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Abstract

:

Tidal flats are accumulations of fine-grained sediment formed under the action of tides and play a very important role in coastal protection. The northern part of Jiangsu coast, as a typical example of muddy coasts found all over the world, has experienced serious erosion since the Yellow River shifted northward, and the range of erosion has been gradually extending southward, now reaching the south of the Sheyang River estuary (SYRE). In order to address coastal erosion near the SYRE through protective measures, there is an urgent need for research on the spatial and temporal variation of coastal erosion processes and their control mechanisms in the SYRE and adjacent coastal areas. For this study, the tidal flats on the south side of the SYRE were selected as the study area, and the sediment dynamics in the upper and lower intertidal flat were observed in different seasons to investigate the erosion processes and their dynamic mechanisms. The results show that the tidal current and wave action in the observed intertidal flats are stronger in winter than in summer, and these intertidal flats erode under the combined action of waves and currents. During winter, the net transport of the near-bottom suspended sediment and bedload is primarily towards the southeast, while in summer, the direction tends toward the north and northeast. The net transport fluxes are larger in the lower part of the intertidal flat than in the upper part in summer and also larger in winter than in summer within the lower intertidal flat. Furthermore, the tidal flat erosion in the study area manifests as shoreline retreat and flat surface erosion. The average shoreline retreat rate increased from 23.3 m/a during 2014–2019 to 43.5 m/a during 2019–2021, and the average erosion depth of the lower and upper parts of the intertidal flat over a tidal cycle is, respectively, 1.98 cm and 0.24 cm in winter and 1.65 cm and 0.26 cm in summer. The ratio of the wave-induced bottom shear stress to the tidal current-induced bottom shear stress is 0.40~0.46 in the lower intertidal flat and increases to 0.66~0.67 in the upper intertidal flat, indicating that the intertidal flat erosion in the study area is primarily driven by tidal currents, with significant contributions from wave action, especially in the upper intertidal flat.
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1. Introduction


Tidal flats, formed under the significant influence of tidal action and rich conditions of fine-grained sediment supply, represent a distinct geomorphic feature situated at the interface of land, ocean, and atmosphere [1]. They exhibit significant spatial differences influenced by factors such as tidal range, waves, material supply, and vegetation cover [2]. Currently, the area corresponding to global tidal flats is approximately 127,921 km2, mainly distributed in the Asia-Pacific region, such as in Indonesia, China, India, and other countries [3]. There has been substantial and systematic research on tidal flat sedimentation in the world, particularly along the North Sea coasts of European countries such as The Netherlands, Germany, and Denmark [4], the Wash Bay in the United Kingdom [5], Fundy Bay in Canada [6], and the Jiangsu tidal flats in China [7,8]. As an important part of the coastal zone, tidal flats play a crucial role in coastal protection [9]. However, due to sea-level rise, land subsidence, and intensive human activities in river basins and coastal zones, there has been a gradual decrease in the area of tidal flats globally [10,11], and most muddy coasts have suffered erosion [12,13].



The tidal flats in Jiangsu coast are famous for both rapid accretion and intense erosion. After the Yellow River shifted northward in 1855, the supply of huge amounts of sediment was cut off, resulting in erosion in the abandoned Yellow River delta (AYRD) and adjacent coast area, and the intensity of erosion gradually decreases with the increasing distance away from the AYRD center [8,14]. The coastal area south of the Sheyang River estuary (SYRE) (Figure 1a) exhibits signs of continuous accretion in the early stage, due to the transport of eroded sediment from the AYRD to the south [15,16,17]. However, since 2000, the coastal area south of the SYRE has also begun to gradually erode, and the intensity of this erosion has been gradually increasing [18,19,20,21,22]. Severe coastal erosion has severely impacted local socioeconomic development and damaged residents’ property, necessitating ecological protection and restoration efforts. However, although there is a general understanding of the causes of coastal erosion [14,18,19,20], the spatial and temporal changes in coastal erosion on the coast near the Sheyang River estuary are complex; thus, there is insufficient understanding of the coastal erosion process and its spatiotemporal variations in this area, which seriously restricts the effectiveness of measures for coastal erosion protection and ecological restoration in the region. Generally speaking, the main methods for researching coastal erosion and accumulation mainly include (1) setting up fixed sections in typical areas for repeatedly monitoring profile elevation, which is analyzed to explore the dynamic change process of coastal erosion and accumulation [15,16]; (2) using time-series remote sensing images to study coastline changes [17,18]; (3) using remote sensing image interpretation or drone measurements to obtain data for the distribution of seabed elevation in different periods and analyzing the spatiotemporal variations in coastal erosion and accumulation [21]; (4) using in situ observation of hydrodynamics to calculate the erosion and accumulation processes and analyze their control mechanisms [22,23,24]; (5) using numerical modeling methods to carry out modeling research on tidal currents, waves, and sediment transport to simulate the evolution processes of coastal morphodynamics and their control mechanisms [25,26].



To obtain a clearer understanding of the processes of tidal flats erosion in Jiangsu coast, the tidal flats on the south side of the SYRE are selected as the study area, and the hydrodynamic and sediment transport processes and spatial pattern of tidal flat erosion near the SYRE and the surrounding coastal area are analyzed through in situ observation of the sediment dynamics. The dynamic mechanisms of tidal flat erosion are discussed toward establishing a scientific basis for coastal protection and ecological restoration near the SYRE.




2. Study Area


The Sheyang River estuary is located in the central part of the Jiangsu coast (Figure 1a). The average flood tide duration is 4 h 49 min and the average ebb tide duration is 7 h 36 min. The maximum tidal range is 4.16 m with a mean tidal range of 2.15 m, with irregular semi-diurnal tides and irregular tidal currents, which are mainly affected by the rotating tidal waves of the South Yellow Sea and the coastal current along the northern Jiangsu coast [27]. The intertidal geomorphology of the SYRE predominantly comprises tidal flats, which can be categorized into high-tide mud flats, mid-tide silt–mud mixed flats, and low-tide silt–fine sand flats. The area occupied by silt–mud tidal flats at mid- and high-tide levels is 56.20 km2, while silt–fine sand tidal flats at low tide cover 84.73 km2 [27].



As the southern end of the AYRD, the intensity and extent of coastal erosion at the Sheyang River mouth are continually expanding. Remote sensing monitoring results for the SYRE indicate that since the 1970s, the intensity of coastal erosion has decreased on the north side but gradually increased on the south side, particularly increasing since 2000 [17,18,19]. Field investigations have found that the coast south of the SYRE is seriously eroded, resulting in the destruction of many fishponds along the coast, and the safety of roads and coastal projects is seriously threatened (Figure 1b). Due to the continuous intensification of coastal erosion, the region is gradually shifting from being a accretional muddy coast to an erosive sandy coast [27].




3. Methods


3.1. Field Observation


Due to monsoon control in the Jiangsu coastal area, there are significant differences in the dynamic environment between summer and winter, such as in terms of tidal currents and waves [8,26]. In order to deeply understand the seasonal variations in the dynamic conditions that cause tidal flat erosion, we conducted field observations in both winter and summer. Field observations of sediment dynamics were carried out on the intertidal flat on the south of the SYRE during 6–15 December 2021 and 10–18 June 2022, covering both winter and summer spring–neap tidal cycles (8 days). The key parameters observed included inundation height, tidal current velocity, flow direction, wave height, and suspended sediment concentration (SSC), and the observation sites are shown in Figure 1b. The acoustic Doppler velocimeter (ADV) (Nortek AS, Oslo, Norway) was used at each site. Data collection was set to burst mode, with a sampling interval of 30 min and a sampling frequency of 1 Hz during winter, with each sampling conducted for a duration of 1024 s. In order to obtain observation data with a higher time resolution, the sampling interval was set to 10 min and the sampling frequency was set to 4 Hz during summer, and each sampling duration to 256 s. After the instrument was installed, the height of the ADV probe from the flat surface was measured as 25 cm, and since the ADV measures the flow velocity at 15 cm from the instrument probe, the actual observed layer was at a height of 10 cm from the flat surface.



Surface sediments (0–1 cm) were collected at each site during low tide, sealed in plastic bags, and transported to the laboratory for analysis. After pretreatment of fully mixed sediment, including the removal of organic matter, carbonates, and dispersion, particle size analysis was conducted using a Mastersize2000 laser particle size analyzer (Malvern Panalytical Ltd., Malvern, UK) to determine the content and median grain size of surface sediments.



It should be noted that since the ADV probe is 25 cm above the seabed and the pressure sensor is 22 cm above the probe, accurate and complete hydrodynamic data were only recorded when the pressure sensor was submerged (i.e., inundation height > 47 cm). Therefore, “early flood tide” and “late ebb tide” refer to the moments when the pressure sensor was just submerged by the flood tide and emerged during ebb tide, respectively.




3.2. Calculation of Suspended Sediment Concentration


The data recorded by ADV include the signal–noise ratio (SNR), which is related to the suspended sediment concentration (SSC) in water. Therefore, it is possible to establish a relationship between SNR and SSC by conducting laboratory experiments, and the SNR signal recorded by ADV during in situ observations can then be converted to time-series SSC data; this method has been widely use in coastal areas [22,28,29]. Therefore, we prepared water samples with different SSCs in the laboratory to calibrate the ADV, and the water samples for each test were collected and filtered through preweighed 0.45 μm diameter filters. After filtration, the residue on the filters was washed with distilled water to remove sea salt. The washed filters were dried in an oven at 40 °C and then re-weighed using the same electronic balance to determine the SSC. Linear regression analysis was performed between the log(SSC) and corresponding SNR, as shown in Figure 2. Then, the relation between the SNR at each burst could be converted into the SSC.




3.3. Calculation of Sediment Dynamic Parameters


3.3.1. Calculation of Bottom Shear Stress


In intertidal regions, where water depth is shallow, the entire water column falls within the boundary layer range, and its velocity distribution conforms to a logarithmic profile [30]. Thus, the bottom shear stress induced by tidal currents can be computed using this method, which has been widely applied [31,32]. This assumes that the mean horizontal flow velocity profile within the boundary layer follows a logarithmic distribution and that the flow velocity decays with depth due to friction between the flow and the seabed. Then, the bottom shear stress induced by the tidal currents (τc) can be calculated and obtained using the following equation [31]:


  U   z   =     u   *     k   l n     z     z   0        



(1)






    τ   c   =   ρ   w       u   *     2    



(2)




in which U(z) is the mean horizontal flow velocity at height z from the seabed,     u   *     is the friction velocity, κ is the von Kármán constant (κ = 0.4), z0 is the bed roughness, and ρw is the density of seawater (ρw = 1025 kg/m3). Considering the well-developed sand ripples near the observation site, z0 is taken as z0 = 6 mm in this paper according to the recommendation of Soulsby [33]. Since the ADV records pressure data at high frequencies, the significant wave height Hs can be calculated based on Longuet-Higgins [34]:


    H   s   = 4   ∫    S   η   ( f ) d f     



(3)




where Sη is the power spectrum of the water level. When converting the pressure measured by ADV to water level, attenuation needs to be considered, and according to linear wave theory, the attenuation coefficient can be expressed as [35]


  K f =     cosh  ⁡    k   z + h           cosh  ⁡  k h      



(4)




where k is the wave number, h is the mean water depth, and z is the depth of the pressure transducer (negative value). The wave-induced bottom shear stress (τw) can be calculated using the following equation [36]:


    τ   w   =   1   2     ρ   w     f   w r         U  ^    δ     2    



(5)






      U  ^    δ   = ω     A  ^    δ    



(6)






       A  ^    δ   =     H   s     2 s i n h (   2 π   L   h )     



(7)




where       U  ^    δ     is the wave orbital velocity at the edge of the wave boundary layer, ω is the angular velocity (ω = 2π/T),       A  ^    δ     is the peak orbital offset, L is the wavelength, g is the gravitational acceleration (9.8 m/s2), and T is the mean period.       U  ^    δ     can be accomplished by measuring     T   n   =   ( h / g )   1 / 2     directly from the input parameters H, T, h, and g [33].



The wave friction coefficient fwr depends on the hydrodynamic state and can be expressed as [33]


    f   w r   =       2     R e   w     − 0.5     ,     R e   w   <   10   5                         ( L a m i n a r )              0.0521     R e   w     − 0.187         ,       R e   w   >   10   5     ( S m o o t h   t u r b u l e n c e )            0.237   r   − 0.52       ,     ( R o u g h   t u b u l e n c e )        



(8)




where     R e   w     is the wave Reynolds number, r (=      A  ^    δ    /ks) is the relative roughness, ks (=2.5d50) is the Nikuradse equivalent sediment grain roughness [33], and d50 is the median grain size of surface sediment. The bottom shear stress under the combined wave–current action (τcw) was calculated using the following equation [33]:


    τ   c w   =   τ   c     1 + 1.2         τ   w       τ   c     + τ   w         3.2      



(9)








3.3.2. Calculation of Erosion and Deposition Fluxes


The deposition of suspended sediment and surface sediment erosion is determined by comparing the bottom shear stress (τb) with the critical shear stress for deposition (τcrd) and the critical shear stress for erosion (τcr); if τb < τcrd, suspended sediment in the water column occurs through deposition, and the seabed exhibits accretion, whereas if τb > τcr, resuspension of the surface sediment occurs, and the seabed experiences erosion. The following formulas for sediment erosion and deposition in coastal areas were used [37,38]:


    F   E   =   m   e       τ   b   −   τ   c r     ,   τ   b   >   τ   c r    



(10)






     F   D   =   ω   s   C   1 −     τ   b       t   c r d       ,   τ   b   <   τ   c r d      



(11)




where FE is the erosion flux (kg/m2∙s), me is the erosion constant (kg/m2∙s), according to the grain size characteristics of the sediment in this study area and the recommendation of Robert and Whitehouse [39], me = 0.002 kg/N∙s; FD is the settling flux (kg/m2∙s), C is the near-bed SSC (g/L), and we take the observed value of SSC at a height of 10 cm above the tidal flat surface. ωs is the settling velocity of suspended sediment (m/s); τcrd generally ranges between 0.06 and 0.1 N/m2. According to the recommendation of Robert and Whitehouse [39], τcrd = 0.08 N/m2 is taken in this paper.



Since the sediment in the study area is mainly composed of sand and silt, with minimal clay content, the τcr can be calculated using the following formulas [33]:


   θ  c r   =    τ  c r     g  (   ρ s  −  ρ w   )  d    



(12)






   θ  c r   =   0.30   1 + 1.2  D *    + 0.055  (  1 −  e  − 0.020  D *     )   



(13)






   D *  =    [    g  (  s − 1  )     ν 2     ]    1 / 3   d  



(14)




where θcr is the critical Shields parameter; ρs is the sediment density, which takes the value of ρs = 2650 kg/m3; d is the sediment grain size; D* is a dimensionless parameter related to the sediment grain size; ν is the coefficient of dynamical viscosity of the water body, which takes the value of 1.36 × 10−6 m2/s; and s = ρs/ρw.



The settling velocity (ωs) can be expressed as [40]


    ω   s   = K   C   m    



(15)




where K and m are constants, which can be taken as K = 0.00043 and m = 1.06 based on experimental studies [40].




3.3.3. Calculation of Suspended Sediment and Bedload Transport


The instantaneous suspended sediment transport rate f(t) and the net suspended sediment transport flux FH during the tidal cycle at the observation layer can be calculated using the following formulas [40]:


  f ( t )   =   u ( t ) C ( t )  



(16)









    F   H   =   ∫  0   T    f ( t ) d t =     ∑  1   j    ∆ t   f   j   ( t )    



(17)




where C(t) represents the SSC in the observation layer at time t, u(t) is the instantaneous velocity, and Δt represents the representative time length.



The bedload transport rate Qb was calculated using the Bagnold method [33,41]:


   Q b  =  ρ s   q b   



(18)






   q b  =   0.1     C D   1 / 2    (  tan  ϕ i  + tan β  )     θ  1 / 2    (  θ −  θ  cr    )     [  g  (  s − 1  )   d 3   ]    1 / 2    



(19)






   C D  =    [    0.40   1 + ln  (   z 0  / h  )     ]   2   



(20)




in which qb is the volume transport rate of the bedload; CD is the drag coefficient; θ is the Shields parameter, which can be calculated according to Equation (12); ϕ is the angle of repose of the sediment, set to ϕ = 32°; and β is the slope of the tidal flat, which can be calculated based on field topographic profile observations.






4. Results


4.1. Surface Sediment Characters


The results of grain size analysis show that the surface sediments at the observation sites are dominated by silt and sand, with low clay content (Figure 3). The median grain size of the surface sediments at site B0 and B1 are 4.04 Φ and 3.67 Φ, respectively. Then, the critical shear stress for erosion can be calculated using Equations (12)–(14), and the results show that τcr = 0.118 N/m2 at B0 and τcr = 0.131 N/m2 at B1, respectively.




4.2. Hydrodynamic Characteristics


The observation results for winter (Figure 4, Table 1) show that the maximum inundation height at B1 and B0 decreased from 3.31 m and 1.69 m during spring tide to 2.58 m and 0.93 m during neap tide, respectively; the average near-bottom current velocities during the tidal cycle decreased from 0.288 m/s and 0.092 m/s during spring tides to 0.196 m/s and 0.064 m/s during neap tides, respectively. The tidal currents generally exhibit a southeast–northwest reciprocating flow. The maximum significant wave heights during the observation are 0.98 m (with a mean value of 0.39 m) with wave periods ranging from 2.6 s to 5.8 s (with a mean value of 3.8 s) at B1 and 0.72 m (with a mean value of 0.29 m) with wave periods ranging from 2.7 s to 6.1 s (with a mean value of 4.2 s) at B0. The calculated results indicate that the maximum values of τc at B1 and B0 are 3.392 N/m2 and 1.174 N/m2, respectively, during spring tides and 0.606 N/m2 and 0.123 N/m2, respectively, during neap tides, while the maximum values of τw are 0.751 N/m2 and 0.361 N/m2, respectively, and the maximum values of τcw are 3.394 N/m2 and 1.177 N/m2, respectively.



The results for summer indicate that the variations in inundation height and near-bottom tidal current velocity between neap tides and spring tides were not significant (Figure 5, Table 1), and the tidal current also shows a southeast–northwest reciprocating flow. The maximum significant wave heights during the observation in summer are 0.86 m (with a mean value of 0.38 m) with wave periods ranging from 2.9 s to 6.9 s (with a mean value of 3.9 s) at B1 and 0.68 m (with a mean value of 0.31 m) with wave periods ranging from 2.0 s to 5.9 s (with a mean value of 4.0 s) at B0. The calculated results indicate that the maximum values of τc at B1 and B0 are 1.662 N/m2 and 0.980 N/m2, respectively, during the observation in summer and 0.550 N/m2 and 0.287 N/m2 for τw, respectively, while the maximum values of τcw are 1.665 N/m2 and 0.980 N/m2, respectively.




4.3. Suspended Sediment Concentration


The results calculated for SSC (Figure 4g and Figure 5g, Table 1) reveal that the maximum values of the near-bed SSC at B1 and B0 were 1.968 g/L and 0.412 g/L, respectively, in winter and 2.400 g/L and 0.469 g/L in summer, respectively, and the SSC was significantly larger in the lower intertidal flat than in the upper intertidal flat. The near-bed SSC in the study area is characterized by obvious temporal variations: (1) Within the tidal cycle, the maximum SSC occurs at the early stage of the flood tide, and there is a gradual decrease with the increase in immersion time and inundation height, followed by a slow increase after high tide and reaching a higher value of SSC in the later stage of ebb tide, with the concentration greater during flood tide than that during ebb tide. (2) At the scale of spring–neap tide, the average SSC at B1 decreases from 0.706 g/L during spring tides to 0.350 g/L during neap tides in winter, with little variation at B0, while there is no obvious difference in SSC between spring and neap tides at the two sites in summer. (3) At the seasonal scale, the average SSC at B1 and B0 are 0.507 g/L and 0.145 g/L, respectively, in winter, while those in summer are 0.589 g/L and 0.136 g/L, respectively.




4.4. Erosion–Sedimentation Fluxes


The results calculated for bottom shear stress indicate that τc and τw at B1 and B0 are mostly greater than τcr in both winter and summer (Figure 4 and Figure 5), indicating that the tidal flat in the study area experiences erosion most of the time. The results calculated for FE and FD reveal that the intertidal flat in the study area was mainly eroded during the observation, and the instantaneous erosion fluxes caused by τcw at B1 and B0 had maximum values of −6.53 × 10−3 kg/m2∙s and −2.12 × 10−3 kg/m2∙s, respectively, in the winter and −3.07 × 10−3 kg/m2∙s and −1.72 × 10−3 kg/m2∙s in the summer, respectively. The statistical results show that the maximum total erosion fluxes within a tidal cycle at B1 and B0 were −77.68 kg/m2 and −15.64 kg/m2, respectively, in winter and −45.51 kg/m2 and −11.88 kg/m2 in summer, respectively, while the maximum deposition fluxes of suspended sediment were only 0.10 kg/m2 and 0.07 kg/m2, respectively, in winter and 0.86 kg/m2 and 0.06 kg/m in summer, respectively (Figure 6, Table 2). The study area exhibits net erosion both in winter and summer, with net erosion fluxes of −622.31 kg/m and −516.50 kg/m2, respectively, at B1 and −75.37 kg/m2 and −83.00 kg/m2 at B0, respectively. The erosion of the intertidal flat has distinctive spatiotemporal variation characteristics, i.e., the erosion and deposition fluxes are larger in the lower than in the upper intertidal flat, and the erosion fluxes in the lower intertidal flat are larger in winter than in summer, while those in the upper intertidal flat exhibit the opposite pattern.




4.5. Suspended Sediment and Bedload Transport Fluxes


The calculated results show that the net transport fluxes of near-bottom suspended sediment within the tidal cycle at B1 and B0 range from 72.9 kg/m to 10,167.6 kg/m and from 2.8 kg/m to 539.4 kg/m, respectively, in winter and from 74.6 kg/m to 9455.7 kg/m and from 13.6 kg/m to 1237.2 kg/m in summer, respectively (Figure 7). The maximum bedload transport rate caused by τcw at B1 and B0 are 5.78 × 10−2 kg/m∙s and 0.79 × 10−2 kg/m∙s, respectively, in winter and 1.94 × 10−2 kg/m∙s and 0.65 × 10−2 kg/m∙s in summer, respectively. The statistical results show that the net bedload transport fluxes within the tidal cycle at B1 and B0 range from 3.12 kg/m to 331.60 kg/m and from 0 to 28.25 kg/m, respectively, in winter and from 1.95 kg/m to 191.98 kg/m and from 1.24 kg/m to 30.44 kg/m in summer, respectively (Figure 8).



Overall, as shown in Figure 9 and Table 3, the near-bottom suspended sediment and bedload in the tidal flat of the study area are mainly transported southeastward in winter and northward in summer, with the net transport fluxes being greater in the lower than in the upper intertidal flat; the net transport fluxes in the lower intertidal flat are greater in winter than in summer, while those in the upper intertidal flat are smaller in winter than in summer.





5. Discussion


5.1. Spatiotemporal Variations in Tidal Flat Erosion–Accretion near the Sheyang River Estuary


The geomorphology and sediment composition of tidal flats are controlled by hydrodynamics, sediment supply, and biological activities [1]. The area corresponding to the tidal flat is gradually decreasing [3] due to sea-level rise, land subsidence, and intensifying human activities in river basins and coastal zones, of which human activities are the main driving factor [10] causing most tidal flats in the world to experience erosion [42,43,44]. Coastal erosion generally manifests as shoreline retreat and bed erosion [13,42]. Coastal erosion and accretion are fundamentally controlled by sediment balance at all spatiotemporal scales [45,46]. Since its diversion into the Yellow Sea in 1128, the Yellow River has brought a huge amount of sediment that has entered the Yellow Sea, providing sufficient fine-grained sediment for the development of tidal flats in the central and northern parts of the Jiangsu coast, which are rapidly accumulating [8]. However, the Yellow River shifted northward in 1855, cutting off the massive sediment supply and leading to erosion of the AYRD and adjacent coast zone. This erosion gradually decreases in intensity with an increase from the AYRD to the SYRE [8,13], while the tidal flat south of the SYRE exhibits accretion in the early period due to the southward transport of erosive sediments from the AYRD [14,15,47]. According to monitoring data from the China Marine Environmental Quality Bulletin, the proportion of eroded coastline length on the northern side of the SYRE increased from 58.4% in 2013 to 68.3% in 2017, while the average erosion rate decreased from 26.4 m/a to 10.5 m/a. Over time, the eroded coastline has continuously moved southward, especially since 2000, when the coast south of the SYRE also gradually began to erode with progressive intensification of erosion [17,18,19,20,21]. Comparison of satellite images from different times shows that coastline erosion and destruction of aquaculture ponds have occurred in the study area and the adjacent coastline (approximately 4 km in length) since 2014, of which the rate of coastline retreat ranged from 12 m/a to 44 m/a during 2014–2019, with an average rate of 23.3 m/a, and the length of eroded coastline was 920 m. However, from 2019 to 2021, the coastline retreat rate increased rapidly from 13 m/a to 193 m/a, with an average rate of 43.5 m/a, and the length of eroded coastline increased to 3840 m, leading to the destruction of aquaculture ponds and rapid coastal retreat (Figure 10).



Coastal erosion in central Jiangsu has been expanding, primarily due to changes in sediment sources and hydrodynamics. On the one hand, after the diversion of the Yellow River, the interruption of this massive sediment supply led to rapid erosion of the AYRD, and the eroded sediments were transported southward, thereby continuing to provide abundant sediment for the central Jiangsu tidal flats. However, with the implementation of coastal erosion protection projects, the sediment supply generated by coastal erosion gradually decreased, causing coastal erosion to extend southward [8,13,48]. The transitional area for erosion–accretion conversion in the central Jiangsu coast moved from the SYRE in the 1980s to the coast of the Xinyang River estuary (XYRE) and to Doulong River estuary (DLRE) [49]. On the other hand, due to the 20 km outward protrusion of the coastline of the AYRD and the magnificent subaqueous delta in the early period, the propagation of tidal waves from north to south were blocked, and with the retreat of the Jiangsu coastline, the subaqueous delta of the AYRD flattened, allowing tidal waves propagating from north to south to flow more smoothly, thereby enhancing the tidal flow on the southern side of the AYRD [50] and thus, intensifying the coastal erosion on the south side of the SYRE. Additionally, since 2000, there has been a rapid increase in projects of port construction and reclamation in the central Jiangsu coast [20], which has significantly impacted coastal erosion near the SYRE and its adjacent coastal area. Activities such as dredging of the Sheyang Port (SYP) navigation channels, construction of double guide levees in the SYP area, construction of sluices, and reclamation have influenced the hydrodynamic and erosion–accretion patterns near the SYRE, enhancing the coastal erosion near SYRE [51,52,53]. The observation and modeling results indicate that large-scale tidal flat reclamation has altered the pattern of tidal energy distribution along the Jiangsu coast, resulting in strengthened M2 tidal constituents [54] and leading to changes in sediment transport patterns and tidal flat geomorphology [25,55].




5.2. Mechanisms of Tidal Flat Erosion on the South Side of the Sheyang River Estuary


Sediment transport over intertidal flats is controlled by the combined action of tidal currents and waves. In the case of sufficient fine-grained sediment supply, suspended sediment and bedload are transported landward under the influences of “settling- and scour-lag effects” and “time–tidal current velocity asymmetry”, forming broad tidal flats [1,15,56], making it difficult for wave energy to penetrate into the intertidal area and resulting in significantly less wave-driven than tidal current-driven sediment transport [46]. However, when the supply of fine sediment is interrupted, the environment dominated by tidal action is disrupted, and the previously suppressed wave action gradually becomes active, with a gradual changing from accretion to erosion of tidal flats under the combined action of waves and tidal currents [46]. The observation results show that there is strong wave action in the intertidal flat of the study area under normal weather conditions. Although generally lower than τc, τw is significantly higher than τc during the early stage of flood tide, high tide, and the late stage of ebb tide (Figure 4 and Figure 5). In terms of the average value of the tidal cycle, the proportion of τcw > τcr in the lower intertidal flat during winter and summer is 84% and 82%, respectively, and 50% and 57%, respectively, in the upper intertidal flat, higher than the proportions observed in the tidal flats of the Yangtze River estuary [57]. The statistical results show that τw accounts for approximately 40% and 67% of τc in the lower and upper parts of intertidal flat, respectively, in winter, and the proportion was 46% and 66% in summer, respectively. This indicates that the tidal current has a larger contribution to tidal flat erosion in the lower intertidal flat on the south side of the SYRE, and the contribution of wave action is gradually increasing in the upper intertidal flat, which is consistent with the field observations and theoretical analyses [1,46,58].



Generally, tidal currents transport sediments landward when there is sufficient sediment supply, whereas wave action is more pronounced under conditions where sediment is transported seaward [1]. Based on the observed data, there is relatively strong wave action in the study area. Based on the calculated total net eastward transport fluxes of FH and Qb during a tidal cycle at B0 and B1, then from the perspective of sediment balance, we assume that if the net eastward transport flux across B1 is smaller than that across B0, it can be considered as a net input of sediment between the two stations; that is, deposition occurs on the tidal flat between two stations. On the contrary, if the net eastward transport flux across B1 is greater than that across B0, it can be considered as a net export of sediment between the two stations, that is, the erosion of the tidal flat between the two stations. The statistical results show that the total net eastward sediment load (e.g., FH + Qb) induced by τcw in the intertidal flat between B0 and B1 is 789.5 kg and 64.9 kg in winter and summer, respectively. In other words, a net export of sediment occurs between the two stations both in winter and in summer. Considering a wet sediment density of 1960 kg/m3 [59], the mean erosion depth of the intertidal flat area between the two stations throughout the year is calculated as 19.07 cm/a, which is less than the erosion depth near the AYRD (25 cm/a~33 cm/a) and more than that north of SYRE (13 cm/a~18 cm/a) [27]. It should be noted that for this net export flux of suspended sediment, only the transport fluxes of near-bed suspended sediment are considered and not the whole water column. Therefore, this calculation result may be affected by bed erosion intensity. According to the results calculated for erosion–deposition at two observation sites, both in winter and summer, there is much larger erosion flux than deposition flux in the intertidal flat of the study area, and the intertidal flat is dominated by net erosion (Figure 6). The net erosion depths induced by the combined action of waves and tidal currents in the lower and upper parts of the intertidal flat within a tidal cycle range from 0.37 cm to 3.96 cm and from 0 cm to 0.80 cm, respectively, with average erosion depths of 1.98 cm and 0.24 cm, respectively, in winter, and from 0.77 cm to 2.32 cm and from 0.06 cm to 0.61 cm, respectively, with average erosion depths of 1.65 cm and 0.26 cm in summer, respectively. These erosion depths are greater than those observed in many tidal flats in the Yangtze River estuary, Yellow River estuary, Min River estuary, and North Sea [21,57,59,60,61,62], and the erosion rates are also higher than that of the tidal flats near XYRE in the southern part of the study area [63]. From Figure 9, it can be seen that both bedload and near-bed suspended sediment are transported southeast in winter and northeast in summer, and the total transport flux is greater in winter is greater than in summer, indicating that throughout the year, there is net transport of the sediment from tidal flat erosion in this area southeast. The modeling results indicated that the sediment eroded by the tidal flats near the SYRE was mainly transported to the southeast and accumulated on the tidal flats near the Dafeng coastal area [25,26].



The calculated results show that there is a very high rate of bed erosion in the study area. One reason for this is that the tidal flats near the SYRE are currently experiencing severe erosion due to severe sediment supply deficiency [13], which results in an increase in bed slope [16,64], and the wave action strengthens, which then further aggravates the increase in the bed erosion rate. Another reason is due to limitations in the observation methods used in this paper. According to the instrument parameters and installation methods used in this study, the observation data are incorrect when the inundation height is less than 0.5 m. Therefore, the calculated fluxes of sediment transport and erosion–deposition in this study were obtained for periods when the submerged inundation height exceeded 0.5 m, which does not cover the entire tidal cycle, especially during the early stage of flood tide and late stage of ebb tide, when the inundation height is very shallow and wave action is more significant. The observation results also show that in extremely shallow-water environments (water depth less than 0.2 m), there are very evident variations in tidal flat erosion and accretion, with significant erosion caused by wave–current interaction during the early stage of flood tide [23] and substantial sediment deposition during the late stage of ebb tide [24], which were not included in this study. In addition, the intertidal flat is rich in algae and abundant in benthic biological activity, which significantly influences the critical shear stress for erosion of sediments [65,66]. In calculating the critical shear stress for erosion of surface sediments in this study, only sediment grain size composition was considered, and the factors of biological activity were not taken into account; thus, the actual critical shear stress for erosion may be underestimated. In summary, the erosion depth and erosion rate of the intertidal flat near the SYRE calculated in this study may be overestimated.





6. Conclusions


The tidal flats near the Sheyang River estuary in Jiangsu Province are currently experiencing severe erosion, and the erosion is intensifying, with constant migration of the eroded shoreline toward the south. The research findings of this study indicate the following:



(1) The surface sediments of the tidal flats on the southern side of the Sheyang River estuary are dominated by sand and silt, with the sediment being coarser in the lower intertidal flat than in the upper part. There are significantly stronger hydrodynamics in the lower than in the upper intertidal flat, and the variations in near-bed tidal current velocity show significant temporal characteristics on a seasonal scale, being larger in winter than in summer. There is no obvious seasonal variation of waves.



(2) The erosion processes on the south side of the Sheyang River estuary have evident spatiotemporal variation characteristics: the intertidal flat in the study area is in a state of erosion most of the time, with the higher erosion flux in the lower than in the upper intertidal flat; in the lower part of the intertidal zone, there is higher erosion flux in winter than in summer, while the opposite pattern is exhibited in the upper intertidal flat.



(3) Near-bed suspended sediment and bedload show net seaward transport in both the lower and upper parts of the intertidal flat, with net transport toward the southeast in winter and north-northeast in summer.



(4) The erosion of tidal flats on the south side of the Sheyang River estuary is characterized by coastline retreat and bed erosion. The average retreat rate of coastline in the study area increased from 23.3 m/a during 2014–2019 to 43.5 m/a during 2019–2021, with the proportion of eroded coastline length increasing from 23% to 96%. The average erosion depth in the lower and upper parts of the intertidal flat with a tidal cycle is 1.98 cm and 0.24 cm, respectively, in winter and 1.65 cm and 0.26 cm in summer, respectively.



(5) The proportion of the wave-induced bottom shear stress to the tidal-current-induced bottom shear stress is 0.40~0.46 in the lower intertidal flat and increases to 0.66~0.67 in the upper intertidal flat, indicating that in the study area, intertidal flat erosion is primarily driven by tidal currents, with significant contributions from wave action, especially in the upper intertidal flat.



As a next step, we will improve our research methods, including by supplementing the observation and analysis of suspended sediment transport flux for the full water column and sedimentary dynamic processes in extremely shallow-water environments (<0.5 m) and studying the impact of biological activities on sediment erosion–deposition processes toward providing a clearer understanding of the erosion process and control mechanisms affecting tidal flats in the central Jiangsu coast.
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Figure 1. Sketch map of study area and observation sites: (a) location of study area; (b) observation sites; (c) profile of elevation indicating installation of on-site instruments. 
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Figure 2. Relationship between SNR recorded by ADV and SSC ((a): B0 site; (b): B1 site). 
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Figure 3. Grain size frequency curves of sediments in the upper and lower intertidal flats of the study area. 
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Figure 4. Near-bottom time-series sediment dynamics parameters in winter 2021 at sites B0 and B1: (a) inundation height; (b) near-bottom northward current velocity; (c) near-bottom eastward current velocity; (d) significant wave height; (e) bottom shear stress induced by tidal currents; (f) bottom shear stress induced by waves; and (g) near-bottom SSC. The red curve is the data from B1 in the lower intertidal flat, and the blue curve is the data from B0 in the upper intertidal flat. The yellow bands represent the number of tidal cycles. 
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Figure 5. Near-bottom time-series sediment dynamics parameters in summer 2022 at sites B0 and B1: (a) inundation height; (b) near-bottom northward current velocity; (c) near-bottom eastward current velocity; (d) significant wave height; (e) bottom shear stress induced by tidal currents; (f) bottom shear stress induced by waves; and (g) near-bottom SSC. The red curve is the data from B1 in the lower intertidal flat, and the blue curve is the data from B0 in the upper intertidal flat. The yellow bands represent the number of tidal cycles. 






Figure 5. Near-bottom time-series sediment dynamics parameters in summer 2022 at sites B0 and B1: (a) inundation height; (b) near-bottom northward current velocity; (c) near-bottom eastward current velocity; (d) significant wave height; (e) bottom shear stress induced by tidal currents; (f) bottom shear stress induced by waves; and (g) near-bottom SSC. The red curve is the data from B1 in the lower intertidal flat, and the blue curve is the data from B0 in the upper intertidal flat. The yellow bands represent the number of tidal cycles.
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Figure 6. Total erosion–deposition fluxes within a tidal cycle during the observation period in the study area: (a) erosion and (b) deposition fluxes at B1 in winter; (c) erosion and (d) deposition fluxes at B0 in winter; (e) erosion and (f) deposition fluxes at B1 in summer; (g) erosion and (h) deposition fluxes at B0 in summer. 
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Figure 7. Transport flux of near-bed suspended sediment within a tidal cycle on the tidal flat in the study area: (a) northward and (b) eastward transport fluxes at B1 in winter; (c) northward and (d) eastward transport fluxes at B0 in winter; (e) northward and (f) eastward transport fluxes at B1 in summer; (g) northward and (h) eastward transport fluxes at B0 in summer. 
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Figure 8. Bedload transport flux within a tidal cycle on the tidal flat in the study area: (a) northward and (b) eastward at B1 in winter; (c) northward and (d) eastward at B0 in winter; (e) northward and (f) eastward at B1 in summer; (g) northward and (h) eastward at B0 in summer. 
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Figure 9. Net transport fluxes of (a) near-bed suspended sediment and (b) bedload on the tidal flat within a spring–neap tidal cycle in winter and summer. 
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Figure 10. Coastline evolution from 2014 to 2021 near the study area. 
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Table 1. Statistical values of observed and calculated sediment dynamic parameters.






Table 1. Statistical values of observed and calculated sediment dynamic parameters.





	
Station

	
Season

	
Statistical Value

	
h

(m)

	
Hs

(m)

	
T

(s)

	
ua

(m/s)

	
SSC

(g/L)

	
τc

(N/m2)

	
τw

(N/m2)

	
τcw

(N/m2)






	
B0

	
Winter

	
Maximum

	
1.690

	
0.716

	
6.130

	
0.238

	
0.412

	
1.174

	
0.361

	
1.177




	
Mean

	
0.877

	
0.294

	
4.181

	
0.083

	
0.145

	
0.196

	
0.132

	
0.211




	
Deviation

	
0.356

	
0.177

	
0.630

	
0.052

	
0.103

	
0.237

	
0.091

	
0.234




	
Summer

	
Maximum

	
2.130

	
0.677

	
5.897

	
0.302

	
0.469

	
0.980

	
0.287

	
0.980




	
Mean

	
1.224

	
0.312

	
4.049

	
0.120

	
0.136

	
0.197

	
0.091

	
0.205




	
Deviation

	
0.393

	
0.148

	
0.572

	
0.063

	
0.103

	
0.186

	
0.062

	
0.184




	
B1

	
Winter

	
Maximum

	
3.313

	
0.979

	
5.757

	
0.621

	
1.968

	
3.392

	
0.751

	
3.394




	
Mean

	
1.860

	
0.389

	
3.800

	
0.232

	
0.507

	
0.606

	
0.243

	
0.627




	
Deviation

	
0.747

	
0.183

	
0.497

	
0.123

	
0.428

	
0.604

	
0.168

	
0.599




	
Summer

	
Maximum

	
3.725

	
0.856

	
6.047

	
0.394

	
2.400

	
1.662

	
0.550

	
1.665




	
Mean

	
2.123

	
0.378

	
3.877

	
0.196

	
0.589

	
0.495

	
0.195

	
0.509




	
Deviation

	
0.868

	
0.142

	
0.571

	
0.089

	
0.417

	
0.360

	
0.117

	
0.356








Notes: h: inundation height, Hs: significant wave height, T: wave period, ua: mean horizontal current velocity, SSC: suspended sediment concentration. τc, τw, and τcw represents bottom shear stress induced by tidal currents, waves, and the combined action of waves and currents, respectively.













 





Table 2. Erosion and deposition rates within a tidal cycle.
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Station

	
Season

	
Statistical Value

	
Erosion Rate (×10−3 kg/m2∙s)

	
Deposition Rate (×10−5 kg/m2∙s)




	
FE-c

	
FE-w

	
FE-cw

	
FD-c

	
FD-w

	
FD-cw






	
B0

	
Winter

	
Maximum

	
−2.111

	
−0.486

	
−2.118

	
2.848

	
6.136

	
2.840




	
Mean

	
−0.505

	
−0.176

	
−0.494

	
0.233

	
0.864

	
0.148




	
Summer

	
Maximum

	
−1.724

	
−0.338

	
−1.724

	
2.625

	
7.043

	
2.624




	
Mean

	
−0.404

	
−0.107

	
−0.400

	
0.288

	
0.388

	
0.213




	
B1

	
Winter

	
Maximum

	
−6.522

	
−1.239

	
−6.525

	
6.832

	
18.070

	
3.959




	
Mean

	
−1.220

	
−0.383

	
−1.205

	
0.718

	
1.025

	
0.594




	
Summer

	
Maximum

	
−3.061

	
−0.837

	
−3.069

	
21.721

	
9.565

	
17.338




	
Mean

	
−0.959

	
−0.269

	
−0.959

	
2.536

	
1.179

	
2.079








Notes: FE-c, FE-w, and FE-cw are erosion rates induced by tidal currents, waves, and the combined action of waves and currents, respectively; FD-c, FD-w, and FD-cw are deposition rates induced by tidal currents, waves, and the combined action of waves and currents, respectively. A negative value represents erosion, and a positive value represents deposition.













 





Table 3. Total net erosion flux, net transport fluxes, and direction of near-bed suspended sediment and bedload within a spring–neap tidal cycle during the observation.
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Station

	
Season

	
Net Erosion Flux (kg/m2)

	
Net Transport of Near-Bed Suspended Sediment

	
Net Transport of Bedload




	
Flux (kg/m)

	
Direction (°)

	
Flux (kg/m)

	
Direction (°)






	
B0

	
Winter

	
−75.4

	
2001.3

	
111.5

	
146.7

	
140.1




	
Summer

	
−83.0

	
2801.9

	
4.6

	
158.7

	
12.3




	
B1

	
Winter

	
−622.3

	
30,683.2

	
152.7

	
1312.4

	
156.3




	
Summer

	
−516.5

	
23,529.7

	
2.9

	
254.8

	
24.6
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