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Reclamation of tidal flats is one of the engineering measures of expanding land area and developing the economy in coastal areas; however, this process disturbs the natural processes of the tidal flat system. Taking the flood-tidal dominant Oufei tidal flat at the Wenzhou coast as a study area, the influences of tidal flat reclamation on tidal and suspended sediment dynamics were comprehensively investigated via numerical modeling. Before the reclamation, the Eulerian residual current flows alongshore and the residual sediment transport on-shore in the tidal flat area. The reclamation reduces the tidal flat area, shifting the M4 co-phase line toward the coast and squeezing the flood-dominated area. Consequently, the tidal current is weakened and the suspended sediment concentration (SSC) is reduced, but the residual sediment transport change insignificantly. The residual sediment transport in the Feiyunjiang Estuary is controlled by the tidal pumping effect. The upper estuary shows a net sediment transport landward, while a seaward transport is observed in the lower estuary, which further splits into two circulation outside the estuary. The south Oufei dike construction interferes the northern sediment circulation, resulting in the alteration of local SSC and enhancing landward sediment transport inside the estuary. The methodology and understandings arising from this study could be a good reference for the analysis of suspended sediment transport under tidal flat reclamation effects at other sites.
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1 Introduction

The coastal zone is a transitional land-sea interaction area influenced by oceanic and terrestrial forcing. Since more than one-third of the world’s population lives in coastal zones, it is also highly interfered with human activities (Temmerman et al., 2013; Zhu et al., 2020). Tidal flats are a crucial geomorphic unit of the coastal zone and are mainly composed of muddy deposits. Tidal flats can provide a habitat for flora and fauna to protect biodiversity, protect the coasts from storms, and increase the coastal protection capacity (Murray et al., 2019; Zhou et al., 2022). With the progress of society and the development of the economy, the reclamation of upper tidal flats has become the primary engineering method of solving the problem of land scarcity in many coastal cities worldwide, promoting economic development (Sengupta et al., 2018; Chu et al., 2022). In addition, tidal flat reclamation can effectively elevate the low-lying coastal areas which are frequently threatened by sea level rise, flooding, storm surges and other disasters (Goemans and Visser, 1987; Hoeksema, 2007; Chen et al., 2019; Pan et al., 2022). With global climate change and the intensification of human activities, tidal flats are under unprecedented pressure.

The tidal flats mainly serve as sedimentary sinks of fine-grained sediments and are high-frequency areas of land reclamation projects (Pedersen and Bartholdy, 2006; van Maren et al., 2016; Wu et al., 2018). However, tidal flat reclamation can cause a sharp reduction or even loss of sediment sinks. Consequently, the suspended sediment concentration (SSC) may increase in the surrounding channels, bringing siltation. Thus, sediment sinks shift from shallow tidal flats to nearby deep channels due to tidal flat reclamation (van Maren et al., 2016; Gao et al., 2018; Cheng et al., 2020). Meanwhile, in the tidal flat just near the sea dike, the sedimentation rate may be reduced or even turn to erosion due to strengthened tidal current velocity and wave conditions (Zhang and Chen, 2015; Cox et al., 2022). As a result, the tidal flats shift from suspended sediment sink to a source. Due to the differences in engineering designs and dynamic coastal environments, the coastal geomorphological responses to reclamation projects vary in different regions. The variations are related not only to the coastal morphology, geomorphological patterns, and hydrodynamic forces after reclamation, but also to the strength and persistence of the reclamation (Su et al., 2020; Xu et al., 2021).

Regarding tidal flats inside the estuaries, Winterwerp and Wang (2013) and Winterwerp et al. (2013) found that the reclamation of tidal flats and the deepening of navigation channels can change the properties of the original estuaries. Due to the narrowing and deepening of the tidal-dominated estuaries, the original low-turbidity estuaries have been transformed into high-turbidity. The high turbidity estuaries will further reduce the bottom friction, amplifying the upstream tidal waves, and forming an irreversible cycle. van Maren et al. (2016) reported that reclamation projects squeeze the sediment deposition area in the estuary, leading to increased SSC inside the estuary. Under increased tidal waves due to the narrowing and deepening of the estuary, the seaward sediment transport reverses landward, resulting in upstream sedimentation. Xie et al. (2017) found that similar reverse sediment transportation and sedimentation occurred in the upper estuaries in the Qiantang Estuary. They suggested continuous reclamation of the estuarine area was essential in changing sediment transport regimes. For such tidal-dominated estuaries, it is known that reclamation and channel dredging have irreversible effects on estuary evolution (van Maren et al., 2015; Wang et al., 2015). The main mechanisms can be summarized as follows: the superiority of the flood tide is strengthened, the amplitude of the tidal waves is enhanced, the trend of the net sediment transport is changed, and the natural properties of the estuary are affected.

The Oufei tidal flat on the Wenzhou coast in China is located between the Feiyunjiang River estuary and the Oujiang River estuary (Chen et al., 2021) (Figure 1). It is a typical muddy tidal flat with a slow deposition trend, featured by a flood-dominant tide. In the last ten years, due to economic development, a series of reclamation projects have been progressively carried out in the Oufei tidal flat, advancing the shoreline to the sea (Mei et al., 2019; Cai et al., 2021). Different from the reclamation inside the estuary, which may cause the regime shift of the estuary properties, it is unclear on the effects of reclamation on accreting open tidal flats and on the adjacent estuaries.




Figure 1 | (A) Bathymetric map of the Oufei tidal flat area in 2019 and (B) morphological changes of Oufei tidal flat between 2010 and 2019 (unit: m/yr). The blue line in (A) inside the Feyunjiang River defines six locations (points) used to conduct sediment flux decomposition in Section 4.



In this study, we take the Oufei tidal flat as a research site, aiming to explore the impacts of reclamation on suspended sediment dynamics in the tidal-dominated tidal flat and the adjacent estuary. To this end, a numerical model was established to simulate the tidal and sediment dynamics before and after the reclamation. By analysis of the tidal current pattern, SSC distribution, and the residual suspended sediment transport in the study area, the influence mechanism of the reclamation project on the sediment dynamics was identified. Section 2 introduces the study area and the numerical model; Section 3 illustrates the results on tidal and sediment dynamics before and after the reclamation; Section 4 discusses the corresponding mechanisms by analyzing tidal asymmetry and decomposing on net sediment transport; the conclusions are listed in Section 5.



2 Materials and methods


2.1 Study area

The Oufei tidal flat is located in the eastern part of the Wenzhou coast. It is characterized by a straight shoreline and an accreting tidal flat (Figure 1). The tides around the Oufei tidal flat region are regular semi-diurnal tides, and the M2 tidal components are dominant (Xu, 2020; Chen et al., 2021). The average tidal range is 4.4 m and can be classified as a macro-tidal area. Influenced by the shape of the local topography, the tidal current in the Oufei tidal flat is mainly reciprocating, with the flood current pointing toward the northwest and the ebb current directing toward the southeast. According to long-term measurements at Nanji Island Oceanographic Station, the waves are mainly wind-waves, with an annual average wave height H1/10 of about 1 m.

The Oujiang River and the Feiyunjiang River flow into the sea to the north and the south of the Oufei tidal flat, respectively. The annual average discharge of the Oujiang River is 470 m3/s, and that of the Feiyunjiang River is 75 m3/s (Li, 2010). A large amount of sediment from the Yangtze Estuary is transported to the offshore area of the Oufei tidal flat by longshore currents. Subsequently, the local tidal currents and waves push this sediment toward the tidal flats (Chen et al., 2021). The SSC in the Feiyunjiang River Estuary is much higher than in the Oufei tidal flat area, leading to the maximum turbidity zone being located in the estuary.



2.2 Model setup

Based on the open-source Delft3D software, a numerical model that considers both the tidal current and sediment transport in the Oufei tidal flat was constructed. The flow module of the Delft3D software is mainly based on shallow water equations and the Boussinesq assumption for an incompressible fluid. Since the Wenzhou Coast is a macro-tidal-dominated and well-mixed coast, and the Feiyunjiang Estuary is classified as well-mixed at most times of the year according to Simmons’s classification method (Jin and Sun, 1992), we apply a depth-averaged (i.e., 2D) way to compute tidal current and sediment transport. More details can be found in the user manual of Delft3D (Deltares, 2011). The suspended sediment transport was calculated using the two-dimensional advection-diffusion equation:

	(1)

where S is the average depth of the SSC (kg/m3); t is time (s); ξ and η are orthogonal curvilinear coordinates under the Cartesian coordinate system (m); Gξ and Gη are the Lame coefficients in the coordinate system; U and V are the average velocity components along the water depth (m/s) in directions ξ and η, respectively; ζ is the tidal elevation (m); d is the water depth (m); H = ζ + d is the total water depth (m); υs is the turbulent diffusion coefficient for suspended sediment (m2/s); Fs is the sediment exchange item between the sediment bed and water; Fs = Db- Eb; Db is the sediment deposition flux on the seabed surface; and Eb is the scour flux on the seabed.

The Oufei tidal flat and its adjacent estuaries are dominated by fine sediments. The median grain size of the suspended sediment is around 6 μm (Wu et al., 2015). Therefore, the Partheniades–Krone equation was used to calculate the sediment exchange term between the sediment bed and water. The sedimentation flux (Db) is:

	(2)

where ωs is the sedimentation velocity of the cohesive sediment (m/s); Sb is the sediment concentration (kg/m3); τbs is the effective shear stress (N/m2); and τd is the critical deposition shear stress (N/m2). The erosion flux (Eb) is written as follows:

	(3)

where τe is the critical erosion shear stress (N/m2); and M is the erosion coefficient related to the sediment properties, which reflects the erosion resistance of the sediment in the seabed.

The domain of the Oufei Model (OM) ranges from 119°E to 124°E and from 32°N to 36.5°N. The entire area was about 200 km×550 km. The total number of grids was 104133. The grid resolution ranges from 30m in the Feiyunjiang River Estuary to 100 in the nearshore area of the Oufei tidal flat. The tidal elevation data were used as the open boundary conditions, provided by the two-dimensional tidal current model of the East China Sea (Su et al., 2015). The shallow water area (i.e., tidal flats) was processed into the moving boundary using the wet-dry boundary condition. According to the grain size analysis of the surface sediments in the Oufei tidal flat conducted by Wu et al. (2015), the bed sediment of the model was set as silt, with a particle size of 8 μm (slightly larger than the suspended sediment size, i.e., 6 μm), a dry density of 500 kg/m3, a critical starting shear stress of 0.5 Pa, and a settling velocity (flocculation settling velocity) of 2.4 mm/s.

Two cases were set up based on the OM. One uses the shorelines and bathymetric data in 2010 (namely, 2010 model) representing the condition before reclamation. The other uses shorelines and bathymetric data in 2019 (namely, 2019model) to represent the condition after reclamation. The bathymetric data in 2010 and 2019 in the Oufei tidal flat were derived from field surveys, while the nautical charts in the corresponding period were used for Feiyunjiang Estuary and the seaward area. These data were processed to the same vertical datum (i.e., China national height datum 1985). An additional case (caseSL) was setup by keeping the bathymetry the same as in 2010 and the shoreline the same as in 2019, to explore the impacts of shoreline changes.



2.3 Model verification

The calculation time of the pre-reclamation case (that is, the 2010 model) was from October 1, 2010, to November 1, 2010, and the calculation time step was 30 s, which satisfies the stability conditions of the Courant number. During the one-month simulation, the bed level changes were also simulated. However, the resulting bed level changes were small because the simulation period only covered two spring-neap tidal cycles. Figure 1 shows the distribution of the measurement stations for tidal elevation, velocity and SSC in the Oufei tidal flat in 2010. The tidal elevation, tidal current, and SSC at each station were calculated using the model and were compared with the measured data for verification. Figures 2–4 shows part of model verification results. See Supplementary Materials for details. In Supplementary Materials, the model verification results of 2019model were also listed. The results demonstrate that the calculated values of the tide level, flow velocity, flow direction, and SSC are in good agreement with the measured values, and the errors are within 10%. The errors between simulation and measurement were mainly due to the inaccurate bathymetric data (e.g., the depth near O1 is from the nautical charts), ignorance of waves and winds, complexity in sediment transport modelling. It can be considered that the model can accurately simulate the hydrodynamic and sediment characteristics of the Oufei tidal flat in 2010 and 2019, respectively.




Figure 2 | Comparison of calculated and measured water levels. The measurement period was from October 13 to October 31, 2010, at the different stations.






Figure 3 | Comparison of the simulated and measured flow velocity during spring tide. The measurement period was from October 24 to 25 in 2010.






Figure 4 | Comparison of the simulated and measured SSCs during spring tide. The measurement period was from October 24 to 25 in 2010.





2.4 Data analysis

Based on the validated numerical model (i.e., the 2010 model) of the Oufei tidal flat, the tidal current and sediment transport during one month in 2010 and 2019 were calculated, respectively. The tidal elevation, flow current, SSC, and suspended sediment transport in the study area before and after reclamation were compared and analyzed.

The tidal ratio, (HK1+HO1)/HM2, in the mouth of the Feiyunjiang River ranges from 0.18 to 0.28, and the sea area is a normal semi-diurnal tidal area. The tidal asymmetry characteristics are mainly generated by the interaction between the semi-diurnal tide (M2) and the shallow water tide (M4). Therefore, the harmonic analysis is mainly focused on the M2 and M4 sub-tides. The M4/M2 amplitude ratio and (2M2–M4) relative phase parameters defined by Friedrichs and Aubrey (1988) were used to analyze the asymmetry of the tides.

	(4)

	(5)

where HM2 and HM4 are the amplitudes of the M2 and M4 tides, respectively; and φM2 and φM4 are the phase lags of the M2 and M4 tides, respectively. The tidal deformation coefficient A is the amplitude ratio of the M4 tide to the M2 tide, and the tidal deformation coefficient G is the phase difference between the M4 tide and M2 tide. A > 0.01 indicates a large deformation during the tidal wave propagation. G represents the dominant relationship between the high and low tides in the tidal asymmetry.

To analyze the characteristics and main factors controlling the residual suspended sediment transport in the study area, the suspended sediment flux decomposition method proposed by Dyer (1997) was adopted to decompose the residual transport rate, F(kg/(m · s)), of the suspended sediment during the entire tidal cycle T.

	(6)

where h, u and c are the total water depth, tidal current velocity and SSC respectively; T is tidal period; the subscript 0 means the tidal average; the subscript t tidal variation, the subscript v means the vertical variation and the subscript vt denotes the variation over tidal cycle and water depth; overbar means the average over tidal cycle; angled bracket means average over water depth. Totally, suspended sediment flux can be decomposed into seven terms. T1 is the suspended sediment transport term caused by the Eulerian residual current; T2 is the Stokes drift transport term; and T1 + T2 is the Lagrange advection transport term. T3 is caused by the phase difference between the tidal elevation and SSC. T4 is the phase difference between the tidal current and SSC, which is mainly caused by the sediment settling and erosion lag, and it is also known as the tidal trapping effect. T5 is the phase difference among the tidal elevation, tidal current, and SSC, which is caused by the settling lag and erosion lag. T3 + T4 + T5 is related to the tidal pumping term; T6 is the gravity circulation term along the vertical direction of the estuary; and T7 is the difference between the vertical distributions of the velocity and sediment concentration caused by the tidal wave deformation. T6 + T7 is the residual vertical circulation transport term, which is related to the shear diffusion effect.




3 Results


3.1 Variations of the tidal water level

Figure 5 shows the co-tidal and co-amplitude charts of the M2 and M4 tides before and after the tidal flat reclamation. Before the reclamation, the M2 tide propagated east to west, and the phase lag increased from 34° to 42°. The amplitude increased toward the shore, and the peak was about 2.40 m. The M2 tidal amplitude in the Oufei tidal flat area increased initially and then decreased from the sea toward the land, and the peak value was about 2.40 m. After the reclamation, the M2 tidal distribution was the same as before. Influenced by the south Oufei dike, the amplitude of the southern shelter area increased, and the peak amplitude area of 2–2.4 m contracted toward the shore.




Figure 5 | Co-tidal and co-amplitude charts before and after reclamation: M2 tidal constituent (a) before reclamation and (b) after reclamation; M4 tidal constituent (c) before reclamation and (d) after reclamation.



Before the reclamation, the M4 tidal amplitude gradually increased from the sea toward the land, exhibiting significant shallow water effects. The M4 tidal amplitude was slightly smaller than the M2 tidal amplitude, and the peak value was only 0.40 m. The M4 co-tidal line and amplitude distribution were similar. The co-tidal line is parallel to the coastline, and the 280 -340° co-tidal lines almost coincide, indicating the effects of a sloped topography. After the reclamation, the overall pattern of the M4 did not change significantly, but each co-tidal line was shifted toward the shore.



3.2 Variations of the tidal current

The tidal current is one of the leading forces shaping the landform of the Wenzhou Coast. Figure 6 shows the differences in the tidal current field between the flooding and ebb peak before and after the reclamation. The reclaimed area is shown in green. From the south of the reclaimed area to the Feiyunjiang Estuary, the flow direction exhibits noticeable deflection after the reclamation.




Figure 6 | Tidal current field during spring tide before and after reclamation. Flow vectors comparisons during (A) flood peak and (C) ebb peak; Differences in velocity magnitude during (B) flood peak and (D) ebb peak. The reclamation area is shown in green area and the south Oufei dike is shown in red line near the estuary.



During flood peak, the tidal current flows perpendicular to the shoreline near the Oufei tidal flat before the reclamation, while the tidal currents change to flow along the artificial shoreline after the reclamation. The maximum flow velocities during flood tide decrease more than 0.4 m/s after the reclamation. The construction of the south Oufei dike blocks part of the water exchange between the tidal flat and the estuary, decreasing flow velocity (~0.4 m/s) near the dike. The dike also prolongs the estuary, enlarging the flow velocity (0.1-0.2 m/s) at the prolonged estuary section, while the flow velocity decreased inside the estuary (0.1 m/s). Furthermore, the flow velocity around the offshore islands varies significantly, up to 0.4 m/s.

During ebb peak, the changes in both flow direction and flow magnitude caused by reclamation, are relatively small compared to flood tide. For example, the ebb flow velocity only reduces as large as 0.4 m/s near the reclaimed dike, while the reduction in the offshore area is not significant. During ebb tide, the south Oufei dike near estuary reduces velocity 0.05-0.1 m/s, which provides sheltering effect on the nearby tidal flat It worth noting that there are also changes in the flow directions and magnitudes near the offshore islands, but these changes are all concentrated in local areas.

The residual current refers to the movement of the remaining water body after the current separates from the cyclical tidal current movement, which is related to the long-term transport direction of the sediment along the coast. The monthly averaged Eulerian residual current distribution in the Oufei tidal flat area before and after reclamation was calculated (Figure 7). Before the reclamation, the tidal flow in the tidal flats area was predominantly in the along-shore direction toward the Feiyunjiang Estuary. There was a strong tongue-shaped residual current spreading from the estuary towards sea. The velocity of the residual current was between 0.04 and 0.12 m/s. Around the offshore islands, there were several clockwise circulations and localized high-velocity areas. The average velocity was 0.07 m/s.




Figure 7 | Residual tidal current for two spring-neap cycles before and after reclamation. (A) Flow vector comparison; (B) differences in velocity magnitude.



After the reclamation, the residual flow velocity in the southern corner of the reclamation area increased significantly (by 0.12 m/s). There is a circumfluence zone on both sides of the south Oufei dike, and the velocity decreases slightly, while the residual velocity increases locally at the head of the dike and its northern sheltered area, with a maximum increase of 0.06 m/s. In general, due to the reclamation, the distribution of the residual current in the southern corner of the reclamation area and near the south Oufei dike changed greatly, while the impact on the rest of the sea area was not significant.

CaseSL shows the reclamation impacts on velocity magnitude if only changing the shorelines (Figure 8). The obvious velocity variations occur near the reclamation dikes and the changes in velocity magnitude is more significant during ebb (i.e., as large as 0.4 m/s). In the offshore islands area, the velocity variations before and after reclamation are within 0.05 m/s during flood tide, and within 0.1 m/s during ebb. This indicates that the impacts of tidal flat reclamation on velocity is limited around these islands. However, the changes in velocities around the reclamation area and these islands after reclamation may influence the local bathymetric changes. The changes of bathymetry in turn influences the local flow velocity. Hence, the cumulative impact due to the shoreline change still needs further study.




Figure 8 | Differences in velocity magnitude during (A) flood peak and (B) ebb peak of spring tide of only changing shorelines (caseSL-2010model). Note that, caseSL keeps the bathymetry as the same, and only the shoreline changes.





3.3 Variations of suspended sediment dynamics

Figures 9A, B show the average SSC distribution over the spring tide before and after the reclamation. The SSC shows a similar distribution pattern before and after the reclamation, i.e., the SSC is high inside the estuary (larger than 14 kg/m3) and gradually decreases in the seaward direction. Meanwhile, the SSC in the Oufei tidal flat is rather smaller. In the Feiyunjiang Estuary, the average SSC during spring tide decreased after the reclamation, with a maximum reduction value of 4 kg/m3 (Figure 9C). The SSC in the northern reclaimed area also exhibited an overall decreasing trend, with an average decrease of about 1 kg/m3. The SSC increases only in the sheltered area of the south Oufei dike and around the offshore islands.




Figure 9 | Tidal-averaged SSC during the spring tide (A) before and (B) after the reclamation; and the differences in the tidal-averaged SSC during (C) the spring tide and (D) a full spring-neap tide cycle before and after the reclamation.



Figure 9D shows the differences in the average SSC in the full spring-neap tidal cycle before and after the reclamation. The overall change in SSC is similar to that of the spring tide, but with a smaller magnitude. That is, the SSC slightly increases by about 0.2 kg/m3 in the northeast area of the estuary and slightly decreases by about 0.5 kg/m3 on the southwest side and on both sides of the south Oufei dike.

Figure 10 shows the changes of residual suspended sediment transport in the study area before and after the reclamation. It can be seen from Figure 10A that the suspended sediment was transported toward the tidal flat before the reclamation, resulting in the accreting tidal flat there. Inside the Feiyunjiang Estuary, the sediment transports landward in the upper estuary, whereas it directs seaward in the lower estuary. After the suspended sediment was exported from the estuary, the suspended sediment was divided into two parts, which formed a clockwise circulation to the south and a counterclockwise circulation to the north. The residual sediment was eventually transported to the estuary and the nearshore area.




Figure 10 | Differences in (A) residual sediment transport direction and (B) magnitude during one month before and after the reclamation.



After the reclamation, the residual sediment transport depicts an along-shore direction instead of on-shore. But the changes in magnitude is too small to be shown in Figure 10B. Inside the estuary the landward and seaward transport still exists, but the separation point moves seaward. This is because the construction of the south Oufei dike extends the estuary, increasing the distance of sediment entering the sea. Thus, the residual sediment transport in the upper estuary is increased, while it is decreased in the lower estuary. Outside the estuary, there are alternating increases and decreases from north to south, with changes in transport magnitude not exceeding 5×10–4 m3/s/m.

In summary, the impact of the northern tidal flat reclamation on the sediment transport is relatively limited, while the construction of the south Oufei dike near the estuary mouth has a significant impact on the direction and strength of the residual sediment transport in and near the estuary.




4 Discussions


4.1 Effects of the tidal flat reclamation on the tidal asymmetry

The Oufei tidal flat is in a slow accreting state and featured by the flood-dominant tide. Since the tide, especially the tidal asymmetry, plays a primary role in the morphodynamics of the Oufei tidal flat, it is necessary to investigate the effects of the reclamation influences on the tidal asymmetry.

Figure 11 shows the spatial distribution characteristics of the tidal asymmetry coefficient amplitude ratio (A) and tidal deformation coefficient (G) before and after the reclamation of the Oufei tidal flat. The tidal amplitude ratios A in the nearshore area exceeded the limit of 0.01, indicating that the tidal waves experienced significant deformation under the influences of the topography when they reached the shallow area of the Oufei tidal flat. The amplitude ratio at the mouth of the Feiyunjiang River (0.1–0.2) was smaller than that in the nearshore area of the Oufei tidal flat (0.3–0.6). This indicates that the M4 tide was more enhanced than the M2 tide in the nearshore area. After the reclamation, the amplitude ratios in the offshore and nearshore area did not change much. Only the amplitude ratio in the circumfluence zone on the north side of the south Oufei dike increased slightly, while the amplitude ratio in the shelter area on the south side decreased.




Figure 11 | Spatial distributions of tidal asymmetry parameters (A) before and (B) after the reclamation. Note: the background map represents the amplitude ratio (A), and the contour lines represent the phase difference (G).



Before and after the reclamation, the tidal phase differences in the study area were all between 0° and 180°, confirming that the tidal current during flood tide was larger than the ebb current, and the flood tide duration was shorter than the ebb duration, i.e., the tide asymmetry is flood-dominant. The flood-dominancy gradually increased with decreasing water depth from the sea toward the land. The tidal deformation coefficient G was close to 90°, and the tidal waves tend to exhibit the maximum positive asymmetry. After the reclamation, the contours of the tidal deformation coefficient G shifted toward the shore, indicating that the flood-dominancy was slightly weakened and the sediment transport capacity of the tidal current was weakened, which may be the reason for the decrease in the suspended sediment concentration in this area.



4.2 Effects of the tidal flat reclamation on the suspended sediment transport

To further understand the mechanisms of the suspended sediment transport in the estuary and to identify the effects of the tidal flat reclamation, the residual suspended sediment transport was decomposed into the advection term and the tidal pumping term using the flux decomposition method as mentioned in Section 3. Figure 12 depicts the spatial distribution of flux decomposition before and after the reclamation. In addition, six locations were set along the estuary section (blue line in Figure 1), and the sediment transport rate over tidal cycles and the contribution of each decomposed component at each point were extracted. The results are presented in Figure 13.




Figure 12 | Decomposition of the residual suspended sediment transport over a spring-neap tidal cycle (A, B) before and (C, D) after the reclamation. (A, C) Distribution of advection transport term; and (B, D) tidal pumping term. The units are kg/m/s.






Figure 13 | Contributions of different decomposition components to suspended sediment flux at different positions in the estuary: (A) five decomposition components (T1 to T5); (B) advection (T1+T2) and tidal pumping terms (T3+T4+T5). Note that seaward is positive, point 1 is upstream of the estuary, and other points are distributed successively downstream with an interval of 1600 m.



Regarding the advection term, there is overall transport toward the sea outside the estuary with a transport rate larger than 0.3 kg/(m · s). The sediment transport is parallel to the tidal flat area with a relatively small magnitude. Outside the estuary, a clockwise transport pattern exists. According to the T1 and T2 terms of each calculation point inside the estuary (Figure 13A), the Eulerian residual current transport term (T1) was toward the sea, whereas the Stokes drift term (T2) was toward the land. The T2 term is comparable to the T1, hindering the upstream transport of the suspended sediment toward the sea. As a result, the advection transport term (T1+T2) of the suspended sediment inside the estuary contributes little to the residual transport of sediment (Figure 13B). Before and after reclamation, the distribution of advection transport terms was slightly reduced except the area around the south Oufei dike (P7).

With respect to the tidal pumping term, it depicts a landward sediment transport in the Oufei tidal flat with a relatively small magnitude. Outside the estuary, there is a seaward sediment transport direction in the middle, while landward sediment transports are distinguishable in the south and north estuary, respectively. Inside the estuary, the residual sediment is transported landward in the upper part, whereas it directs seaward near the mouth. The tidal pumping induced transport pattern is in line with the overall residual sediment transport shown in Figure 10A, indicating that the tidal pumping term (induced by tidal asymmetry) is the critical factor controlling the sediment transport in the Oufei tidal flat region.

The tidal pumping term inside the Feiyunjiang Estuary shows that the contributions of the T4 and T5 were more significant (Figure 13A). The T4 term points to the sea, and the intensity increases toward the sea. T4 term represents the relationship between the asymmetry of the tidal current and the suspended sediment concentration. That is, the suspended sediment transport caused by the ebb tide is more significant than that caused by the flood tide, resulting in the residual transport of the sediments toward the sea. In addition, the seaward increase in T4 indicates an enhancement of the tidal asymmetry at the mouth. T5 term shows a landward transport, and the intensity slightly increases seaward. T5 term represents the relationship between the tidal elevation asymmetry, the tidal current asymmetry, and the SSC. It reveals that the sediment transport in the mouth is greater at high tide than at low tide, resulting in residual sediment transport toward the land. T4 and T5 terms are in the same magnitude, more or less, leading to the residual sediment transport in opposite directions in the upper and lower estuary (Figure 13B). After the construction of the south Oufei dike, the length of the estuary was extended, strengthening the landward transport.



4.3 Limitations and remarks for future research

Effects of waves on residual sediment transport. There are significant seasonal variations in wave climates. In winter, the most frequent wave is from the NNE to NE direction, while in summer, it is from the E-ESE direction. Moreover, the wave height in winter is more significant than that in summer. The annual average H1/10 wave height is about 1 m. Therefore, there would be seasonal differences in sediment transport induced by waves. While both the Oufei tidal flat and the Feiyunjiang Estuary are dominated by the tide, it is still necessary to understand the contribution of the wave on residual sediment transport and the impacts of reclamation in different temporal scales (e.g., tidal cycles, seasonal and annual).

Morphological changes and the contribution of reclamation. Comparing surveyed bathymetries makes it possible to obtain morphological changes in different periods. As shown in Figure 1B, during 2010-2019, the sedimentation mainly occurred in the upper tidal flat and the area sheltered by the south Oufei Dike, while slight erosion (annual mean erosion rate smaller than 0.05m) can be found in the lower tidal flat and seaward areas. Together with the velocity and SSC variations before and after reclamation, the sedimentation near the south Oufei Dike is due to reduced velocity and sediment transport. However, the residual sediment transport variations before and after reclamation in the lower tidal flat area were too small to be recognized. On the one hand, the morphological change was a gradual and feedback process with the tidal current, wave, and sediment transport. On the other hand, reclamation was also gradual in the past decades. The construction of each reclamation dike involves a chain reflection between hydrodynamics, sediment transport, and bed level changes. Hence, it is difficult to accurately reveal morphological change and the contribution of reclamation by comparing only the changes in residual sediment transport between two snap-shot runs. A morphodynamic model should be utilized to understand the contribution of the reclamation on morphological changes.




5 Conclusions

Through numerical modeling, the impacts of tidal flat reclamation on the suspended sediment dynamics in a flood-dominant and accreting coast have been analyzed. The main conclusions are as follows:

	(1) In the Oufei tidal flat area, the M4 tidal amplitude gradually increases from the sea toward the land, enhancing the flood-dominancy in the shallow tidal flat and promoting on-shore sediment transport. The tidal flat reclamation weakens the flood-dominancy near the reclamation area, which leads to a more pronounced tidal current velocity reduction (~0.4 m/s) during flood tide, and reduces the SSC there. But the intensity of the residual transport of the suspended sediment did not change significantly after the reclamation.

	(2) In the Feiyunjiang Estuary, the SSC and the residual transport intensity of the suspended sediment in the Feiyunjiang Estuary are controlled by the tidal pumping effect, with the magnitude of ten times greater than that at the Oufei tidal flat. The residual sediment, transport landward in the upper estuary, while seaward transport is distinguishable in the lower estuary. The residual sediment transport depicts two circulation patterns outside the estuary. The south Oufei dike construction interferes the northern sediment circulation, resulting in the alteration of local SSC and enhancing landward sediment transport inside the estuary.
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