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Abstract

:

Deltaic channels in river deltas usually play important roles in flood discharge, water supply, and navigation development. Under the combined influences of fluvial and ocean dynamics and human activity, the complex long-term morphological evolution of deltaic channels requires further research, in particular the Modaomen Channel in the Pearl River Delta (PRD), China. This study explored the morphological evolution of the Modaomen Channel from 1962 to 2017. During the study period, the characteristics of the Modaomen Channel after 1977 differed substantially from those before 1977. Before 1977, the channel evolution was mainly controlled by natural processes, with a low silting rate. From 1977 to the present, the channel was strongly influenced by human activities, including sand mining and channel regulation, and then, the channel deepened sharply. Therefore, the deep trough of the channel at the upstream was linked completely to that at the downstream, which became much wider and deeper compared to that in the past. Although the deepening of the channel was beneficial for flood discharge and shipping development, serious environmental problems also developed, including strengthened tidal dynamics and saltwater intrusion. Owing to the severely reduced sediment discharge from the Pearl River and the deepening trend in the channel, the future evolution of the channel and its impacts by extreme flood and storm surge require further detailed investigation and research.
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1. Introduction


River deltas not only host large human populations, but also sustain the most productive ecosystems in the world, so exploring the morphological evolution of deltas is critical for coastal management and restoration [1,2,3,4]. In recent decades, with the economic development of river basins and estuarine regions, human activities, including reservoir construction, estuarine regulation, nearshore reclamation, coarse sand mining, and the construction of ports and channels, have notably altered river discharge, sediment inputs, and underwater topography [5,6,7,8,9,10,11]. Consequently, the deltaic environment has become more fragile and sustainable management of deltas has faced great challenges [2,10,12].



Complex branching channels generally form in river deltas, in particular in tidally dominated deltas such as the Ganges Delta and Pearl River Delta (PRD) [9,12,13,14,15]. These branching channels in deltaic regions play an important role in flood discharge, navigation, and water supply. The morphological evolution of deltaic channels is usually impacted by strong runoff, tidal currents, sea-level rise, storm surge, and human activities and is therefore critical for understanding land–ocean interactions in the coastal zone (LOICZ) [9,16,17,18]. In recent years, human activity in deltaic regions, including channel regulation and coarse sand mining, have led to problems such as riverbed scouring, declining water levels, and saltwater intrusion, which have escalated into problems related to embankment safety, flood control, water supply safety, and environmental protection [2,9,10,11,12,19].



The PRD is the largest delta in South China and has a dense river network in the deltaic region. The Modaomen Channel is located at the southeastern end of the PRD and connects the West River (upstream, the main stream of the Pearl River) with the river mouth (downstream). The Modaomen Channel is the main passage along which the Pearl River flows into the sea, particularly during flood events [4]. Cities including Macao, Zhuhai, Jiangmen, and Zhongshan are located along the Modaomen Channel, which plays a critical role in flood discharge, navigation, urban water supply, and agricultural irrigation. Since the 1960s, the Modaomen estuarine region has experienced large-scale anthropogenic activity, including estuary regulation, sand mining, and navigation development, and its geomorphic form has changed dramatically. Previous studies of this region have mainly focused on recent morphological changes, saltwater intrusion, and changes in tidal dynamics that result from human activity, such as estuarine regulation and navigation projects [20,21,22,23,24]. However, long-term (>50 y) morphological changes in the Modaomen Channel have rarely been investigated. In this study, we used more than 50 years of topographic data of Modaomen Channel to explore long-term evolutionary processes and mechanisms related to the deltaic channel and tried to address the research gap. The new findings can add knowledge on the geomorphologic system of the PRD and are helpful for the sustainable management and protection of the PRD.




2. Study Area


The Pearl River is the second-largest river in China and forms a large-scale river delta (the PRD) and two large estuarine bays (Lingding and Huangmao Bays) in central Guangdong Province [10]. The PRD is a complex delta deposited by the sediment from the three main tributaries—the West, North, and East Rivers of the Pearl River. One fifth of the delta is dotted with hills and platforms [20]. The Modaomen Channel is located upstream of the Modaomen Estuary, which is one of the eight outlets into the sea in the PRD. The Modaomen Channel starts at Baiqingtou and ends at Denglong Hill and has a length of ~44 km and a width of 400–3800 m. River islands are also located along this channel.



The Modaomen Channel is the main flow passage of the Pearl River and experiences large amounts of flow and sediment discharge. Makou hydrologic station (see Figure 1a for location), located at the apex of PRD, is the main control station of the Pearl River. The annual runoff and sediment load observed at Makou station are 224.4 billion m³ and ~61.29 million tons, respectively, accounting for 76% and 85% of the river total, respectively [10], and those observed at Denglong Hill station (see Figure 1b for location) of the Modaomen Channel account for 35–40% of those observed at Makou station [4]. During the flood season (April–September), the total runoff and sediment load at Makou station account for 76.5% and 94.5% of the annual totals, respectively. The Modaomen Channel is a fluvial channel with weak tidal dynamics. The tidal range is ~0.87 m at Denglong Hill station, which experiences an irregular semidiurnal tide.




3. Data and Methods


3.1. Data


Four 1:1000-scale bathymetric datasets observed in 1962, 1977, 1999, and 2017 were collected from the Waterway Bureau of Guangdong Province. The plane coordinate system used in these datasets is the China Beijing 1954 Coordinate System with a central longitude of 114°E, and the Pearl River Datum (0.744 m above the 1985 National Height Datum) is used as the bathymetric datum. Runoff and sediment load data from Makou hydrologic station and tidal data from Zhuyin hydrologic station (see Figure 1b for the locations) were obtained from the Hydrological Bureau of Guangdong Province.




3.2. Methods


The four bathymetric data of the Modaomen Channel from 1962 to 2017 were used to generate digital elevation models (DEM) using the Kriging interpolation method with 10 m × 10 m grids. The distribution maps of scouring and silting in different periods were generated using the cut-fill tool in the ArcGIS software package [25]. The water areas below the 2 m, 5 m, 10 m, and 15 m isobaths were computed using the same method. Isobath maps of 2 m, 5 m, 10 m, and 15 m were drawn for the different years by using GIS software.



The Modaomen Channel was divided into three zones, including upper, central, and lower parts (see Figure 1), and the mean depths and volumes were calculated for each zone below the 0 m isobaths from 1962 to 2017. Forty-three cross-sections (D01–D43, Figure 1b) were established along the channel, from which the mean depth, mean width, width–depth ratio, and thalweg elevation of each section below the 0 m isobaths were calculated. Then, the long-term evolutionary characteristics of the channel were analyzed for the different years.





4. Results


Using the bathymetric data of the Modaomen Channel from 1962 to 2017, the spatiotemporal changes in the channel were analyzed, and the evolutionary characteristics of the channel were determined subsequently.



4.1. Planar Changes of the Channel


Based on the bathymetric data, the topography during different years (Figure 2) and changes in the 2 m, 5 m, 10 m, and 15 m isobaths (Figure 3 and Figure 4) were drawn to investigate planar changes along the Modaomen Channel from 1962 to 2017.



4.1.1. Planar Changes from 1962 to 1977


According to the bathymetry data from 1962 and 1977 (Figure 2a,b), several river islands were present during this period, including (from upstream to downstream) Jiyusha, Liuquansha, Haixinsha, Dapaisha, Modaozhou, Zhupaisha, Shangsha, and Shazaimian, which were distributed along the length of the channel. The river width in the channel ranged from 400 to 3800 m. The 5 m-deep trough in the upstream region was linked to the downstream trough nearly entirely, and the trough width near the river islands was narrow. Shallow water areas (water depth < 5 m) were mainly located north of the river islands, as well as to the east of Baiqingtou. The 10 m-deep troughs were located near Zhuzhoutou and Dapaisha, while some short 10 m-deep troughs were located between those in 1962.



From 1962 to 1977, the 2 m, 5 m, 10 m, and 15 m isobaths changed slightly (Figure 3). The water areas below the 2 m, 5 m, and 10 m isobaths decreased by 5–10%, while the area below the 15 m isobaths changed only slightly (Figure 4). Most of the Modaomen Channel experienced silting processes, particularly near Zhuzhoutou, Dapaisha, and Shangsha, with a silting thickness of 1–3 m. Only some local parts of the channel experienced scouring (Figure 5).




4.1.2. Planar Changes from 1977 to 1999


According to the bathymetry data from 1999 (Figure 2c), the shallow areas at the north of the river islands and to the east of Baiqingtou decreased, while the nearby 5 m-deep troughs widened. The 10 m-deep trough near Zhuzhoutou lengthened downstream, with local water depths that exceeded 15 m.



From 1977 to 1999 (Figure 3), the 2 m and 5 m isobaths at the north of the river islands retreated and exhibited an erosional trend, while these isobaths remained stable in other parts of the channel. The 10 m and 15 m isobaths near Zhuzhoutou expanded downstream, while these isobaths remained stable in the other parts of the channel. The water area below the 2 m isobaths changed slightly, while those below the 5 m and 10 m isobaths increased by ~20% and 40%, respectively. The water area below the 15 m isobaths increased by ~100% from 1977 to 1999 (Figure 4). Most of Modaomen Channel experienced considerable scouring during this period, with a scouring thickness of more than 1 m. The scouring thickness reached more than 3 m near most of the river islands (Figure 5).




4.1.3. Planar Changes from 1999 to 2017


According to the bathymetry data from 2017 (Figure 2d), the upstream 5 m-deep trough was linked completely to the downstream trough, and the width of the trough near the river islands widened substantially. The shallow areas near the river islands and Baiqingtou were nearly absent. The 10 m-deep trough near Zhuzhoutou extended upstream to Liuquansha and linked downstream with the trough near Dapaisha, the width of which also widened. A large area of deep water (>15 m) was located near Zhuzhoutou and Dapaisha. The 10 m-deep trough near Jiyusha and Zhupaisha also extended and widened.



From 1999 to 2017 (Figure 3), the 2 m and 5 m isobaths retreated at the north of Liuquansha, exhibiting an erosional trend, while those in the other parts of the channel changed only slightly. The 10 m isobaths expanded downstream and upstream near Jiyusha, Zhuzhoutou, and Dapaisha where the trough widened, producing a deep trough that was broken off near Baiqingtou, Liuquansha, Zhupaisha, and Shazaimian. The 15 m isobaths near Zhuzhoutou and Dapaisha expanded considerably upstream and downstream, and the trough widened substantially.



From 1999 to 2017 (Figure 4), the water areas below the 2 m and 5 m isobaths increased by approximately 10% and 20%, respectively, while those below the 10 m and 15 m isobaths increased by approximately 1.6- and 5.3-times, respectively. Thus, the water areas of the 10 m and 15 m isobaths in 2017 were much larger than those in previous years. During the study period (Figure 5), most of Modaomen Channel underwent scouring, with a scouring thickness of more than 1 m. In the Jiyusha–Liuquansha and Zhuzhoutou–Zhupaisha reaches, a scouring thickness of more than 3 m was observed, with some localized regions of 5 m.



Overall, the Modaomen Channel experienced slight silting from 1962 to 1977 and substantial scouring after 1977, particularly after 1999. The scouring thickness was large and the shallow areas near the river islands deepened after 1977. The water depth of the entire channel also increased after 1977.





4.2. Changes in Water Depth and Volume


According to the above analyses, considerable differences were observed in the morphological evolution of Modaomen Channel during different decades. Using the long-term bathymetric data, the water depth and volume below the 0 m isobaths in the different zones along the channel were calculated (see Figure 1 for location), the results of which are shown in Figure 6.



4.2.1. Changes in Water Depth


In 1962, the mean depth in the upper, central, and lower parts of the Modaomen Channel were 5.1, 7.4, and 5.3 m, respectively, while that of the entire channel was ~5.6 m (Figure 6a). From 1962 to 1967 (Figure 6b), the mean depth in the upper part increased by 0.4 m, while that in the central and lower part decreased by 0.6 m and 0.3 m, respectively, while that of the entire channel decreased by 0.2 m, with a silting rate of 1.2 cm/a. From 1977 to 1999, the mean depths in the upper, middle, and lower parts increased by 0.8 m, 1.2 m, and 1.2 m, respectively, while that of the entire channel increased by 1.2 m with a scouring rate of 5.0 cm/a. From 1999 to 2017, the mean depth in the upper, middle, and lower parts increased by 2.5 m, 2.8 m, and 2.0 m, respectively, while that of the entire channel increased by 2.3 m with a scouring rate of 13.0 cm/a. Overall, the mean depth of the entire channel increased by 3.4 m from 1977 to 2017.



In summary, the water depth of the Modaomen Channel decreased before 1977 and increased after 1977, but these increases varied during the decades.




4.2.2. Changes in Water Volume


In 1962, the water volume in the upper, central, and lower parts of the channel were 59 × 106 m3, 53 × 106 m3, and 115 × 106 m3, respectively, while that of the entire channel was ~228 × 106 m3 (Figure 6c). From 1962 to 1967 (Figure 6d), the water volume in the upper channel increased by 3 × 106 m3 and that in the central and lower parts of channel decreased by 6 × 106 m3 and 10 × 106 m3, respectively, while that of the entire channel decreased by 14 × 106 m3 at a rate of 1.0 × 106 m3/a. From 1977 to 1999, the water volume of the upper, central, and lower parts increased by 8 × 106 m3, 9 × 106 m3, and 13.2 × 106 m3, respectively, while that of the entire channel increased by 30 × 106 m3 at a rate of 2.0 × 106 m3/a. From 1999 to 2017, the water volume in the upper, central, and lower parts increased by 33 × 106 m3, 21 × 106 m3, and 40 × 106 m3, respectively, while that of the entire channel increased by 94 × 106 m3 at a rate of 6 × 106 m3/a. Overall, the water volume of the entire channel increased by 124 × 106 m3 from 1977 to 2017.



In summary, the water volume of the Modaomen Channel was low before 1977 and increased after 1977, but the changes differed during the decades.





4.3. Changes in Cross-Sectional Shape


The section width, mean section depth, width-depth ratio (    w i d t h   / d e p t h  ), and thalweg elevation of the cross-sections along the Modaomen Channel are parameters that represent its cross-sectional shape. The section widths and depths, width–depth ratios, and thalweg elevations below the 0 m isobaths of the D01–D43 sections during different years are shown in Figure 7. The mean section width and depth, width–depth ratio, and thalweg elevation below the 0 m isobaths in the three parts (upper: D01–D19; central: D20–D29; lower: D30–D43) of the channel are shown in Figure 8.



The section width of all cross-sections underwent little change from 1962 to 2017. The mean section depth increased slightly in the upper part and decreased slightly in the central and lower parts from 1962 to 1977, while that increased substantially from 1977 to 2017. The width–depth ratio and thalweg elevations of the entire channel did not change substantially from 1962 to 1977, while those reduced from 1977 to 2017 substantially.



As shown in Figure 8b, the mean section depth in the upper part of the channel increased by 0.4 m, while those in the central and lower parts decreased by 0.7 m and 0.2 m, respectively, from 1962 to 1977. From 1977 to 1999, the mean section depth in the upper, central, and lower parts increased by 0.7 m, 1.4 m, and 1.4 m, respectively, while that increased by 2.4 m, 2.7 m, and 1.9 m, respectively, from 1999 to 2017.



As shown in Figure 8c, the width–depth ratio of the upper part of the channel decreased by 0.6, while those of the central and lower channel increased by 0.5 and 0.6, respectively, from 1962 to 1977. From 1977 to 1999, the width–depth ratio of the upper, central, and lower channel decreased by 0.7, 1.0, and 1.7, respectively, while that decreased by 1.2, 0.9, and 1.1, respectively, from 1999 to 2017.



As shown in Figure 8d, the thalweg elevation in the central part increased by 1.0 m, while that in the upper and lower parts decreased by 0.8 m and 0.6 m, respectively, from 1962 to 1977. From 1977 to 1999, the thalweg elevation in the upper, central, and lower parts decreased by 0.2 m, 1.5 m, and 0.1 m, respectively, while that decreased by 3.2 m, 4.3 m, and 2.8 m, respectively, from 1999 to 2017.



Overall, the Modaomen Channel became slightly shallower from 1965 to 1977, then deepened substantially from 1977 to 2017. Moreover, the change rate for the period of 1999–2017 was larger than that of 1977–1999.





5. Discussion


5.1. Impacts by River Flow and Sediment Discharge


River flow and sediment discharge are important inputs for deltaic evolution [1,2,6]. In recent years, due to human activities and climate change, river flow and sediment discharge have decreased sharply, then the silting rate in the deltaic regions decreased, and some regions are even at risk of erosion [2,5,6,7,19,26,27].



As a control station at the upstream of the Modaomen Channel, the change characteristics of the water and sediment discharges observed at Makou station can be used for the evolution analysis of the Modaomen Channel. The mean water and sediment discharges observed at Makou station were 7500 m3/s and 2400 kg/s from the 1960s to the 1970s, 7100 m3/s and 2200 kg/s from the 1980s to the 1990s, and 6700 m3/s and 720 kg/s during the first two decades of the 21st Century, respectively. The annual runoff observed at Makou station changed slightly from 1960 to the present, while the mean sediment discharge changed slightly from the 1960s to the mid-1990s, then decreased by 70% from the mid-1990s to the present (Figure 9). This sharp decrease of sediment discharge was mainly caused by the construction of the reservoir in the river basin rather than by climate changes [28,29].



Since the 1990s, the sediment discharge from upstream has decreased considerably, and the flow has changed slightly, which may have altered the evolution of the channel and caused a scouring trend. However, the mean water and sediment discharges during the 1960s–1970s and the 1980s–1990s were similar, while the evolution of the channel differed widely during these periods. Thus, the recent evolution of the Modaomen Channel was not dominated by sharp decreases in sediment discharged from upstream regions.




5.2. Impact from Human Activities


Intense human activities occur frequently in estuarine regions, including estuarine reclamation, port and channel construction, sand mining, and bridge construction, all of which can change the estuarine boundaries and bathymetry and can even affect the morphological evolution of estuarine regions [3,4,5,6,11,19,21,29,30]. In recent decades, the main human activities in the PRD have been those related to estuarine reclamation, channel regulation, and sand mining [3,4,11,22,23,24,31,32,33,34].



Prior to the 1980s, the river mouth of Modaomen Channel was located at Guading Point (see Figure 1b). A shallow sea was located at the south of Guading Point and covered by some rocky islands. From the 1980s to mid-1990s, as shoal reclamation was implemented in this shallow sea, the river mouth moved from Guading Point to Shilanzhou, which is located ~16 km SE of Guading Point. Generally, as a flow passage extends into the sea, the difference of the water level between the upstream and downstream regions will decrease, which is helpful for siltation. However, the water level recorded at Dahengqing station (see Figure 1a for location) increased after the 1980s [10]. Therefore, the substantial channel scouring is likely unrelated to the shore reclamation implemented in recent decades.



The PRD contains crisscrossing channels, connecting rivers, and seas and is a key area used for inland navigation in China. There are 823 navigable channels in the PRD with a total navigable distance of 5823 km [35]. The Modaomen Channel is an important component in the high-grade waterway network in the PRD and is one of the planned main passages for connecting to the open sea. Under natural conditions, the navigation grade of the Modaomen Channel is very low, mostly due to insufficient water depth and width at some shoals. From 2015 to 2016, the regulating work for the Modaomen Channel was conducted by dredging some of the shoals. The target water depth of the channel was 4.0 m with a bottom width of 80 m, for meeting the navigation needs of 1000-ton ships. According to an analysis of the channel bathymetry in 1999, most of the water depth and width of the deep trough in the channel met these requirements, except for some shallow shoals. Therefore, the channel regulation project focused on increasing the water depth around some of the shallow shoals, thereby limiting its impact on channel evolution to local effects only.



Since the 1980s, owing to rapid economic development, large-scale sand mining activities have been conducted frequently in the PRD river network. According to previous studies, ~13,400 million m3 of sand had been dredged throughout the entire delta, at an average of 67 million m3 per year [31]. Sand mining focused in the central and lower channel from 1991 to 2000 reached 43.2 million m3, with an average excavation thickness of ~1 m, which exceeds the natural annual sedimentation substantially [21]. Although “Regulations for River Sand Mining in Guangdong Province” was issued in 2005 to regulate sand mining, mining activity has been relatively frequent in the Modaomen Channel in recent years [34]. Therefore, high-intensity sand mining is likely the main cause for the scouring and undercutting of the riverbed in the Modaomen Channel in recent decades.




5.3. Impacts on Tidal Dynamics


Tidal dynamics in estuary areas are influenced by runoff and bathymetry. In recent decades, owing to the influence of human activity, estuarine topography has changed such that these regions have faced challenges related to the strengthening of tidal dynamics, coastal erosion, and saltwater intrusion, among others [3,9,24,29]. According to tidal data recorded at Zhuyin station of the Modaomen Channel since 1960, the mean high water level has changed slightly from the 1960s to the present. However, the mean low water level decreased and the mean tidal range increased synchronously (see Figure 10) after the mid-1980s. This increasing of tidal range in the channel was synchronous with the initiation of sand mining and riverbed deepening after the mid-1980s.



Large-scale sand mining activities in the Modaomen Channel and throughout the river network in the PRD led to increasing water depth and water volume, thereby decreasing the low water level and increasing the tidal prism. In addition, an increased water depth and a decreased low water level along the channel could also reduce energy consumption and increase the upstream propagation speed of tidal waves. Therefore, the tidal dynamics in the Modaomen Channel strengthened owing to the impacts of large-scale sand mining after the mid-1980s.




5.4. Implications for Estuarine Management


The Modaomen Channel is an important flow passage in the PRD and plays an important role in flood discharge, water supply, and navigation development. In recent decades, influenced by humans, the Modaomen Channel has become continuously deeper and its water volume has increased, both of which are beneficial to flood discharge and shipping. However, these changes can also cause problems, such as strengthened tidal dynamics, increased storm surge invasion, and severe saltwater intrusions [4,21,22,23,24,29].



During the 1980s, the saltwater boundary in the Modaomen Channel was located near Guading Point during the dry season. During the 1990s, the saltwater boundary gradually moved upstream past Liuquansha, finally reaching ~12 km north of Zhuzhoutou during the dry season in 1999. The maximum chloride contents of the water at Quanlu Water Plant in Zhongshan City near Liuquansha in 2006 and 2007 were 5860 and 551 mg/L, respectively, which exceed the upper limit of the national standard (250 mg/L) [21]. In recent years, the serious problems related to saltwater intrusion in Modaomen Channel have adversely affected the local water supplies and agricultural irrigation in Zhongshan, Jiangmen, Zhuhai, and Macao City. Therefore, the impacts of continued sand mining and the proposed mouth bar regulation on tidal dynamics and saltwater intrusions in the PRD require more attention in future research.



As the Modaomen Channel has gradually deepened in recent years, the stability and safety of channel embankments and bridge piers along the channel, as well as the refining of riverbed materials require further attention in order to sustainably manage the PRD. Furthermore, under the sediment discharge reduced substantially from the Pearl River and the deepening trend of the channel, the future evolution of Modaomen Channel and its impacts require further detailed investigation and research.





6. Conclusions


Determining the evolution of deltaic channels is essential to the sustainable management of flood discharge, water supply, and navigation development in estuarine regions. This research explored the long-term (1962–2017) morphological evolution of the Modaomen Channel in the PRD. The evolution of the channel since 1977 differs substantially from the period prior to 1977. Before 1977, the channel underwent natural evolution, with a low silting rate. After 1977, affected by intense human activities related to sand mining and channel regulation, the channel became deeper with the water volume increasing. Therefore, the upstream deep trough of the channel was linked completely to the downstream deep trough, which became much wider and deeper compared to that in the past. Although a deeper channel is beneficial for flood discharge and navigation development, it also causes serious environmental problems, including strengthened tidal dynamics, storm surge invasion, and saltwater intrusions, which require attention in future studies.



The PRD is located in the subtropical region, so the deltaic evolution is frequently impacted by large floods and storm surges. It is a big defect that no more flood and storm data are collected to analyze the impact of large floods and storms on the channel evolution in this paper. Furthermore, as a result of reduced sediment discharge from the Pearl River and the continued deepening of the channel, the future evolution of the Modaomen Channel and the impacts by extreme floods and storm surges require further detailed investigations and research.
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Figure 1. Sketch map of the Pearl River Delta (a) and Modaomen Channel (b), showing the cross-sections used for bathymetric analyses. 
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Figure 2. Bathymetry of the Modaomen Channel in (a) 1962, (b)1977, (c) 1999, and (d) 2017. 
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Figure 3. Planar changes in the (a) 2 m, (b) 5 m, (c) 10 m, and (d) 15 m isobaths from 1962 to 2017. 
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Figure 4. Changes in water area below the 2 m, 5 m, 10 m, and 15 m isobaths from 1962 to 2017. 
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Figure 5. Maps of scouring and siltation along the channel during different decades. (a) 1962–1977, (b) 1977–1999, and (c) 1999–2017. 
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Figure 6. Changes in water depth and volume in different zones from 1962 to 2017. (a) Mean water depth below 0 m isobaths, (b) water volume below 0 m isobaths, (c) change rate of water depth, and (d) change rate of water volume. 
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Figure 7. Section width (a), section depth (b), width-depth ratio (c), and thalweg elevation (d) of the cross-sections along the Modaomen Channel from 1962 to 2017. 
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Figure 8. Mean value of section width (a), depth (b), width-depth ratio (c), and thalweg elevation (d) in the different zones from 1962 to 2017. 
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Figure 9. Annual mean value of flow and sediment discharges observed at Makou station since 1960. 
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Figure 10. Water level and tidal range changes at Zhuyin station since 1960. 
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