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Dam construction often changes downstream fluvial processes by reducing sediment supply. Taking Tiaoguan reach and Laijiapu reach of the lower Jingjiang Reach downstream of the Three Gorges Project as examples, three-dimensional flow velocity, sediment, and bed elevation were observed in the two bends for investigating the impact of flow structure and sediment transport of different discharges on sharp bend morphology. Results indicated that the flow structure and sediment transport process in curved channels depended upon the flow stages, which affected the patterns of erosion and deposition along the point bars and concave banks. Flow separation and development of secondary flow were depended on the shapes of point bars and flow depths nearby, and the strength of secondary flow increased with flow discharge. The high flow discharges, which had high sediment carrying capacity and stream power, provided the main driving force for erosion on upstream point bar, thus the type and duration of floods were crucial factors in the morphological evolution of meandering bends. The reduction of sediment supply should be responsible for erosion on the point bars, causing the flow to migrate toward the convex banks. In meandering rivers with reduced sediment supply, retreats (push inward) of inner (convex) banks dominated advances (pull inward) of outer (concave) banks. In addition, the formation and development of concave-bank bars might relate particularly to meander curvature. This study is expected to constitute a reference for bank protection and river management in meandering bends downstream of reservoirs.
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1 INTRODUCTION
Sandy alluvial meandering rivers generally are highly dynamic in geomorphology, involving complex evolution processes of meanders. Therefore, it is necessary to understand the spatial variations of water flow and sediment transport in bends and the factors affecting these variations, such as riverbank erosion, flow structure, and riverbed material composition. It is also of great significance for studying the sandy alluvial meandering rivers in river rehabilitation, water resources management, and adaptation to climate change (Lotsari et al., 2010; Hooke and Yorke, 2011).
For meandering rivers, the evolution pattern of a single bend is controlled by the pattern of water flow, in turn, the flow structure is also affected by the curvature and path length of the bend (Hooke and Harvey, 1983). As the curvature and the intensity of secondary flow increase, the variation of flow structure lags behind the spatial feedback of riverbank erosion, and new translation or asymmetric planar development may occur (Ferguson, 1984). Once the channel length of a single bend exceeds the critical threshold (about tenfold the channel-width), the secondary flow starts to split (Thompson, 1984), resulting in scouring at bend apex (Hooke and Harvey, 1983) or in the straight channel between adjacent bends (Keller, 1972). The planar development of meanders is not only related to the flow structure, but also closely related to topography and time scale (Ferguson et al., 2003; Hooke and Yorke, 2010; Hooke and Yorke, 2011; Engel and Rhoads, 2012). In the past, the evolution of meandering rivers had been thought to be driven by concave-bank erosion (Hasegawa, 1989), while Eke et al. (2014) believed that convex-bank deposition would also induce concave-bank erosion, leading to bend migration. However, a consensus has not yet been reached whether the development of river meanders is caused by convex-bank deposition or concave-bank erosion.
Early theory of evolution in meandering rivers suggests that sediment transport is a reflection of the change of flow structure. Coarse sediment is transported along the concave bank where stream power is high, while point bars along the convex bank is usually composed of fine sediment (Dietrich and Smith, 1984; Clayton and Pitlick, 2007). Bridge and Jarvis (1982) also proposed that the relative difference of stream power reflects the spatial distribution of bedload transport in the channel, resulting in the morphological changes of point bars. The existence of secondary flow causes transverse transport of sediment in curved channel, so that it is easier for bed material to reach the threshold condition for motion than in straight channel (Yao and Zhang, 2001). Owing to the secondary flow, surface water flow with low suspended sediment concentration (SSC) moves to concave bank and then turns downward to the riverbed, while water flow on the bottom with high suspended sediment concentration moves to the convex bank (Ding, 1965; Sun, 1992). However, in mature bends with well-developed point bars, bedload transport along point bars decreases, while bedload transport along the thalweg will increase. Deposition on the margins of point bars and erosion on concave banks shift from downstream of the apex to upstream (Hickin, 1974; Hooke, 1975; Pyrce and Ashmore, 2005), which will lead to increased asymmetry of the bends.
Previous studies on hydrodynamics and morphodynamics of meandering rivers have been conducted mostly using laboratory experiments (Frothingham and Rhoads, 2003; Termini and Piraino, 2011; Blanckaert et al., 2013) or mathematical models (Leschziner and Rodi, 1979; Constantinescu et al., 2011). However, due to the limitation of measuring devices and cost, there have been few studies on the interaction between flow and sediment movement in natural rivers. Recently, some recent breakthroughs have been made (Bridge and Jarvis, 1976; O’Neal and Pizzuto, 2010; Flener et al., 2015), for example, O’Neal and Pizzuto (2010) introduced Ambient Light Sensor (ALS) in water surface mapping, which was based on Real Time Kinematic (RTK) global positioning system (GPS) field survey and ground orthophoto images, and obtained a high level of automation and accuracy. However, sediment sampling in the large-scale river is relatively difficult, including the flux and particle size composition of suspended sediment, bedload, and bed material. Therefore, there is much room for improvement in terms of combining field measurement and theory.
In addition, Ranzi et al. (2012) predicted that sediment load would decrease by 71%–95% downstream of the dam after reservoir impoundment, resulting in degradation of the riverbed at a rate much higher than that of natural rivers (Knighton, 1998; Lu and Liu, 1998; Xia et al., 2014). The construction of upstream dams changes discharges and sediment supplies downstream of them, affecting the formation and quantity of sand bars in the channel (Macklin and Lewin, 1989; Joeckel and Henebry, 2008). However, as a fundamental component of alluvial river systems, the importance of sustained sediment supply for the evolution of meandering planforms remains unclear. After the Three Gorges Project (TGP) operation, sediment load has been reduced significantly in the lower Jingjiang River (LJR), and the main channel between Tiaoguan and Laijiapu began to swing toward the convex bank (Lu et al., 2010; Zhu et al., 2017). At present, there has been few studies on this problem, and the observed data cannot fully reveal the impact of sediment reduction on the morphological adjustment of meandering channel, thus it is difficult to predict the evolution trend of the meandering river (Zhang and Jiao, 2002; Xu and Milliman, 2009; Yang et al., 2014).
The purpose of this study is to explore the effect of flow-sediment interaction on the “push-pull” behavior of concave bank and convex bank in meandering rivers with insufficient sediment supply. Firstly, the variation of water flow and sediment supply, grain size distribution of suspended sediment (intra-annual and inter-annual) in the LJR before and after the TGP were compared and analyzed. Secondly, the spatial variability of flow structure, suspended sediment concentration, and sediment carrying capacity at different discharges in two sharp bends were compared and analyzed. Thirdly, the spatial distribution of stream power and the morphological changes of point bars and concave bank in the flood season were associated and analyzed. Finally, the effect of water flow and sediment movement on the morphological changes of meander bends with reduced incoming sediment was discussed comprehensively.
2 STUDY AREA
The Yangtze River is the longest river in China with a total length of 6,387 km, and it is usually divided into upper (4,504 km in length), middle (955 km in length), and lower (938 km in length) reaches. The Jingjiang Reach (347 km in length) is located in the Middle Yangtze River (MYR), which starts at Zhicheng and ended at Chenglingji. Bounded by Ouchikou, the Jingjiang Reach is generally divided into the Upper Jingjiang Reach (UJR, 172 km in length) and the Lower Jingjiang Reach (LJR, 175 km in length) (Cao and Wang, 2015; Yu, 2017).
The LJR is located at 274 km downstream of the Three Gorges Dam (TGD), which includes the reaches from Ouchikou to Chenglingji with a curvature of 2.16 (Yu, 2017). The river banks of LJR belong to a soil-sand binary structure, the upper layer is clay, and the lower layer is medium-fine sand, resulting in a weak scour resistance. In addition, the riverbed is sandy structure, mainly composed of fine sand (0.1–0.25 mm), and the variation of size is small (Xia et al., 2014; CWRC, 2017; Yu, 2017). According to incomplete statistics, the bank revetment length of LJR had reached at least 146 km since the 1980s and the LJR had gradually developed into a restricted meandering channel (Xia et al., 2016; Yu, 2017). At present, the LJR is composed of 11 bends, namely Shishou, Shatanzi, Tiaoguan, Laijiapu, Jianli, Fengtuling, Jingjiangmen, Xiongjiazhou, Qigongling, Guanyinzhou and Zhuoyuzhou, and the annual flow discharges are slightly affected by three diversion branches in the right bank of UJR, which diverts part of flood in the MYR to Lake Dongting downstream (Figure 1A). In addition, the hydrological conditions of the LJR are monitored by the Jianli hydrological station, which is located at the middle of the LJR (about 347 km downstream of the TGD).
[image: Figure 1]FIGURE 1 | (A) The LJR and the Yangtze River Basin, including the location of hydrological station and the study area. (B) Sketch maps of the study area from Tiaoguan reach (Bend A) to Laijiapu reach (Bend B), including cross sections CS1-CS10, where measurements were taken.
In this article, the study area (about 22.5 km in length) is located in Shishou City, Hubei Province, China, including the Tiaoguan reach (Bend A) and the Laijiapu reach (Bend B) in the LJR. The two bends form a reversed “S” shape, and the curvature radius (1,030 m) of Bend A is smaller than that (1,220 m) of Bend B (Figure 1B). The study area has a continental climate with a great seasonal variation with a great seasonal variation. The average annual precipitation is 1,240–1,400 mm, concentrated between March and July, and the maximum annual variation of water level is 10–13 m. Since 2003 (after the TGP operation), affected by changes of water and sediment supply, both the morphological changes of two bends have been “erosion on point bar, and deposition near concave bank” to some extent, affecting the stability of the river channel (Yu, 2017).
3 DATA AND METHODS
3.1 Data Source and Variations in Flow and Sediment Regimes
The hydrological dataset of the LJR from 1981 to 2017 was obtained from the Changjiang Water Resources Commission (CWRC), including the daily discharges, water levels, suspended sediment concentration, and sediment load at the Jianli hydrological station. The topographic maps (the scale: 1:10,000) of the LJR for 2002 and 2016 were also collected from the CWRC.
After the TGP operation (2003–2017), the annual average runoff and sediment load at Jianli hydrological station had decreased by about 4.5% and 81.5% compared with that before the TGP (1981–2002), respectively (Figure 2). The influence of the TGP on flow discharge was mainly manifested by the reduction of peak discharges, and the increase of low discharges. The annual hydrograph had become more uniform since the Three Gorges Dam increased water release before flood season and stored water at the end of flood season. However, sediment supply to downstream had been greatly reduced, especially during flood season.
[image: Figure 2]FIGURE 2 | Variations of water volume and sediment flux at the Jianli hydrological station from 1981 to 2017.
According to the annual flow discharges process at the Jianli hydrological station, the characteristic discharges of low-water and bankfull channels in the LJR were about 6,000 m3/s and 22,000 m3/s, respectively. Therefore, the low discharge of 6,000 m3/s, the medium discharge of 15,000 m3/s, and the bankfull discharge of 22,000 m3/s were selected as the characteristic values. The annual discharges were divided into four levels, and the duration of each level discharges was counted.
The durations of medium and high discharges in the LJR had increased significantly after the TGP operation (2003–2017), while the durations of flood and low discharges had decreased considerably (Figure 3). After the TGP operation, the durations of medium discharges (6,000–15,000 m3/s) and medium/high discharges (15,000–22,000 m3/s) increased from 34.5% to 18.1%–62.2% and 24.1%, respectively. While, the durations of low discharges (<6,000 m3/s) and flood discharges (>22,000 m3/s) had reduced from 30.4% to 17%–9.9% and 3.8%, respectively.
[image: Figure 3]FIGURE 3 | Duration of characteristic discharges at the Jianli hydrological station before and after the TGP operation.
After the impoundment of TGP (2003–2014), affected by the continuously scouring of the riverbed, the proportion of coarse sediment in suspended sediment had increased, and the proportion of fine sediment had decreased (Table 1). The proportion of coarse sediment (>0.125 mm) increased to 34.2%, while the proportion of fine sediment (<0.031 mm) and medium sediment (0.031–0.125 mm) in the suspended sediment at the Jianli hydrological station decreased by 22.9% and 0.5%, respectively. Especially, the coarsening trend of suspended sediment is prominent in 2015.
TABLE 1 | Percentage of different suspended sediment grain sizes at the Jianli hydrological station.
[image: Table 1]During the flood season in 2016, the duration of discharges of medium/high (12,000–22,000 m3/s) was about 48%. The flood discharges (>22,000 m3/s) was concentrated in June-July, accounting for only 18% of the flood season, and the peak discharge was about 26,500 m3/s. In addition, the suspended sediment concentration was relatively low and uniform during the flood season, and remained below 0.1 kg/m3, but surged slightly in July-August (Figure 4).
[image: Figure 4]FIGURE 4 | Discharge, water level and suspended sediment concentration at Jianli hydrological station in 2016.
3.2 Field Campaign and Data Processing
Ten hydrological survey transects (CS1-CS10) were laid out from Tiaoguan reach (Bend A, CS1-CS4) to Laijiapu reach (Bend B, CS5-CS10), and the surveyed river section was about 18 km long (Figure 1A; Table 2). Three field campaigns (on June, 2016, October, 2016, and July, 2019) were conducted for measurements of flow velocity, water level, suspended sediment concentration and size, bed materials, and morphological changes during medium flow (about 18,000 m3/s), low flow (about 8,000 m3/s) and bankfull flow (about 24,000 m3/s).
TABLE 2 | Reach-averaged hydraulic characteristics obtained from the field campaigns.
[image: Table 2]The three-dimensional (3D) flow velocity and direction data of ten cross sections (CS1-CS10) were collected on a continuous moving hydrographic vessel (Figure 5A) using an Acoustic Doppler Current Profiler (ADCP) with a resolution of 0.1 cm s−1. During the three field campaigns, the water levels of transects were measured using a total station with a precision of 2 mm, and the error of repeated measurement was within 0.05 m. The bathymetric data were collected on each transect with the real-time kinematic global navigation satellite systems (RTK-GNSS) using Global Positioning System (GPS), and the accuracy of the surveys was ± 0.1 cm for horizontal coordinates and ± 0.2 cm for elevations. Particularly, an echo sounding system (Model HY-1601) was employed in association with the RTK-GNSS in the aquatic zones, achieving a point distance of 15–25 m over the whole measured cross section. In dewatered areas, topographic surveys of ten cross sections were conducted using the total station on non-vegetated zones (steady banks) coupled with the RTK-GNSS.
[image: Figure 5]FIGURE 5 | Field photographs of (A) hydrographic survey vessel, (B) bedload sampler (Model Y78-1), and (C) horizontal-type suspended sediment sampler.
In addition, sediment trapping systems were mounted on the hydrographic survey vessel, including a bedload sampler (Model Y78-1) (Figure 5B), a horizontal-type suspended sediment sampler (Figure 5C), and a cone or bucket model bed material sampler. During each campaign, we collected sediment samples at ten transects (CS1-CS10) distributed in different parts of Bends A and B. During the collection of suspended load samples, 6–8 perpendicular lines along each cross section were established in the same place during three campaigns, and each perpendicular line contained five observation points from the water surface to bottom (at the water surface, depth of 20%, depth of 60%, depth of 80%, and bottom). To analyze the variation of particle size composition of sediment on the point bars and concave banks during flood season, the bed materials were also sampled in campaigns 1 and 2, and the sampling locations coincided with distribution of specified perpendicular lines during the collection of suspended sediment samples. The bedload samples were collected at 2–5 min intervals at the transects of CS3 (the tail of point bar A), CS6 (the upstream of point bar B), and CS9 (the tail of point bar B) in each field survey, and the observed points coincided with the bed materials. The grain-size distributions of sediment were determined using a laser granulometry, and coarse sediment (>2 mm) was analyzed using standard sieving. In our study, the flow velocity and direction data were extracted from the ADCP measurement according to the distribution of sampled points of suspended sediment. From the measurements, we obtained some detailed hydraulic information as shown in Table 2.
3.3 Methods
3.3.1 Calculation Method for Sediment Carrying Capacity
Based on the energy balance theory and the hypothesis of turbulent kinetic energy balance, Zhang (1989) generalized a suspended sediment carrying capacity formula from a large number of measured data in natural rivers. The formula could be applied well to alluvial rivers, including the Yangtze River. The formula is as follows:
[image: image]
where Sm is the suspended sediment transport capacity in kg/m3; K is a sediment transport capacity coefficient; m is a sediment carrying capacity index; U is the velocity in m/s; h is the water depth in m; g is the gravity acceleration in m/s2; and ω is the settling velocity of sediment particle in m/s. Based on field observation data, the sediment carrying capacity coefficient K is 0.065–0.07, and the sediment transport capacity index m is 1.12–1.41.
3.3.2 Calculation Method for Stream Power
The key parameters of sediment transport capacity were collected at the surveyed points (Figure 1A), including the median diameter of bed sediment (D'50), the critical velocity, the near-bed velocity, and the stream power during different discharges. The Shamov’s critical velocity formula (Shao and Wang, 2005) is adopted:
[image: image]
where Uc is the critical velocity of bed sediment in m/s, γs is the specific weight of sediment in kg/(m s)2, γ is the specific weight of water in kg/(m s)2, D is the particle size of sediment in m and is represented by D’50 in this article, and h is the water depth in m.
Bagnold equation is used to calculate the stream power (Bagnold, 1966), the formula is:
[image: image]
where W is the stream power per unit area in w/m2, ρ is the density of water in kg/m3, g is the gravitational acceleration in m/s2, H is the water depth in m, J is the slope, and v is the velocity in m/s.
4 RESULTS
4.1 Flow Structure in Two Sharp Bends
4.1.1 Bankfull Discharge
During the bankfull discharge (24,000 m3/s), the high velocity core (HVC) in Bend A and Bend B moved downstream from the point bar to concave bank. In the upstream parts of Bend A (CS1) and Bend B (CS5, CS6), the HVC (1.6–2.0 m/s) were “narrow-deep” in shape, and there were obvious slow-flow areas (−0.2 to 0.3 m/s) near the concave banks. In the downstream parts of Bend A (CS2) and Bend B (CS7, CS8), the HVC (1.8–2.2 m/s) had migrated to the outer bank and the deep/middle shoals. Compared with the upstream parts of two bends, the velocities of the downstream parts increased slightly. In addition, in the upstream parts of two bends, the flow direction was mainly downward and outward, and downward flow was concentrated in the shallow/middle shoals, although the intensity was weak. The current began to separate near the convex bank, and the lateral component of the outward flow increased obviously. But the intensity of the cross-stream flow near the concave bank decreased obviously. With the narrowing on convex banks in the downstream parts of two bends, the inward flow with high intensity was founded near the middle/deep shoals. For the Bend A, there was a sign of secondary flow near the thalweg, and the maximum cross-stream velocity (0.51 m/s) occurred near the shallow shoal.
4.1.2 Medium Discharge
For the bankfull and medium discharges, the HVC was closer to the surface in the upstream parts of both bends than in the downstream parts, and the flow velocity in both bends increased from upstream to downstream (Figure 6). During the medium discharge of 18,000 m3/s, in the upstream Bend A (CS1), the area of HVC and the flow velocity decreased significantly (maximum velocity: from 2.2 to 1.3 m/s). As the water depth decreased, a reversed secondary flow (flowing inward on the surface) tended to form near the submerged bar and collided with the secondary flow (flowing outward) on the convex bank. In the downstream Bend A (CS2), the area of HVC shrank on the deep shoal (maximum velocity: from 2.4 to 1.9 m/s). Reversed secondary flow tended to form both near the thalweg and deep shoal, and a weak stagnation point formed in the separation zone. High cross-stream velocity (0.3–0.35 m/s) was mainly distributed in the middle and shallow shoals. For the Bend B, there was no obvious lateral movement of the HVC along the bend (CS5-CS8), and the HVC was mainly distributed in the middle and deep shoals. There was an obvious slow-flow zone near the concave bank in the upstream Bend B, which was more obvious than that of Bend A. The maximum cross-stream velocity decreased to 0.2 m/s, and the variation of transverse current was mainly concentrated near the deep shoal. There was a flow separation at the entrance of Bend B (CS5), and flow near the point bar was downward and inward while flow in the thalweg was outward and downward. The transverse flow intensified in the upstream Bend B (CS6), reaching the maximum velocity of 0.5 m/s near the deep shoal, and the transverse flow of the main channel and the deep shoal moved from the inner bank to the outer bank. The transverse velocity reached the maximum (0.6 m/s) in the downstream of apex (CS7), and downward current was concentrated on the shallow and middle shoals while flow near the concave bank moved inward. At the exits (CS3 and CS8) of both bends, the secondary flow was not dominated by transverse flow and was mainly affected by downward flow, and had a very small velocity (below 0.1 m/s).
[image: Figure 6]FIGURE 6 | The flow distribution on Bend A and Bend B. The streamwise flow velocity (Ux) is shown with a contour map, and the isoline interval is 0.2 m/s, ranging from −0.8 to 3.2 m/s. The cross-stream velocity (Uyz) is shown with streamlines and the value of gray scale represents the velocity magnitude, ranging from 0.00 to 0.50 m/s. Especially, the “shallow shoal” refers to that part (above 24 m) of the convex bank that will be exposed during low water, and the “deep shoal” refers to that part (under 16 m) of the convex bank that is always submerged, while the “middle shoal” refers to that part of the convex bank that is in between “shallow shoal” and “deep shoal” in this article.
4.1.3 Low Discharge
During the low flow (8,000 m3/s), about 40% of the point bars in both bends were exposed, including almost all of shallow shoals, while the middle and deep shoals were still submerged. The area and velocity of HVC along the two bends further reduced and were mainly distributed near the thalweg and deep shoals. As the discharge decreased, the HVC moved from the inner bank to the outer bank and from downstream to upstream (CS1-CS3, CS5-CS7). In addition, the slow-flow zone in Bend A obviously shrank, especially in downstream part of the Bend A apex. However, there was still an obvious slow-flow zone close to the concave bank in the upstream part (CS5, CS6) of Bend B. Although the intensity of secondary flow increased with the discharges, the medium discharge’s effect of promoting secondary flow appeared to be stronger than that of both low-flow discharge and bankfull discharge. The vertical component of the current increased relative to the lateral component near the thalweg in the downstream part of the Bend A apex (CS2) and in the upstream part of Bend B (CS5, CS6). Thus, a weak flow separation was still obvious, leading to the formation of a slow-flow zone on the concave bank. A more obvious flow separation was often located downstream of the apexes in the two bends (CS2, CS8), and as the flow magnitude increased, the flow separation extended further downstream.
4.2 Suspended Sediment Transport
4.2.1 Sediment Distribution
4.2.1.1 Bankfull Discharge
At the bankfull discharge (24,000 m3/s), the high SSC (0.3–0.4 kg/m3) in the Bend A (CS1-CS4) was mainly distributed in the middle and shallow shoals of the convex bank, and the SSC of transect CS3 reached the maximum at the downstream. The variation of SSC in the Bend B (CS5-CS10) was similar to that in Bend A. From the upstream to apex of the bend, the water body with high sediment concentration climbed gradually from the deep shoal of the convex bank to the medium and shallow shoals, but showing an opposite trend from the apex to downstream (Figure 7).
[image: Figure 7]FIGURE 7 | Contour map of suspended sediment concentration (SSC) in Bend A and Bend B at different discharges. The suspended sediment concentration varies between 0.00 and 0.40 kg/m3, and the isoline interval is 0.02 kg/m3.
4.2.1.2 Medium Discharge
At the medium discharge (18,000 m3/s), the water column of Bend A (CS1-CS4) was clear on the surface and turbid on the bottom, and high suspended sediment concentration (SSC) was mainly near the bed on the convex bank. Meanwhile, the high SSC of Bend A (CS1) was mainly located near the deep shoal, with a maximum of 0.16 kg/m3. In the downstream part of Bend A (CS2-CS4), the high SSC shifted to the shallow shoal, with a maximum of 0.4 kg/m3 (CS2). In the Bend B (CS5-CS10), the distribution of SSC was similar to that of the Bend A, but the gradient and average value of SSC near the bed was less than that of Bend A. There were two high SSC cores at the entrance of Bend B (CS5), a core was located in the lowest third of the water column above the thalweg, and the other core was in the near-bed area on the convex bank, with a maximum of 0.28 kg/m3. In the downstream part of Bend B, high SSC was detected near the deep shoals (CS7) close to the Bend B apex, with a maximum SSC of 0.4 kg/m3. On the whole, the SSC of the convex bank in the upstream part of Bend B was higher than that in the downstream part.
4.2.2.3 Low Flow
At the low-flow discharge (8,000 m3/s), SSC in both bends was significantly lower than that during high discharge, the gradient of SSC also decreased obviously, and high SSC was still distributed in the near-bed area on the convex bank. In the Bend A, except transect CS1 where high SSC was on the middle shoal just like that during medium flow, high SSC elsewhere shifted to the deep shoal, or even to the thalweg (CS2, CS3, CS4). The maximum SSC was only 0.14 kg/m3 (CS1). Compared to Bend A, the core area with high SSC in Bend B was mainly distributed in the near-bed area of the deep shoal and the thalweg, and the SSC on the middle shoals obviously increased downstream along the bend. The maximum SSC of 0.2 kg/m3 was located near deep shoal in the upstream Bend B (CS6) and at the outlet of Bend B (CS10).
4.2.2 Sediment Carrying Capacity and Median Particle Size (D50)
During the medium and high discharges (18,000 and 24,000 m3/s), the SCC was significantly higher than the SSC on the middle and shallow shoals in the upstream part of Bend A (CS1), the difference between SSC and SCC was smaller or even reversed on the deep shoal and on the concave bank, and coarse suspended sediment with high SSC was mainly concentrated on the middle shoals. In addition, the distribution of SCC at the point bar was similar to the distribution of SSC in the upper part of Bend B (CS5, CS6), but the SSC was significantly higher than the SCC on the concave bank at the entrance of Bend B (CS5). Coarse suspended sediment was mainly concentrated on the point bar, especially on the middle and shallow shoals. In the downstream parts (CS2, CS3, CS7, and CS8) of both bends, the SCC fell below the SSC on the middle and shallow shoals. But at the exits of the two bends (CS4, CS9, and CS10), high SCC and coarse suspended sediment gradually transferred to the thalweg and deep shoals. However, the variation of SCC in Bend A was larger than in Bend B (Figure 8).
[image: Figure 8]FIGURE 8 | Variations of sediment carrying capacity (SCC), suspended sediment concentration (SSC), and suspended sediment median grain size (D50) in Bend A and Bend B during different discharges.
During the low-flow discharge (8,000 m3/s), the SSC along the two bends was significantly lower than that of high flow, and the particle size distribution of suspended sediment along the bends was also more uniform. However, as the water depth decreased, the SCC on deep shoal and near the concave bank of Bend A (CS1) began to increase dramatically, while the SCC in Bend B (CS5,CS6), had a smaller curvature than Bend A, decreased. In the downstream parts of both bends, the middle and shallow shoals tended to have higher SCC than that of high flow, for example, the SCC increased to 0.4 kg/m3 in transect CS3, and to 0.48 kg/m3 in transect CS7. Changes of SCC in other areas were not obvious.
4.3 Stream Power
During the bankfull discharge (24,000 m3/s), the near-bed velocity in the convex bank of Bend A exceeded the critical velocity for incipient motion of D’50 (Table 3). In the upstream part of Bend A (CS1), the minimum value appeared on the shallow shoal (L1, 2.4 w/m2). In the downstream part of Bend A (CS2), the stream power increased gradually from the shallow shoal to the deep shoal on the point bar (L4-L6). But the stream power on the shallow shoal decreased slightly from upstream (L1, 2.4 w/m2) to downstream (L4, 2.16 w/m2), while the stream power on the middle and deep shoals increased double from upstream (L2, L3) to downstream (L5, L6). In the upstream part of Bend A (CS1), the near-bed velocity (R2, 0.12 m/s) on the right margin of submerged sand bar was much lower than the critical velocity of D’50 (0.43 m/s) (Table 4), while the stream power (8.35 w/m2) on the concave bank (R3) of the downstream part (CS2) of Bend A was much higher than that (R1, R2) of the upstream Bend A (CS1). The distribution of stream power along the Bend B was similar with that of Bend A, and the stream power (>8 w/m2) was mainly located near the middle and deep shoals.
TABLE 3 | Comparison between critical velocity of bed material, near-bed velocity, and stream power at different flow discharges on the convex bank.
[image: Table 3]TABLE 4 | Comparison between critical velocity of bed material, near-bed velocity, and stream power at different flow discharges on the concave bank.
[image: Table 4]During the medium flow (18,000 m3/s), the near-bed velocity (except R5) on the point bars of both bends exceeded the critical velocity of D’50 (Table 3), and it was similar to that on the concave banks (except R2 and L13). Compared with that during the bankfull discharge, the stream power decreased in the entire Bend A, but the stream power (7.82 w/m2) on deep shoal (L3) was significantly higher than that of middle shoal (L2) and shallow shoal (L1) in the upstream Bend A (CS1). Stream power increased gradually from shallow shoal to deep shoal along the convex bank, which is different from that of bankfull discharge. What’s more, the more downstream (CS2-CS4), the more difference between the stream powers of shallow, middle, and deep shoals were found. The stream power (10.9 w/m2) on the deep shoal (L12) at the outlet (CS4) of Bend A equaled 3.67 times that of the middle shoal, and 7.03 times that of the shallow shoal, respectively. However, the critical velocity of D’50 (0.33 m/s) was less than the near-bed velocity (R5, 1.19 m/s) of the deep shoal at the entrance of Bend B (CS5), and the stream power (1.19 w/m2) was only 11.8% of that on the shallow shoal (R6). In the upstream Bend B (CS6), high stream power (R8, 8.94 w/m2) transferred to the middle shoal, but high stream power (R10, 13.8 w/m2; R13, 20.7 w/m2) moved to the deep shoal in the downstream (CS7, CS8). Compared with that during the bankfull flow, the stream power near the concave bank (R1, R2, R3) in the Bend A both increased slightly.
During the low flow (8,000 m3/s), some shallow shoals (L1, L4, L10, R12, R15) in the two bends emerged, and some middle shoals (L11, R6, R18) became so shallow that the near-bed velocity dropped below the critical velocity of D’50. The stream power was obviously weaker than that during the high flow. The stream power in Bend A (CS1-CS4) increased from middle shoals to deep shoals. Compared with the high flow, the increase of stream power occurred more upstream in Bend A, and the increment was smaller. In the Bend B, the variation trend of stream power from the convex bank to the thalweg was similar to in Bend A. In the upstream part of Bend B (CS6), the stream power (5.04 w/m2) on middle shoal (R8) was greater than on deep shoal. On the concave bank (R3, L13, L14, L18, L19) of the two bends, the near-bed velocity was less than the critical velocity of D’50, high stream power was distributed near the thalweg, and the stream power along the concave bank was generally weak (less than 5 w/m2).
4.4 Morphological Adjustment After the TGP Operation
4.4.1 Erosion and Deposition
After the TGP operation (2002-2016), both the bends at Tiaoguan and Laijiapu generally experienced the serious erosion (Figure 10). Continuous erosion occurred in the upstream parts of the point bars, and deposition occurred near the upper concave bank. Especially, a bench was forming near the concave bank of the bend at Tiaoguan (Bend A). While the downstream parts of the two bends were characterized by siltation on point bar tails and erosion near the thalweg. This phenomenon actually reflected that the thalweg was deviating from the concave bank and shifted toward the convex bank.
4.4.2 Morphological Changes During Flood Season
The width-depth ratios of the bankfull channel in the upstream parts of Bend A (CS1) and Bend B (CS5, CS6) before flood season were 3.4, 1.7, and 2.9, respectively, which decreased to 3.2, 1.6, and 2.7 after flood season. The width-depth ratios of the bankfull channel in the downstream parts of Bend A (CS2, CS3) and Bend B (CS7, CS8) were higher than the upstream parts of the bends by 0.1–0.2. However, the width-depth ratios of the low flow channel during flood season all decreased to some extent except in the downstream part (CS3) and the outlet (CS4) of Bend A. This decrease was especially strong in the upstream parts of the two bends (Figure 11A). During flood season, the point bars and the entire thalweg were scoured, and the cross-section became deep (Figure 9).
[image: Figure 9]FIGURE 9 | Morphological changes of ten surveyed transects (A-J) in the Bend A and Bend B during flood season. These observation points (42) are laid on the convex bank, thalweg, and concave bank to monitor the bed material composition, the near-bed velocity, and the stream power (Tables 3, 4). The triangular points (30) represent the observation points located on the shallow, middle, and deep shoals of the convex bank, and the red dots (12) represent the observation points on the thalweg and on the concave bank.
It can be seen that along the convex banks (Figures 9, 10, 11A), the net erosion area accounted for 53% and 38.9% of the total area in Bend A (CS1-CS4) and in Bend B (CS5-CS10), respectively. In the upstream parts of the two bends along the convex banks, the net erosion area accounted for 62.7% (Bend A: CS1) and 71.3% (Bend B: CS5, CS6) of the total area, respectively. In the downstream parts of two bends along the convex banks, the net erosion area accounted for 50.2% (Bend A: CS2-CS4) and 69% (Bend B: CS7-CS10) of the total area, respectively. There was a large scouring zone on the upstream point bars, while a certain degree of deposition occurred on the downstream point bars, especially for Bend B. The area of high erosion (scouring depth between 2 and 3.7 m) in the upstream part (CS1) of Bend A, accounting for 33% of the total area, was mainly located in the middle shoal of point bar, and the median particle size of bed sediment in the middle shoal of point bar (L2) increased from 0.226 mm (pre-flood) to 0.244 mm (post-flood). The area of high erosion (scouring depth between 2 and 6.7 m) accounted for about 83.1% of the point bar at the entrance of Bend B (CS5), and the median particle size of bed sediment on deep shoal (R5) increased from 0.091 mm (pre-flood) to 0.12 mm (post-flood). In the upstream part of Bend B (CS6), the proportion of high erosion area shrank to 41.1% compared with that at the entrance of Bend B, and was mainly distributed on middle shoal and on deep shoal. Further downstream, the proportion of depositional area began to increase in the downstream parts of Bend A (CS2, CS3) and Bend B (CS7-CS9). The proportion of area with over 2 m of deposition increased in the downstream direction, and gradually shifted from shallow shoal to middle and deep shoals. The mean median particle size of bed sediment in the point bars (L5 and R11) downstream of the apexes (in CS2 and CS7) decreased from 0.231 to 0.225 mm (pre-flood) to 0.176 and 0.178 mm (post-flood), respectively. The pattern of erosion and deposition at the exits of both bends (CS4, CS10) was affected by the boundary of the channel and the downstream bends, and was different from elsewhere, but both erosion and deposition at the exits of the bends were relatively weak. Sediment on the concave side of both bends became finer after flood. For example, the median particle size of point bar (R3) in the downstream part of Bend A (CS2) decreased from 0.419 mm (pre-flood) to 0.183 mm (post-flood) (Tables 3, 4).
[image: Figure 10]FIGURE 10 | Morphological changes of the Bend A and Bend B after the TGP operation. ED represents the depth of erosion and deposition.
[image: Figure 11]FIGURE 11 | (A) Variations of width to depth ratio (B1/2/H) for the bankfull channel and low-flow channel during flood season in 2016. (B) The range proportion of erosion and deposition on the convex bank of Bend A and Bend B during flood season in 2016.
5 DISCUSSION: MORPHOLOGICAL ADJUSTMENT ON SHARP BENDS AND THE RELATION TO FLOW AND SEDIMENT
At the present stage, it is not clear how erosion on point bar or deposition near concave bank responds to different flow stages, and what is causing this abnormal pattern of bend evolution. In order to understand the temporal and spatial evolution of meandering channel with reduced sediment supply, the effects of flow dynamic factors and sediment transport on the morphological changes of two sharp bends of the LJR were analyzed.
According to Termini and Piraino (2011), the lateral movement of HVC requires a sufficiently large width-depth ratio, thus indicating which is controlled by the shoaling effect of point bar upon the flow. In the Bend A and Bend B, the HVC shifted further toward the middle or shallow shoals with discharges, increasing the scouring effect on upstream point bars, which was also consistent with the findings of Dietrich and Smith (1984). With the increase of flow depth, the width-depth ratio of the channel decreased, and the shoaling effect of point bar that controlling the flow had reduced, especially when compared with the inertia effect of the flow. During high/bankfull discharges, the HVC moved over the heads of point bars to reach the downstream concave banks, while the stream power along the upstream concave banks had been greatly reduced, and the slow-flow zones were forming. Moreover, the area of the slow zone in Bend A would increase along with the discharge. According to Kasvi et al. (2013), it was difficult for the growth of secondary flow in a wide and deep channel, and the increase of water depth would reduce the impact of point bar on the flow field, thus affecting the development of secondary flow. Therefore, the secondary flow was not fully developed in both bends, except near the apexes, where the secondary flow could be easier to distinguish (Figure 6). However, although the secondary flow was much weaker than the stream-wise flow, the intensity of secondary flow was positively correlated with the discharges, and the locations of flow separation in the two bends moved downstream as the discharge increased (Figure 6), consistent with Ferguson et al. (2003), who stated that the intensity of secondary flow would reduce with the decrease of discharge or water depth. However, although the water-depth of Bend B was greater than that of Bend A at the same flow rate, the flow separation in Bend B was weaker than in Bend A, indicating that the curvature may play an important role in controlling the flow separation. Overall, water depth, curvature, and the shape of point bar are all important factors affecting flow separation in meander bends.
The stream power is the dominant factor deciding the erosion on point bar (Bridge and Jarvis 1982). At the same flow rate, high stream power was found on shallow/middle shoals in the upstream parts of the bends, and transferred to low shoals in the downstream parts of the bends, and the stream power on middle and shallow shoals of point bars gradually decreased along the bends (Tables 3, 4). The stream power in the net erosion zones of the upper point bars increased with discharges, and the values of stream power reached all above 8 w/m2 during the bankfull discharge. Kleinhans and van den Berg (2011) claimed that only when the stream power was above 8–20 w/m2, an effective scouring trough could form in the platform of point bar in a sandy river. However, it could be seen that no obvious chute channels had been observed over the upstream point bars during the flood season (Figure 9), but the net erosion areas of the upper point bars were still significant in the two bends. According to Dietrich and Smith (1984), due to gravitational force, large particle of sediment on the shallow shoal of point bar will more easily move from the convex banks to the pools, intensified by the outward flow. This might be another factor that aggravated the erosion on the shallow/middle shoals and deposition on the margins of the upper point bars (Clayton and Pitlick, 2007).
In flood season, the low-water and bankfull channels in the upstream parts of the two bends both became wide and deep, while in the downstream parts, the bankfull channels became narrow and shallow, but the low-water channels became narrow and deep (Figure 11A). In terms of the morphological changes of two bends during the flood season (Figure 9), the upstream bends were subject to erosion on the heads and platforms of point bars, while the downstream bends were prone to deposition on the point bar tails, aggravating the asymmetry of bend planforms. Comparing the distributions of SSC and SCC along the two bends (Figures 7, 8), it can be seen that high SSC was mainly distributed on the middle/shallow shoals of the upper point bars during medium and high discharges, largely coincided with that of high SCC. However, in the downstream parts of the bends, the SCC fell below the SSC on the middle or shallow shoals of point bars. This indicated that the high SCC caused a potential scouring on the middle/shallow shoals of upstream point bars, leading to the belt of high suspended sediment transport near the bed; hence the median particle size (D50) was relatively large. In the downstream parts of point bars, the insufficient SCC had been noted to cause the filling of suspended sediment, and the D50 was also relatively small (Figure 8). As a result, the tails of the point bars tended to broaden in the transition section. Near the upstream concave banks, the slow flow zone caused the SCC to decrease dramatically, and let sediment deposit in this area. During the low flow, due to sharp decrease of water depth, high SCC was usually found on the deep shoals of point bars, where the SSC was also high, but was significantly lower than that during the bankfull discharge. Therefore, it seems that the low flow did not contribute much to the growth of bars near the concave bank because of low-suspended sediment transportation.
Based on the long-term hydrological and sediment data (Figures 2, 3), reduced incoming sediment upstream was difficult to meet the SCC under the condition of medium or high discharges, thus the erosion effect on the heads and platforms of upper point bars was further enhanced (Figure 9). Moreover, the insufficient sediment supply during high/flood flow might make it difficult to fill the erosion regions of upper point bars, even in the water-falling stage, and the reduced duration of the high/flood discharges also weakened the erosion effect of flow near the concave banks. During medium and high discharges, it could be inferred that fine sediments scoured from the upstream point bars would move downstream by the stream-wise flow and outward to the concave banks by the secondary flow, thus sedimentation occurred near the concave banks and point bar tails, and the slow flow areas near the upstream concave banks would further intensify the deposition (Figure 9; Table 4). Considering reduced sediment supply, erosion on the upper point bars mainly occurred during medium and high discharges, impelling the HVC to shift toward the convex banks, which weakened the stream power near the upper concave bank and promoted the growth of sedimentary bodies. Therefore, the retreat (push inward) of convex bank dominated advance (pull inward) of concave bank, while the deposition near concave bank would further affect the flow process and development of the concave-bank bar.
Therefore, the reduction of sediment supply is the intrinsic cause of erosion on the point bar and formation of concave-bank bar, while the duration of high/flood discharges is the key factor in the morphological adjustment of point bar, supports the finding of Kasvi et al. (2017), who stated that the flood duration and the rate of discharge played the key roles in determining point bar morphology by controlling the flow velocities and depth. In addition, morphological adjustment analysis suggests that Bend A with higher curvature is more conducive to the formation of the concave-bank bench, thus the curvature may also have an important impact on the development of inner and outer banks, and needs further research. In the near future, the meander bends in the LJR may present as the continuous scouring of the main channel and the upper point bar due to the lasting impact of the TGP, but considering the influence of sediment coarsening (Table 1) and bank protection, the degradation trend will also slow down.
6 CONCLUSION
In this article, the flow structure and sediment movement in two sharp bends with reduced incoming sediment are analyzed at different discharges, combined with the morphological changes of two bends in flood season. Field measurements such as ADCP can also effectively reflect the actual flow field and sediment movement process in the large-scale meandering river. The conclusions are as follows.
(1) The flow stage affects mainly the flow structure and sediment transport process and determines the erosion and deposition patterns of the inner-outer banks in the meandering channel. The formation and development of secondary flow depends upon the flow rate and depth, controlled by the point bar morphology, and the intensity of secondary flow increases with the discharges. During medium and high discharges, it is easier to scour the head and platform of upstream point bar, and the sediment is more likely to be deposited at the point bar tail because of the weakening of SCC. Therefore, both flow velocity and depth affect the morphological change of point bar, and the medium/high discharges provide the main driving force to increase the erosion effect on upper point bar.
(2) The reduction of sediment supply is the intrinsic factor causing this phenomenon of “erosion on the point bar and deposition near the concave bank,” while the type and duration of flood have an important impact on the development of the inner and outer banks. For meandering rivers with reduced incoming sediment, the increased duration of medium and high discharges would intensify the erosion effect on the upstream point bar, promoting the development of the concave-bank bar. Therefore, the retreats (push inward) of the inner (convex) bank leads to the advances (pull inward) of the outer (concave) bank, which plays a dominant role in the evolution of meandering rivers with reduced sediment supply.
(3) In the near future, the point bars and main channels of meander bends in the LJR may continue to experience the erosion because of the lasting impact of the TGP, but considering the influence of sediment coarsening and bank protection, the degradation trend will also slow down. In addition, the curvature may also have an important impact on the development pattern of point bar and concave bank. In future studies, it will be necessary to detect the morphological changes of meander bends with different curvature before and after the operation of the TGP, and further to assess the influence of sediment supply intensity, flow frequency, and bend curvature on controlling the erosional and depositional patterns of banks and point bars.
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