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Abstract

:

In the past two decades, the dynamic sedimentation process of the Yangtze Estuary has been seriously disturbed by coupled human interventions from the river basin to the estuary, especially the impoundment of the Three Gorges Dam in 2003 and the large-scale Deep-water Navigational Channel (DNC) regulation project in 1998–2010. This study investigated the changes in sedimentary dynamic and geomorphological processes in the turbidity maximum zone (TMZ) by analyzing the historical and present data for current, salinity, suspended sediment, and bathymetry. The results show that the decreased riverine sediment input caused a lagging decrease in suspended sediment concentration in the TMZ during the flood seasons. The DNC caused changes in the flow structure, sediment transport, and geometry of the TMZ in the North Passage (NP) and the South Passage (SP). In the NP, decreased ebb transport in the upper reaches led to landward migration of the TMZ during low discharges, while increased ebb transport in the middle and lower reaches caused the seaward migration of the TMZ during high discharges. As the associated topography of the TMZ, the mouth bar in the NP was mostly removed by channel dredging. However, rapid deposition at the location of the previous mouth bar indicates the formation of an incipient bar. In the SP, increased ebb transport after the DNC-induced disappearance of the TMZ and the mouth bar in the upper reaches and the seaward migration of the TMZ in the middle and lower reaches. Therefore, we found that the construction of dams and large-scale estuarine projects changed the sediment dynamics and geomorphological processes of the TMZ and even affected the long-term evolution of the estuary. Construction regulation projects in the TMZ, intended to narrow the cross-section and enhance seaward sediment transport, may produce the opposite effect. Before and after engineering projects, their impacts on estuarine processes need to be carefully estimated.
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1. Introduction


The phenomenon of suspended sediment concentration (SSC) in the middle area of muddy, tidal estuaries being consistently higher than that in the adjacent water upstream or downstream is called the turbidity maximum zone [1]. Such high concentrations of suspended sediment often correspond to locations of enhanced deposition that can promote the formation of river mouth bars [2,3,4,5]. Since Glangeaud first discovered and defined the turbidity maximum zone (TMZ) in the La Gironde Estuary in 1938 [6,7], the TMZ has been studied extensively, revealing the importance of the TMZ in estuarine sediment dynamics [1,2,6,8,9,10,11,12,13,14].



Human activities in drainage basins and estuaries, including dam construction, reclamation, and hydraulic/navigation channel regulation projects, can affect estuarine environments. For example, basin damming can cause a sharp decrease in riverine sediment load [15] and the erosion of estuarine shoals and subaqueous deltas [16,17]. The reclamation of shoals can also accelerate estuarine shoal accretion and concentrate water from shoals into channels [18]. Estuarine hydraulic or navigation channel regulation projects, including dredging and engineering construction projects, also significantly impact estuarine hydrodynamics and morpho-dynamics [19].



The linkage between estuarine sedimentation processes in the TMZ and human interventions exhibits a complex coupling mechanism. Examples of this mechanism include the construction of the Zeebrugge Port (Belgium), which caused a large-scale erosion of the muddy seabed and introduced the development of the Zeebrugge coastal TMZ [20]; the dam construction in the upper reaches that caused the Keum River Estuary (Korea) to be veneered by muddy sediments such that the sediments delivered by the Keum River are entirely confined to the estuary, incapable of escaping to the sea [21]; the construction of dikes along the main channel in the Seine Estuary (France) caused upstream migration of the seaward limit of the TMZ [22]; in the Delaware Estuary (USA), deepened channel-enhanced sediment transport is the result of tidal pumping in the TMZ [23]; and the reclamation of shoals shortened the longitudinal range of the TMZ in the North Channel in the Yangtze Estuary (China) [24]. However, the influence of human interventions on the changes in the characteristics of the TMZ and its associated mouth bars has hardly been studied [24], especially in a scenario coupled with local and remote anthropogenic measures from river basin to estuary.



The Yangtze Estuary is of high interest as a representative tidal estuarine network, which has been subject to multiple anthropogenic changes to its geometry in the past decades [25]. With the implementation of artificial projects in the Yangtze River Basin and Yangtze Estuary, water and sediment inputs into the estuary and estuarine flow structure and their bathymetry have changed significantly [26,27]. This makes the Yangtze Estuary a suitable area to study the TMZ and its associated mouth bars in response to the coupled human activities from the river basin to the estuary. However, limited by the availability of long-term hydrodynamic, sedimentation, and bathymetric data, little work has been conducted on this topic. The current study, therefore, aims to gain insights into the response of the dynamic sedimentation process of the TMZ and its associated mouth bars to the coupled human interventions from the river basin to the estuary, with a focus on the variations in suspended sediment concentration and location of the TMZ, as well as the morphological changes in the mouth bars.



The Yangtze Estuary is formed at the mouth of the Yangtze River, the largest river in China. The Yangtze River is a sandy river with abundant water. The average annual runoff at the Datong station, the upstream tidal limit, is   8.91 ×   10   11      m 3    (1953–2019), and the average annual sediment load is   3.51 ×   10  8     t    (1953–2019). The runoff and sediment load during the flood season account for 72% and 87.2% of annual amounts, respectively. The Yangtze Estuary is a mesotidal estuary, and the average tidal range at the Zhongjun station is 2.67 m.



The Yangtze Estuary presents a triple-bifurcation system from the upstream limit of saltwater intrusion at Xuliujing (Figure 1), with four outlets entering the sea. The upper reach of the estuary is divided into the North Branch (NB) and the South Branch (SB); the middle reach of the SB is divided into the North Channel (NC) and the South Channel (SC). The SC is divided into the North Passage (NP) and the South Passage (SP). In the transverse direction, the estuary shows the typical characteristics of braided estuaries with alternating shoals and troughs (Figure 1). The channel width at Xuliujing is only 5.3 km, while 160 km downstream it is 90 km. The widening rate of the estuary gradually increases from upstream to downstream (Figure 1). In the longitudinal direction, a locally convex riverbed, called the mouth bar, appears in the downstream channel and is associated with the TMZ [28].



The evolution process of the Yangtze Estuary was substantially affected by human interventions in the river basin, which directly influenced the input of water discharge and sediment load into the estuary [29]. In the past decades, the annual runoff of the Yangtze River showed insignificant change. In contrast, the annual sediment load fluctuated greatly due to the cultivation of wasteland, the return of farmland to forest, and the construction of dams, especially the operation of the Three Gorges Dam (TGD) since 2003 [30,31].



Many large-scale projects have been implemented in the Yangtze Estuary in recent decades (Figure 1b), such as the Deep-water Navigation Channel (DNC) regulation project, the reclamation projects of the Nanhui Shoal, East Chongming Shoal, East Hengsha Shoal, the construction of the Qingcaosha Reservoir, and the shoal protection projects of the Baimaosha, Liuhesha, and Jiuduansha. The DNC regulation project was implemented in the NP from 1998 to 2009, which included the construction of diversion dikes at the distributary inlet, 97 km long double-training walls, 19 groins on both sides, and dredging the channel from ~6.0 m to 12.5 m.



Human activities in the Yangtze River Basin and Estuary have led to changes in the flow, sediment transport, and morphology of the Yangtze Estuary [27,32,33,34,35], which inevitably impacted the dynamic sedimentation processes of the TMZ.




2. Material and Methods


The changes in the dynamic sedimentation process of the TMZ, including variations in the SSC and location of the TMZ, and bathymetric changes in the associated mouth bars, were investigated by analyzing historical and present field data for current, suspended sediment, and bathymetry.



2.1. Data Collection


Multi-site synchronous hydrodynamic data from 1999 to 2016 were collected to capture the post and present characteristics of the TMZ and to compute the location of water and sediment null points in the NP and the SP. Detailed information on survey measurements is shown in Table 1, and the locations of the observation stations are marked in Figure 1. During the survey, currents, salinity, and SSC were measured hourly at six water depths with relative depths of 0 (0.5 m below the water surface), 0.2, 0.4, 0.6, 0.8, and 1.0 (0.5 m above the bed) at each station. The current velocity was measured using an RDI WorkHorse ADCP instrument, while salinity and SSC were obtained by analyzing water samples taken during a survey. Those measurements were mainly completed by the Yangtze Estuary Waterway Administration Bureau of the Ministry of Transport of the People’s Republic of China (PRC), and we participated in part of the measurement work.



To assess the impacts of storm surges on SSC in the TMZ, the surface wave was measured at the Nancaodong (NCD) station (Figure 1) from 29 February to 13 March and 15 July to 29 July 2016. The wave data (hourly wave height and wave period) were measured using an ultrasonic wave meter. The wave surface measurement frequency was 2 Hz, with a sampling period of 1024 s.



To analyze the spatiotemporal changes in the TMZ after the DNC project, SSC data during the spring tide of the flood seasons in 2003, 2005, 2011, and 2016 were collected at several stations in the SC, NC, NP, SP, and adjacent sea.



The longitudinal distribution of the annual deposition rate in the DNC of the NP in 2019 was collected from the Yangtze Estuary Waterway Administration Bureau of the Ministry of Transport of the People’s Republic of China (PRC). The annual deposition rate (  D  R  y r    ) is defined as:


  D  R  y r   =     ∑      V  d e p o s i t i o n   +   ∑      V  d r e d g i n g    S   



(1)




where    V  d e p o s i t i o n     is the net deposition volume (bathymetric change) between two temporally adjacent bathymetry surveys,    V  d r e d g i n g     is the yearly dredging volume, and S is the area of the channel section.



Digital survey charts between 1997 and 2019 were collected to capture the bathymetric changes in the TMZ, especially at the mouth bars. These bathymetric surveys were conducted by the Shanghai Waterway Engineering Design and Consulting Co. Ltd. (SWEDC, Shanghai, China).



Water and sediment input from the Yangtze River and divided flow-diversion ratios between the NP and SP were collected to assess the effects of human interventions on the dynamic sedimentation process. Annual and monthly mean water and suspended sediment discharge between 1952 and 2019 at the Datong station were obtained from the Yangtze Water Conservancy Committee of the Ministry of Water Conservancy of the PRC. The ebb flow-diversion ratios for the NP and SP for 1998 to 2016 were obtained from the Yangtze Estuary Waterway Administration Bureau of the Ministry of Transport of the PRC. The ebb flow diversion ratio of the NP is defined as the ratio of the ebb tidal volume through the selected section to the sum of the ebb tidal volumes through the selected sections in the NP and SP, which were observed simultaneously [36].




2.2. Methods


To assess the dominance of ebb and flood dynamics, the coefficient of flow/sediment dominance [37] was calculated as follows:


   R C  =    Q e     Q e  +  Q f    × 100 %  



(2)






   R S  =    G e     G e  +  G f    × 100 %  



(3)






   Q  f  ( e )    =   ∑   i = 1    n  f  ( e )       u i  × cos  θ i  × t  



(4)






   G  f  ( e )    =   ∑   i = 1    n  f  ( e )       u i  × cos  θ i  ×  c i  × t .    



(5)




where RC is the coefficient of flow dominance, Qf(e) is the local water transport during flood/ebb current period, nf(e) is the duration of the flood/ebb current, u is the velocity, θ is the angle between the measured flow direction and the long axis of the tidal ellipse, t is the sampling intervals (seconds), RS is the coefficient of sediment dominance, Gf(e) is the local sediment transport during flood/ebb current period, and    c i    is the SSC. If RC > 50%, the flow is ebb-dominated; otherwise, it is flood-dominated. If RS > 50%, the net sediment transport is seaward; otherwise, it is landward. The points of RC = 50% and RS = 50% indicate the places of no motion for water and sediment, respectively. Where the contour lines of RC = 50% and RS = 50% reach the estuary bed are the water null point and the sediment null point.



TMZs are the result of complex estuarine dynamics leading to the convergent transport of suspended particulate matter [38], and the TMZ of the YE belongs to a dominant type of TMZs created by longitudinal convergence [36]. The previously defined sediment null point is the longitudinal convergence point of suspended sediment transport, where the residual sediment flux at the estuary bed is zero. Thus, the sediment null point is used to indicate the location of the TMZ.



To quantify the morphological changes in the mouth bars, digital survey charts between 1997 and 2019 were analyzed by establishing a digital elevation model. The charts were firstly transformed into depth points relative to the coordinate of ‘Beijing_1954_GK_Zone_21N’. Elevations and depths in meters are calibrated to the theoretical lowest-tide level (TLTL). Using the Kriging interpolation technique, each data set was interpolated to a grid with 100 m × 100 m cells [39]. Bathymetric changes in the mouth bars were obtained by subtracting the depth in 1997 from that in 2019. Changes in the water volume of the NP and SP were investigated using the spatial analysis tools in ArcGIS, and the water volume was calculated below or between given reference planes.





3. Results


3.1. Characteristics of the Dynamic Process of the TMZ


3.1.1. Salt Intrusion and Its Seasonal Variation in the TMZ


The vertical profile of tidal-averaged salinity and SSC measured at several stations in the NP and SP in 2016 shows longitudinal salinity gradients and vertical stratification in the channel (Figure 2). During the spring tide of the flood season, a salt wedge appeared around the isohaline of 7 practical salinity units (PSU), and the core area of high SSC was formed in the salt wedge front, with SSC higher than 2 kg/m3 (Figure 2a,e). During the neap tide of the flood season, the SSC in the pre-wedge area around the isohaline of 7 PSU was higher than 0.60 kg/ m3 (Figure 2c,g). The increased SSC at the salt wedge front indicated the importance of salt intrusion in sediment trapping in the TMZ.



The salt wedge migrated back and forth along the channel during the flood and dry seasons (Figure 2). In the flood season, the salt wedge in the NP moved downward to the North Tongsha Shoal (Figure 2a,c), and that in the SP moved down to the South Tongsha Shoal (Figure 2e,g). In the dry season, the salt wedge in the NP moved upward to the Yuanyuan Shoal (Figure 2b,d), and that in the SP moved upward to the Jiangya Shoal (Figure 2f,h). Meanwhile, the TMZ migrated with the salt wedge front. As shown in Figure 2, seasonal runoff variation shows a much more significant influence on the salt wedge migration than the fortnightly tidal cycles because the runoff in the flood season accounts for 66% (averaged from 2004 to 2020) of the annual runoff.




3.1.2. Null Points and Their Seasonal Migration in the TMZ


The longitudinal coefficient of flow/sediment dominance (RC/RS) was calculated from the measured tidal velocity and sediment concentration at several stations in the NP and SP in 2016 (Figure 3). The water and sediment null points moved seaward during the flood season (Figure 3).



According to the longitudinal–vertical distribution of RC, the residual flows in both the NP and the SP were characterized by clockwise estuarine circulation, with landward flow at the layer below the 50% contour lines of the RC and seaward flow at the layer above the 50% contour lines of the RC. According to the longitudinal–vertical distribution of the RS, sediment transport in the NP and SP both displayed a convergent pattern, with net landward sediment transport at the layer below the 50% contour lines of the RS and net seaward flow at the layer above the 50% contour lines of the RS. The longitudinal estuarine circulation and convergent patterns of sediment transport were conducive to the accumulation of sediment near the sediment null point.




3.1.3. Seasonal Variation in Riverine Dynamics and Its Impact on the TMZ


In the previous sections, we reported significant along-channel movement of the TMZ with the salt wedge and sediment null point due to the seasonal variation in water discharge. During the flood season, the fluvial sediment input was abundant, which accounted for 87.2% of the annual sediment load in 2016. However, the magnitude of SSC in the TMZ did not match the previously reported seasonal characterization that the SSC during the flood season was significantly higher than during the dry season [40,41]. As shown in Figure 4c,d, the spring-tide measurement in flood season and both neap-tide measurements in 2016 were not affected by a storm event. The measured neap-tide maximum tidal-mean SSC of the TMZ in the NP was 0.329 kg/m3 during the flood season and 0.126 kg/m3 during the dry season (Figure 4a), and in the SP it was 0.309 kg/m3 during the flood season and 0.180 kg/m3 during the dry season (Figure 4b). However, the spring-tide measurements in the dry season in 2016 were affected by a cold front–induced storm event (Figure 4c), with the SSC in the TMZ in the NP and SP both 2–2.3 times higher than that in a flood season which was not affected by a storm event.



In summary, SSC in the TMZ is primarily related to the seasonal variation in riverine sediment input. However, the resuspension process caused by the storm surge should not be neglected in the TMZ’s sediment replenishment.





3.2. Recent Changes in the Dynamic Process of the TMZ under Human Interventions


3.2.1. Changes in the SSC in the TMZ


According to the measurements of spring-tide SSC during flood season from 2003 to 2016, the SSC in the Yangtze Estuary is generally high, with a tidal mean SSC of 0.164–1.669 kg/m3 at the survey stations (Figure 5). The mean tidal SSC in the NP and SP were the highest, followed by the SC and middle section of the NC. In most periods, the mean SSC in the adjacent sea area was 0.411 kg/m3 (Figure 5).



The SSC in the lower NC, NP, and SP were higher than in the upstream and downstream regions during each measurement, indicating the existence of the TMZ in the NC, NP, and SP. However, the SSC in the whole estuarine area decreased in the last two decades. The SSC outside the TMZ showed a significant downward trend after the closure of the TGD in 2003 even at the B2 station located in the edge of the TMZ, while SSC in the TMZ showed no obvious change until 2011. Thus, the decrease in regional SSC in the TMZ lagged behind the decrease in SSC outside the TMZ (Figure 5).




3.2.2. Changes in the Location of the TMZ


The correlation analysis between the distance (Dis) of the sediment null point to the reference point (Hengsha in the NP, Xiaojiuduan in the SP) and the discharge (Q) at the Datong station over tidal range (H) at the Zhongjun station showed that the location of the sediment null point was closely related to the discharge at the Datong station and the tidal range at the Zhongjun station. The sediment null point moved seaward when river inflow increased or tidal dynamics weakened (Figure 6), indicating seaward migration of the TMZ following increasing river flow or decreasing tidal range. However, significant changes occurred in the relationship between the location of the sediment null point and the river discharge over the tidal range after completing the main works of the training walls and groins in the DNC in 2005 (Figure 6).



In the NP, sediment null points were in the middle and lower reaches before the DNC project. After the project, the sediment null point moved landward to the upper reaches in low discharge. However, it moved seaward to further downstream of the lower reaches in the high discharge scenario (Figure 6a), indicating a landward shift of the TMZ during the dry season and seaward shift of the TMZ during flood season.



In the SP, the sediment null point under the same discharge and tidal range conditions moved approximately 10–15 km downward after the DNC project, indicating an approximately 10–15 km downward shift of the TMZ (Figure 6b). Sediment null points no longer appeared in the upper reaches in the low discharge scenario. Therefore, the TMZ migrated to the middle and lower reaches.




3.2.3. Changes in the Bathymetry of Mouth Bars in the TMZ


In the NP, intense siltation occurred in the side shoals of the upper reaches and groin areas, while the main channel of the NP mainly experienced erosion (Figure 7). The waterway depth in previously shallow areas increased to 12.5 m by the end of 2010. The water volume of the NP between water depths of 1 m and 6 m decreased by 23%, while those below 7 m doubled compared to the volume in 1997 (Figure 8a). Although the TMZ still existed in the NP in 2019, the mouth bars were removed by dredging and local scour caused by the DNC project (Figure 9a). However, according to the longitudinal distribution of the annual deposition rate in the DNC in 2019 (Figure 10), under continuous channel dredging, the deposition rate in the TMZ of the NP reached 7.9 m/year, 10 times larger than in the other areas of the NP. Thus, continuous channel dredging strangled the formation of mouth bars at the TMZ of the NP. Consequently, the bathymetric changes in the NP in the last two decades were characterized by intense siltation in the side shoals of the upper reaches and groin areas, deepening of the main channel, and disappearance of mouth bars.



In the SP, over the last two decades, intensive local scour and dredging occurred in the upper reaches, with water depth increasing from approximately 7 m to 12 to 15 m (Figure 7b). As a result, the 10 m isobath extended downstream to the middle reaches (Figure 1b). Correspondingly, the upstream mouth bar was removed, and the water depth increased by more than 6 m (Figure 7 and Figure 9b). In the middle reaches, considerable erosion was detected. The bathymetry was relatively stable in the lower reaches, with weak silting and scouring occurring alternately. The water volume of SP under 2 m water depth increased to varying degrees under different water depth intervals, among which the volume below 6 m suggested the most significant increase, at 2.3 times (Figure 8b). Hence, bathymetric change in the SP was characterized by an overall deepening of the main channel, especially in the upper reaches where the mouth bar disappeared.






4. Discussion


The dynamic sedimentation processes in the TMZ of the Yangtze Estuary changed significantly under the influence of human activities in recent decades, characterized by a decrease in SSC in the TMZ, seaward shift of the TMZ in the SP, landward shift of the TMZ in low discharge and seaward shift of the TMZ in high discharge in the NP, the disappearance of the TMZ and mouth bars in the upper reaches of the SP, and the disappearance of the mouth bar in the main channel of the NP.



Various factors might have contributed to the observed changes in the dynamic sedimentation processes in the TMZ, including variations in tidal and wave forcing at the seaward boundary, variations in river flow and sediment inputs, and or local anthropogenic measures. According to previous studies, no significant changes occurred in the tidal forces from the sea and river flow in the Yangtze Estuary [36]. Hence, we further assessed the consequences of variations in riverine sediment input and local anthropogenic measures.



4.1. Contribution of Declined Riverine Sediment Input to Variations in SSC in the TMZ


Due to the impoundment and sediment retention of the TGD in 2003, riverine sediment has decreased to 38.3% and 52.9% of the average sediment load in 1951–1985 and 1986–2002 [43], respectively, especially during flood seasons (Figure 11). The SSC value in flood seasons outside the TMZ reflects a significant downward trend after the closure of the TGD in 2003. However, the decrease in regional SSC in the TMZ lagged the decrease in SSC outside the TMZ, and considerable erosion occurred in the adjacent coastal areas (Figure 7), indicating increased sediment input from other sediment sources, local resuspension, and coastal erosion.



Although the decrease in SSC of the Yangtze Estuary due to the decreased fluvial sediment supply was already reported by previous researchers [44,45], in this study, we clearly demonstrated a decrease in regional SSC in the TMZ and a lag between the decrease of SSC inside and outside the TMZ. We also revealed the exact role of storm-induced sediment resuspension processes for the TMZ’s sediment supply. The results also confirmed that local resuspension of shoals in the estuarine channels and landward transport of sediment eroded from the subaqueous delta have become the primary sediment sources for the TMZ of the Yangtze Estuary [32].




4.2. Effects of Local Human Interventions on the TMZ


The local anthropogenic measures assessed here are the dredging and engineering works from 1998 to 2010 in the DNC regulation project. Since 1998, when the submerged dikes of the diversion project (Figure 1b) were implemented at the bifurcation node of the NP and SP, and submerged dikes, leading jetties, and groins were implemented in the NP, the ebb flow-diversion ratio of the NP decreased from approximately 60% before the project to approximately 42% after the project (Figure 12). On the contrary, the ebb flow-diversion ratio of the south channel increased significantly. The significant changes that occurred in the ebb flow diversion between the NP and SP were mainly caused by the enhanced baroclinic pressure gradient and the excellent form resistance introduced by the engineering works in the NP [46].



In the NP, a decrease in the ebb flow diversion caused decreased ebb flow in the upper reaches, which might contribute to the landward shift of the sediment null point during the low discharge period and to the intensive siltation in the upper reaches. Moreover, the frictional effects of the groins on the flow produced geometrically controlled eddies, which caused intense accretion in the groin areas [47]. The seaward shift of the sediment null point during high discharge periods and the deepening of the main channel in the middle and lower reaches were mainly related to the increase in the ebb flow of the main channel following the construction of training walls and groins that concentrated ebb flow in the main channel.



In the SP, a significant decrease in the ebb flow diversion in the NP caused an enhancement of ebb flow. The RC in the upper reaches of the SP in 2019 was more than 55%, indicating ebb dominance (Figure 2). Hence, the sediment null point and TMZ could no longer exist in the upper reaches. The significant increase in ebb flow is considered the main reason for the seaward migration of the TMZ, and the strong local scour and disappearance of the mouth bars in the upper reaches. Basically, the cause of the flow dominance variation in the SP was the construction of the DNC regulation project in the NP.



Furthermore, the ebb-tidal velocity increased sharply in the NC through the narrowing of the cross-section, which is considered to enhance the capacity of seaward sediment transport and is one of the primary purposes of the DNC regulation project [48]. However, we found that the DNC regulation project did not change the existence of the TMZ but resulted in the landward migration of the TMZ in a low or middle discharge scenario, which means the opposite direction of the desired purpose of enhancing the seaward sediment transport.




4.3. Linkage between Local Human Interventions, TMZ Migration, and Mouth Bar Evolution


The significant migration of the TMZ was related to the DNC project, which has significantly changed the water and sediment dynamics and morphology of the NP and SP. The migration patterns of the core area obtained from correlation analysis between the location of the sediment null point and the relative dynamics of river discharge and tide are significantly different from previous results [49]. By comparing single observations before and during the DNC project in the NP, Jiang et al. (2013) observed a landward shift of the core area during the flood season. Because the location of the TMZ is sensitive to variations in river discharge and tidal range, the previous results, based on the comparison of several observations, have significant limitations.



The morphological changes in the mouth bars were also mainly due to the engineering works of the DNC project, which have been reported in previous studies [36,50,51]. In the SP, it has been reported that an increasing upstream ebb force after 1998 resulted in erosion in the upper part of the mouth bar, the downstream shift of the crest, and a decrease in the slope at the riverside [52]. In the NP, the disappearance of the mouth bar due to dredging was illustrated in several studies [36,50]. However, in this study, we observed that the mouth bar in the NP completely disappeared but that rapid sedimentation continued to form an incipient bar at the location where the mouth bar used to be. In addition, we found that the morphological change in the mouth bars corresponded well with the migration of and changes in the TMZ.



The results obtained in this study are highly relevant to other estuaries or deltas that are subjected to intensive human activities, such as the Mississippi River Delta [17], the Ems Estuary [52,53], the Mersey Estuary [54], and the Pearl River Delta [55]. In all cases, anthropogenic interventions caused significant changes in the hydro-, sediment-, and morpho-dynamics of the estuaries, especially in the Ems Estuary, which turned into a hyper-turbid estuary in response to channel deepening. Fortunately, in the Yangtze Estuary, although intensive human interventions caused a decrease in SSC and the spatial shift of the TMZ, no indications of turning into a hyper-turbid estuary have been documented so far.



The significant changes in the dynamic sedimentation processes of the TMZ in the Yangtze Estuary suggest that human interventions in both river basin and estuary have disturbed the long-term dynamic equilibrium of the sedimentation processes. Due to the complexity of the dynamic sedimentation processes and the limitations of the methodology, this study qualitatively addressed the possible causes of the observed changes. Further work is required to investigate the changes in the transport of suspended sediment and bedload to systematically assess the impacts of human interventions on the dynamic sedimentation processes of the TMZ. The impacts of the engineering projects on the TMZ also need to be fully studied before and after the implementation of artificial projects in the river and the estuary.





5. Conclusions


In the past two decades, the riverine sediment of the Yangtze Estuary has decreased sharply, and during that time many large-scale projects have been built in the estuary. Through the coupled human interventions from the river basin to the estuary, the dynamic sedimentation process of the TMZ in the Yangtze Estuary changed, especially in the NP and SP, following the construction of the large-scale DNC project.



The decreased riverine sediment input caused a decrease in the maximal SSC in the TMZ during the flood seasons, but the decrease in SSC in the TMZ lagged the decrease in SSC outside the TMZ. The DNC project caused changes in the characteristics of the TMZ and associated mouth bars in the NP and SP. Before the DNC project, two TMZs existed both upstream (dry season) and downstream (flood season) in both the NP and SP, respectively, accompanied by mouth bars. After the DNC project, the ebb flow-diversion ratio of the NP decreased by 16%, with a corresponding increase in the SP. In the NP, decreased ebb transport in the upper reaches led to landward migration of the sediment null point and TMZ in low discharge scenarios. In contrast, increased ebb transport in the middle and lower reaches caused seaward migration of the sediment null point and the TMZ in high discharge scenarios. Although the mouth bar was removed by channel dredging, rapid sedimentation continued to form an incipient bar at the location where the mouth bar used to be. In the SP, increased ebb transport after the project induced the seaward migration of the sediment null point, the disappearance of the TMZ and mouth bars in the upper reaches, a 10–15 km seaward migration of the TMZ in the middle and lower reaches, and an overall deepening of the main channel, especially in the upper reaches.



Construction regulation projects in the TMZ, intending to narrow the cross-section and to enhance seaward sediment transport, may result in the opposite effect. Before and after engineering projects, the impacts of such projects on estuarine processes need to be carefully estimated.
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Figure 1. Location of the TMZ in the Yangtze Estuary in the 1990s (reproduced from [2], with permission from Elsevier, 2022) (a). Bathymetry of the Yangtze Estuary in 1997 and 2019, including current, tide elevation, and wave survey stations (b). 
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Figure 2. Longitudinal–vertical profile of the tidal mean SSC and salinity in spring and neap tides in the NP (a–d) and SP (e–h) during flood and dry seasons in 2016; the survey stations are marked in Figure 1b. 
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Figure 3. Longitudinal–vertical distribution of the RC and water/sediment null points in the NP (a–d) and SP (e–h) during flood and dry seasons in 2016; the survey stations are marked in Figure 1b. 
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Figure 4. Longitudinal distribution of the tidal averaged SSC in NP (a) and SP (b) during the spring tide and neap tide in dry and flood seasons in 2016, and simultaneous significant wave height and wave period at NCD station (the position of NCD station is shown in Figure 1b) during dry (c) and flood (d) seasons in 2016. 
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Figure 5. Tidal mean SSC in the spring tide of the flood season from 1999 to 2016. 
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Figure 6. Relationship between the distance (L) of the sediment null point to Hengsha (NP) (a)–Xiaojiuduan (SP) (b) section and the ratio of discharge (Q) at the Datong station and tidal range (H) at the Zhongjun station (the dataset of 1978–1994 in SP has been published in [42]). 
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Figure 7. Bathymetric changes in the Yangtze Estuary from 1997 to 2019 (a), cross-sectional bathymetric change at bifurcation node of the NP and SP ((b), section P1 in Figure 7a), middle of the NB and SB ((c), section P2 in Figure 7a), and middle of the NC and SC ((d), section P3 in Figure 7a). 
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Figure 8. Changes in water volume below given reference elevation (solid lines) or between given reference planes (bars) in the NP (a) and SP (b). The statistical areas of the NP and SP are marked in Figure 1b. 
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Figure 9. Longitudinal bathymetric profile along the navigation channel in the NP (a) and SP (b) in 1997 and 2019; the profile routes are shown in Figure 1b. 
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Figure 10. Annual deposition rate distribution in the DNC of the NP in 2019. 
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Figure 11. Monthly sediment load at the Datong station in different periods. These data were published by the Yangtze Water Conservancy Committee of the Ministry of Water Conservancy of the PRC. 
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Figure 12. Ebb flow diversion-ratio of the NP (compared to the SP) from 1998 to 2016. 
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Table 1. Detailed information on survey measurements.
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	Season
	Tide
	Observation Period
	Discharge * (m3/s)
	Observation Stations





	flood
	neap
	21 June 1999 to 22 June 1999
	40,280
	B1, B2, B5, B7



	flood
	spring
	9 October 1999 to 10 October 1999
	45,100
	B1, B2, B5, B7



	dry
	spring
	21 February 2000 to 22 February 2000
	11,400
	B1, B2, B5, B7



	flood
	spring
	10 August 2002 to 11 August 2002
	48,150
	B1, B2, B4, B5, B7, B8



	dry
	spring
	14 February 2006 to 15 February 2006
	18,214
	A1, A2



	flood
	spring
	13 August 2006 to 14 August 2006
	35,578
	B1, B2, B5, B7



	dry
	spring
	4 February 2007 to 5 February 2007
	12,099
	A1, A2



	dry
	spring
	21 May 2008 to 22 May 2008
	26,100
	A1, A2



	flood
	spring
	1 August 2008 to 2 August 2008
	38,963
	B1–B8



	dry
	spring
	9 February 2009 to 10 February 2009
	11,067
	A1, A2



	flood
	spring
	20 August 2009 to 21 August 2009
	40,991
	B1–B8



	flood
	spring
	5 September 2009 to 6 September 2009
	39,407
	A2, A3, A4



	flood
	spring
	10 August 2010 to 11 August 2010
	61,000
	B1-B8



	flood
	spring
	14 August 2011 to 15 August 2011
	30,175
	A4, A5, B1–B8



	dry
	spring
	23 February 2012 to 24 February 2012
	15,903
	B1–B8



	flood
	spring
	18 August 2012 to 19 August 2012
	52,804
	A2–A5, B1–B8



	flood
	spring
	23 July 2013 to 24 July 2013
	39,146
	B1–B8



	flood
	spring
	19 September 2013 to 20 September 2013
	27,111
	A2, A3, A4



	dry
	spring
	28 February 2014 to 29 February 2014
	15,346
	B1-B5



	flood
	spring
	13 July 2014 to 14 July 2014
	43,703
	A2, A3, A4



	flood
	neap
	20 July 2014 to 21 July 2014
	44,286
	A2, A3, A4



	dry
	neap
	12 February 2015 to 13 February 2015
	12,100
	A2, A3, A4, B1–B8



	flood
	spring
	30 July 2015 to 1 August 2015
	41,909
	B1–B8



	dry
	spring
	11 March 2016 to 12 March 2016
	18,700
	A1–A6, B1–B8



	dry
	neap
	3 March 2016 to 4 March 2016
	18,812
	A1–A6, B1–B8



	flood
	spring
	21 July 2016 to 22 July 2016
	63,891
	A1–A6, B1–B8



	flood
	neap
	27 July 2016 to 28 July 2016
	62,020
	A1–A6, B1–B8







* 5-day-lagging daily mean discharge at the Datong station.
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