August 2002 at the Xize station (29°36′34.53″ N, 121°49′56.91″ E), as shown in Figure 2. Figure 4 shows the predicted elevation time series, which agreed well with the field data from the Xize station. The evaluation result showed that the relative mean error of the control experiment model results was 3.77%, indicating a good simulation of the real situation.




3.2. Harmonic Analysis Results


3.2.1. Control Experiment Harmonic Analysis Result


The M2 tide of the simulated results was analyzed using T_TIDE [21] for tidal harmonic analysis. Figure 5 shows the amplitudes and phases of M2 tide from the control experiment. The M2 amplitudes in Xiangshan Bay are all above 1.0 m, with the lowest amplitudes in the Fodu channel and the Niubishan channel. From the mouth of the bay to the center of the inner bay, the amplitude increased to 1.7 m, whereas the amplitude decreased and could reach 1.5 m at the Tie inlet further inward towards the head of the bay. The phase in the center of the inner bay was about 10° larger than those in the two channels.




3.2.2. Comparative Experiments Harmonic Analysis Results


The M2 tidal amplitudes and phases from experiments A–E are shown in Figure 6A–E, respectively.



In Experiment A, the main changing area was near Meishan Island, where the phase angle had some variation. Compared to the control experiment, the 36° phase contour line on the west side of Meishan Island, which originally had a slightly northwest–southeast orientation, changed to a mainly north–south orientation. Meanwhile, the amplitude distribution showed a similar trend, with a slight increase on the west side of Meishan Island, approximately 0.1 m.



In Experiment B, the main changing area was near Dasong. Due to coastline changes, there was a significant variation in phases in this area, especially for the 36° phase contour line. This contour line, which was originally roughly parallel to the latitude lines, has now become curved and open towards the mouth of the bay. There was also some variation in the amplitude, with the 1.5 m amplitude contour line approximately coinciding with the 36° phase contour line. Overall, the phases near Dasong showed a slightly decreasing trend, unlike the amplitude, which showed a slightly increasing trend. The above results indicated that the arrival time of the tidal wave at this location advanced, whereas the tidal amplitude at this location decreased.



In Experiment C, the main changing area was near Tongzhao, where the amplitude in the Tie inlet increased. In Experiment D, the main changing area was north of the Tie inlet. After the area was reclaimed, the amplitude in the remaining areas of the Tie inlet decreased slightly, by approximately 0.05 m. In Experiment E, the main changing area was near Qiangjiao. Compared to the control experiment, the overall amplitudes and phase distribution did not change significantly, with only a slight decrease in amplitude in the surrounding sea areas.



In summary, experiments A and B had a greater impact on the amplitudes and phases due to the changing coastline areas located on the outside of Xiangshan Bay, near the mouth of the bay. Experiments C, D, and E showed relatively minor changes, as the changing coastline areas were located closer to the head of the bay, with only a slight decrease in amplitude in the surrounding changed areas.





3.3. Hydrodynamic Analysis


The hydrodynamics in the bay are driven mostly by tidal currents. Hence, the tidal currents have significant effects on the transport of substances, the dispersion and distribution of pollutants, as well as the ecological environment within the bay. We analyzed residual currents and tidal currents before and after the coastline changes in Xiangshan Bay.



As shown in Figure 7, the main characteristics of the residual currents in the Xiangshan Bay in the control experiment were as follows: there was a significant correlation between the distribution of residual currents and the coastline orientation of Xiangshan Bay. The residual current was relatively weak inside the three secondary bays, whereas it was strong and chaotic at the entrance of the three secondary bays. The currents in the middle of Xiangshan Bay were relatively fast and chaotic. In contrast, the tidal currents in the eastern part had lower velocities and a more consistent direction, and they gradually transitioned from a southwest–northeast direction initially to a west–east direction. The maximum flow velocity of the residual current throughout the bay was located in the area from the inner bay towards the outer region. The residual current in this area was divided into two branches: one strong branch surged towards the Fodu channel in the southwest–northeast direction with a uniform flow direction, and the average velocity was ~10 cm/s. After passing through the narrow area below Meishan Island, the velocity weakened to ~5 cm/s. Another weaker current flowed along the northwest–southeast direction along the coastline towards the Niubishan channel, with a velocity of ~5 cm/s.



3.3.1. Experimental A


The distributions of surface residual currents in the surrounding before and after the change in the coastline in Area 1 are shown in Figure 8a,b. In comparison to currents before the coastline changes, one branch channel in that area decreased. Specifically, the narrow channel in the north of Meishan Island was closed off. Thus, the inflow and outflow of seawater could only occur through the Fodu channel below Meishan Island, which induced an increase in current velocity in the Fodu channel.



The changes in flood and ebb surface current velocity before and after the coastline change in Area 1 are shown in Figure 8c,d. After the coastline changed, the main area of velocity change occurred below Meishan Island. Meanwhile, the changes in flood and ebb current velocity showed an alternating increasing and decreasing trend, with an increasing trend on the east side and a decreasing trend on the west side. In this study, Station A (29.75° N, 121.95° E) was selected to compare the changes in flood and ebb current velocity before and after the coastline change. Before the changes in the coastline, the maximum current velocities for flood tide and ebb tide at Station A were 0.77 m/s and 0.72 m/s, with the average velocities being 0.54 m/s and 0.48 m/s, respectively. After the changes in the coastline, the maximum current velocities were 1.01 m/s for flood tide and 0.92 m/s for ebb tide, with the average velocities being 0.67 m/s and 0.59 m/s, respectively. Compared to currents before the coastline change, the maximum flood and ebb current velocities at this station increased by 0.24 m/s and 0.20 m/s, and the average velocities increased by 24% and 23%, respectively.



We used Section A (Figure 8c, 29.74° N, 121.89°–121.97° E) to show the vertical distribution of changes in velocity (Figure 9). On the western side of the section, velocity showed a decreasing trend, with the most significant changes occurring on the surface, reaching a maximum of 0.1 m/s. On the eastern side of the section, velocity exhibited an increasing trend. The area with the greatest variation was located at the surface around 121.94° E, reaching 0.12 m/s. In summary, the trends in changes in the surface and bottom were generally similar. The maximum changes in velocity occurred on the surface, gradually decreasing from the surface to the bottom.




3.3.2. Experimental B


The distributions of surface residual currents in the surrounding sea areas before and after the change in the coastline in Area 2 are shown in Figure 10a,b. The main changed area was near Dasong, where the direction of residual currents changed from south–north to southwest–northeast, with a slightly increasing tendency in velocity. However, the impact on the distribution of residual currents in distant areas is significant.



The changes in flood and ebb surface current velocities before and after the change in the coastline in Area 2 are shown in Figure 10c,d. After the coastline changes, similar to Area 1, the velocity during flood tide and ebb tide in this area also showed an alternating effect (increasing and decreasing). However, the eastern side showed a decreasing trend while the western side showed an increasing trend. In this study, station B (29.74° N, 121.91° E) located at the center of the deceleration water area on the east side was selected to compare the changes in flood and ebb current velocities before and after the coastline change. Before the coastline change, the maximum current velocities for flood tide and ebb tide at Station B were 1.41 m/s and 1.27 m/s, with the average velocities being 0.87 m/s and 0.75 m/s, respectively. After the coastline change, the maximum current velocities for flood tide and ebb tide were 0.99 m/s and 0.90 m/s, with the average velocities being 0.61 m/s and 0.54 m/s, respectively. Compared to currents before the coastline change, the maximum flood and ebb current velocities at this point decreased by 0.42 m/s and 0.26 m/s, and the average velocities decreased by 19% and 28%, respectively.




3.3.3. Experimental C


The surface residual current distributions of the surrounding before and after the coastline change in Area 3 are shown in Figure 11a,b, whereas the changes in flood and ebb currents are shown in Figure 11c,d. The residual current distribution of Experiment C was similar to that of the control experiment, whereas the tidal current changes were not as significant as in Area 1 and Area 2. The variations in velocities of peak flood and ebb tidal currents were not significant, and they primarily showed a decreasing trend. This study took Station C (29.53° N, 121.60° E) to compare the changes in flood and ebb current velocities before and after the coast changes.



Before the coastline change, the maximum current velocities for flood tide and ebb tide at Station C were 0.62 m/s and 0.63 m/s, with the average velocities being 0.34 m/s and 0.27 m/s, respectively. After the coastline change, the maximum current velocities for flood tide and ebb tide were 0.67 m/s and 0.52 m/s, with the average velocities being 0.35 m/s and 0.26 m/s, respectively. Compared to currents before the coastline change, the maximum flood current velocity increased by 0.05 m/s, whereas the maximum ebb current velocity decreased by 0.09 m/s. The average flood current velocity during flood time increased by 0.01 m/s, and the average ebb current velocity during ebb time decreased by 0.01 m/s at this station. Overall, the flow velocity changes at Station C were not significant, with slightly increased flood current velocity and slightly decreased ebb current velocity, which may have been related to the shortened duration of the flood tide and lengthened the duration of the ebb tide at this station after the coastal boundary changes.




3.3.4. Experimental D


The distributions of surface residual currents in the surrounding before and after the change in the Area 4 coastline are shown in Figure 12a,b, respectively. The main change occurred in the Tie inlet, where the direction of residual currents changed significantly. Previously, residual currents in the northern part of the Tie inlet exhibited a relatively regular clockwise rotation. However, after the change, residual currents could only rotate within a smaller range. Meanwhile, the velocity of the current in the Tie inlet also decreased noticeably. Especially at the narrow entrance of the Tie inlet, there used to be a strong northeast–southwest residual current. However, this residual current experienced a significant decrease in velocity.



The variations in the flood and ebb surface current velocities in the Tie inlet before and after the change in the Area 4 coastline are shown in Figure 12c,d. The flood and ebb current velocities in Tie inlet generally decreased, with only a slight increase in the velocity of the flood current on the west side. Therefore, this study took the location of station D (29.51° N, 121.50° E) in the deceleration zone to compare the changes in flood and ebb current velocities before and after the coastline change. Before the coastline change, the maximum current velocities for flood tide and ebb tide at Station D were 0.25 m/s and 0.23 m/s, with the average velocities being 0.15 m/s and 0.13 m/s, respectively. After the coastline change, the maximum current velocities for flood tide and ebb tide were 0.11 m/s and 0.10 m/s, with the average velocities being 0.08 m/s and 0.07 m/s, respectively. Comparing currents before the coastline change, the maximum flood and ebb current velocities at this location decreased by 0.14 m/s and 0.13 m/s, whereas the average flood and ebb current velocities decreased by 0.07 m/s and 0.05 m/s, respectively. Overall, the current velocities at station D were small after the coastline changed, but the flood and ebb current velocities decreased after the change.




3.3.5. Experimental E


The distributions of surface residual currents in the surrounding before and after the change in the Area 5 coastline are shown in Figure 13a,b. Overall, compared to the control experiment, the distribution of residual currents in Experiment E changed minimally, except for a small branch of residual current on the east side of the coastline change area, which originally flowed in a southeast–northwest direction but now flows in a southwest–northeast direction.



Figure 13c,d show the changes in the flood and ebb surface current velocities before and after the coastline change in Area 5. After the coastline change, the change in high tide/low tide current speed repeatedly increased and decreased in this area, but the amplitude and range were not as large as in Area 1 and Area 2. In this study, station E (29.485° N, 121.52° E) was selected in the acceleration area to compare the changes in flood and ebb current velocities before and after the coastline change. Before the coastline change, the maximum current velocities for flood tide and ebb tide at Station E were 0.62 m/s and 0.50 m/s, with the average velocities being 0.34 m/s and 0.23 m/s, respectively. After the coastline change, the maximum current velocities for flood tide and ebb tide were 0.87 m/s and 0.67 m/s, with the average velocities being 0.45 m/s and 0.29 m/s, respectively. Compared to currents before the coastline change, the maximum flood and ebb current velocities at this point increased by 0.25 m/s and 0.27 m/s, and the average flood and ebb current velocities increased by 32% and 26%, respectively.






4. Conclusions


Based on the FVCOM ocean numerical model, this study designed a set of control experiments and five sets of comparative experiments targeting the areas with significant coastline changes in Xiangshan Bay over the past 21 years. We analyzed the impact of coastline changes on the hydrodynamics of the Xiangshan Bay in different sections. The results obtained were as follows.



The control experiment showed that Xiangshan Bay was a typical semidiurnal bay, with the amplitude of M2 tide in the bay above 1.0 m. The amplitude increased from the Fodu channel and Niubishan channel to the inner bay, and then gradually decreased towards the head of the bay. The contour lines of M2 tidal phases were constrained by the orientation of Xiangshan Port, transitioning from a southwest–northeast direction near the open sea to a northwest–southeast direction in the inner bay. There was a significant correlation between the distribution of residual current and the distribution of coastline in Xiangshan Bay. The residual current direction and velocity in the inner bay were chaotic, whereas the currents in the mouth of the bay were uniform and faster. They were divided into two flows toward the Fodu channel and Niubishan channel, respectively.



Experiments A and B had a greater impact on the amplitude and phase because the coastline change area was close to the mouth of the bay. However, experiments C, D, and E had less significant changes, as the coastline changes were near the head of the bay, with only a slight decrease in amplitude around the coastline change area.



Through the comparison of tidal currents and residual currents in each experiment, the coastline changes near Meishan Island and the east side of Dasong had a significant impact on both non-periodic residual currents and periodic tidal currents. The coastline changes at these two locations influenced the direction of residual currents over a considerable range. There was a significant variation in the velocity of periodic tidal currents, with regions of increased and decreased velocities alternating. The coastline changes north of the Tie inlet had a certain impact on both the residual current and the periodic tidal current, mainly reducing their velocities. The coastline changes on the east side of Tongzhao and Qiangjiao had little effect on the residual current, whereas the impact scale of the tidal currents was relatively small.



In summary, coastline changes at the mouth of the bay had a greater impact on hydrodynamics, changing the amplitudes and phase distributions of tides. However, coastline changes in the inner bay have lesser impacts on hydrodynamics, mainly affecting surrounding areas, which may accelerate the transport of pollutants and nutrients.



It is worth noting that in this study, the friction coefficient values are assumed to be uniformly consistent. However, in reality, the bottom friction may vary across different regions, which will be taken into consideration in future studies.
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Figure 1. Schematic diagram of the changes in the coastline of Xiangshan Bay. The red boxs indicate the main areas of coastline changes. 
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Figure 2. Mesh of the control experiment. 
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Figure 3. Mesh of comparative experiments (A–E) changed area. Subfigures (A–E) represent the zoomed-in meshes of coastline changed Areas 1–5, respectively. 






Figure 3. Mesh of comparative experiments (A–E) changed area. Subfigures (A–E) represent the zoomed-in meshes of coastline changed Areas 1–5, respectively.



[image: Applsci 13 08071 g003a][image: Applsci 13 08071 g003b]







[image: Applsci 13 08071 g004 550] 





Figure 4. Comparison of sea surface elevation at Xize station. 
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Figure 5. M2 tidal amplitudes and phases from the control experiment. 
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Figure 6. M2 tidal amplitudes and phases from comparative experiments (A–E). 
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Figure 7. Distribution of Eulerian residual current in the control experiment. 
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Figure 8. Current changes in Area 1. (a) Residual currents distribution before the change in coastline; (b) Residual currents distribution after the change in coastline; (c) Changes in the velocity of the peak flood tidal currents; (d) Changes in the velocity of the peak ebb tidal currents. 
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Figure 9. Velocity changes in the peak flood tidal currents along Section A. 
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Figure 10. Current changes in Area 2. (a) Residual currents distribution before the change in coastline; (b) Residual currents distribution after the change in coastline; (c) Changes in the velocity of the peak flood tidal currents; (d) Changes in the velocity of the peak ebb tidal currents. 
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Figure 11. Current changes in Area 3. (a) Residual currents distribution before the change in coastline; (b) Residual currents distribution after the change in coastline; (c) Changes in the velocity of the peak flood tidal currents; (d) Changes in the velocity of the peak ebb tidal currents. 
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Figure 12. Current changes in Area 4. (a) Residual currents distribution before the change in coastline; (b) Residual currents distribution after the change in coastline; (c) Changes in the velocity of the peak flood tidal currents; (d) Changes in the velocity of the peak ebb tidal currents. 
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Figure 13. Current changes in Area 5. (a) Residual currents distribution before the change in coastline; (b) Residual currents distribution after the change in coastline; (c) Changes in the velocity of the peak flood tidal currents; (d) Changes in the velocity of the peak ebb tidal currents. 
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Table 1. Configurations of key model parameters.






Table 1. Configurations of key model parameters.





	Model Parameter
	Value





	Model time setup
	1.0 s



	Bottom friction coefficient
	0.0003



	Vertical eddy viscosity
	M-Y 2.5 turbulent closure



	Vertical layers
	11 uniform sigma layers



	Open boundary condition
	Sea surface elevation time series from TPXO9
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Table 2. Various experimental model configuration.






Table 2. Various experimental model configuration.





	Experiments
	Descriptions
	Nodes
	Elements





	Control experiment
	2002 coastlines
	15,412
	29,089



	Experiment A
	Changed Area 1 (near Meishan Island)
	15,001
	28,322



	Experiment B
	Changed Area 2 (the east side of Dasong)
	15,159
	28,613



	Experiment C
	Changed Area 3 (the east side of Tongzhao)
	14,905
	28,160



	Experiment D
	Changed Area 4 (the north of Tie inlet)
	15,234
	28,751



	Experiment E
	Changed Area 5 (near Qiangjiao)
	15,242
	28,796
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