

[image: image1]
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Post-commissioning of the cascade reservoir system, substantial riverbed scouring manifested downstream of the primary dam structure. Notable geomorphological adjustments in both the riverbed and adjacent sandbars were observed, particularly under equivalent discharge conditions with depressed water levels. Changes in the hydrodynamic environment related to “steep slopes and rapid flow” remained unclear. We used a section of the Yangtze River (120 km) downstream of the Three Gorges Dam (TGD) and flow sediment, and riverbed topography data (from 2022 to 2023) to analyze the intensity and distribution of riverbed scouring and deposition and changes in water surface gradient under the same flow rate and low-water levels. The low-water and bankfull channels of the Yichang–Dabujie reaches experienced a strong cumulative scouring trend (99.5% concentrated in the low-water channel), and scouring intensity significantly decreased. The sandbar area decreased with a correlated increase in deep-water channels. After implementation, the sandbar and deep-water channel fluctuation range decreased. A cumulative downward trend in flow rate to a low-water level occurred. Sandy sections declined more than sandy-gravel riverbed reach, with an increased water surface gradient, known as the “steep slope” phenomenon. As the sandy to gravel riverbed transition increased, the amplified superimposed “rapid flow” phenomenon increased. Downstream sandy riverbed sections continue to experience strong scouring. Gravel riverbed sections will maintain low-level scouring and remain stable without large-scale human interference. The “steep slope and rapid flow” phenomenon as a dominantin sandy-gravel transition reaches. This stusry systematically elucidated riverbed evolution processes, hydrodynamic regime alterations, and morphological trends downstream of mega-reservoirs, offering critical implications for hydraulic engineering design and navigational safety management.
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1 Introduction

After the operation of large reservoirs in alluvial rivers, the amount of sediment volume transported downstream of the dam decreased significantly (Guo et al., 2018; Li et al., 2018; Wang et al., 2016), leading to phenomena such as long-term armored riverbed (Yang et al., 2020, 2023a,b), shrinkage of sandbar areas (Yang et al., 2021, 2023c, 2024a; Zhao et al., 2020), and the lowering of water levels under the same flow rate or low-water conditions (Han et al., 2017; Yang et al., 2017; Yang et al., 2018). Because of the uneven scouring of the riverbed and changes that water levels, the reach near-dam becomes a key area for navigation obstruction. As an important navigable river in China, the Yangtze River’s waterborne freight traffic volume has continuously increased (Li et al., 2020; Weng et al., 2020; Yang et al., 2019; Zhang et al., 2023). However, the increasing demands of shipping development are challenged by the depth of its waterway (Yang et al., 2023c). Studying the characteristics of replace with thalweg depths and sandbars is a primary prerequisite for waterway management. Additionally, because of differences in riverbed geological conditions (Zhang et al., 2017), the decrease in water level under the same flow rate to low-water level is not coordinated with the scouring depth of the riverbed (Han et al., 2017; Yang et al., 2018), resulting in the “steep slope and rapid flow” phenomenon that is not conducive to safe navigation for ships (Li et al., 2021).

Following the commissioning of the Three Gorges Project (TGP), substantial modifications have been observed in the downstream hydrological regime (Zhou et al., 2022), and sediment transport has decreased sharply (Guo et al., 2024; Wang et al., 2021; Zhou et al., 2024). Increased riverbed scouring has occurred in the middle and lower reaches of the Yangtze River to Estuary (Hu and Fang, 2017; Xu et al., 2023). In the early stage of the TGP, the scouring intensity of the riverbed near-dam was relatively high (Han et al., 2017; Yang et al., 2018), and the scouring center gradually shifted downstream a sandy riverbed reach (Luo et al., 2019; Yang et al., 2016; Zheng et al., 2023) and gradually transitioned to a source transfer of scouring with the sandy-gravel riverbed reach (Sun et al., 2011). Following extreme flood events (Wu et al., 2025; Yang et al., 2025), the intensity of riverbed scouring in the mid-lower reaches of the Yangtze River has exhibited an upward trend (Deng et al., 2024; Li et al., 2025). Notably, there are substantial variations in the scouring of sandbars and the sedimentation-erosion dynamics within distributaries. Furthermore, the previously stable diversion relationship among distributaries has been significantly disrupted (Yang et al., 2024b). The maintenance navigation depth in the sandy-gravel section of the middle reaches of the Yangtze River’s sandy-gravel riverbed reach is 3.5 m, lower than the upper Three Gorges Reservoir (TGR) area and the downstream sandy riverbed reach (Yang et al., 2019, 2023c), making it a key navigation obstruction zone. In the early stage of the TGP, after the scouring of the sandy riverbed in the middle reaches and the decline of the water level, the phenomenon of steep slope and rapid flow in the sandy-gravel riverbed reach intensified. Not only did the local slope increase, but more importantly, the effect expanded from a single point to multiple points or from a short distance to a longer stretch (Sun et al., 2007). Heterogeneous water level reductions were observed along the sand-gravel riverbed reaches, attributable to spatial variations in scouring resistance. Projections indicate that reaches exhibiting higher scouring resistance will likely develop navigation constraints, characterized by inadequate water depth and pronounced steep-slope rapid-flow conditions in downstream proximal dam segments (Ge et al., 2009). The section below Changmenxi in the middle reaches of the Yangtze River will be unable to withstand the downward transfer of water level drop, with a more severe steep slope, rapid flow, and shallow water phenomena expected in the dry season above Majiadian section (Sun et al., 2011). After the Three Gorges Reservoir (TGR) impoundment, the water levels above the Lujiahe reach in the dry season are mainly restricted by the sandy-gravel in the Yichang–Zhijiang reaches, with the Lujiahe reach control nodes showing the most significant effect (Cheng et al., 2011). The scouring and incision of the riverbed in the sandy-gravel riverbed reach is the main reason for the water level decline under the same flow rate conditions in the dry season. Still, the riverbed coarsening has reduced the extent of the decrease in water levels to a certain extent (Li, 2017). In recent years, the riverbed in the rapids area in the transition zone from gravel to sandy-gravel reach has continuously scouring, and there has been a phenomenon of short-distance transport of sandy-gravel riverbed reach, which is the main cause of navigation obstruction in the Lujiahe reaches (Li et al., 2021). By using a three-dimensional mathematical model, the simulation and calculation suggest that the “waterway dredging stabilization” approach can solve the “shallow, steep, and rapid” navigation obstruction problems in the sandy-gravel riverbed reach (Liu et al., 2010; Suo et al., 2020; Xiong et al., 2019; Yu and Wang, 2024), which has a small impact on water levels and reduces the flow velocity in dredging zones (Dong et al., 2020), thus reducing the movement intensity of the sandy-gravel riverbed reach. After the operation of the TGP, the reduction of flood flow and the increase in dry-season days are not conducive to the long-distance transport of sandy-gravel riverbed reach. In contrast, the upstream scouring and transmission caused by the water level drop has caused scouring in the areas that were previously stable on the low-water flow path (Xiong et al., 2020). For the 800-kilometer river reach downstream of the TGD, the most severe erosion during the initial operational phase of the TGR primarily occurred in gravel and cobblestone-dominated river sections. Recent observations indicate a downstream migration of the scouring center. Researchers have attributed these spatial variations in scouring intensity to multiple factors including hydrological characteristics (runoff volume), sediment dynamics (transport volume), and morphological changes in riverbed composition (Yang et al., 2023a). Studies have focused on reviewing the intensity of riverbed scouring and deposition, changes in waterway conditions, and causes of the formation of the sandy-gravel riverbed reaches in the Yangtze River, as well as the “steep slope and rapid flow” phenomenon. However, they failed to predict the development trend of “steep slope and rapid flow” in sandy-gravel riverbed reaches, which was caused by riverbed scouring and deposition, and to adapt the flow rate to low-water levels simultaneously.

This study takes the 120 km reach of the Yangtze River downstream of the TGD (from Yichang to Dabujie reaches) as the study object, using actual measured hydrological, sediment, and riverbed topographic data collected during 2022–2023 to analyze the scouring intensity, sandbar, and deep-water channel area changes, and their interrelationships, identifies the characteristics of water level changes under the same flow rate and low-water conditions, and explores the formation, influencing relationships, and development mechanisms of the “steep slope and rapid flow” phenomenon related to shipping hydrodynamics.



2 Materials and methods


2.1 Research area

The Yangtze River, Asia’s longest watercourse, originates from the Tanggula Mountains (Tibetan Plateau) with a total length of approximately 6,397 km according to latest hydrological surveys. The upstream section is from the source to Yichang City, the middle reaches is from Yichang to Hukou and the downstream section is below Hukou (Figure 1a). The research area in this study is the section from Yichang to Dabujie, with a river channel length of 120 km. The riverbed of the Yichang–Zhicheng reaches is sandy-gravel and sandy riverbed, the Zhicheng–Dabujie reaches is a sandy-gravel to sandy mixed riverbed, and the reach below Dabujie is sandy riverbed (Figure 1b). The TGD is located upstream of the study area, and the TGR was put into operation in June 2003. The period from 2003 to 2006 was the cofferdam impoundment period, from 2007 to 2008 was the early impoundment period, and since 2009 was the experimental impoundment period, with water levels in the reservoir being 135–145 m, 156 m, and 175 m, respectively. The study area includes monitoring stations such as the Yichang Hydrographic Station (HS), Zhicheng HS, and downstream Shashi HS, and over 20 water level monitoring stations are distributed along the river channel. Yanzhiba, Nanyangqi, Guanzhou, Qiba, Shuiluzhou, Liutiaozhou, and their islands are distributed in the Yichang–Dabujie reaches, and their shoal and deep-water channel morphology is the key area of concern for navigation construction (Figure 1b).

[image: Map with two panels. The upper panel shows a map of the study area, highlighting Yichang City, the Three Gorges Dam, and surrounding rivers and lakes. The lower panel details river reaches and beaches along a river, with cities and landmarks like Yichang, Yidu, and Zhijiang. Legend indicates water depths ranging from 0 to over 30 meters. Scale provided in kilometers.]

FIGURE 1
 Yangtze River Basin location and study area river channel map. (a) Map of the Yangtze River Basin; (b) river channel map downstream of the TGD.




2.2 Research data and sources


2.2.1 Research data

We collected daily average flow, water level, and sediment concentration data from Yichang, Zhicheng, and Shashi HSs from 2003 to 2023. We mainly analyzed the changes in runoff and sediment transport, as well as the variations in the flow during the same flow rate to low-water level, minimum flow, and minimum water level. The water level measurement data along the Yichang–Shashi reaches from 2003 to 2023 were also collected to analyze the change in the water surface line, water surface slope, and other characteristics. Geomorphic elevation data (the measurement scale is 1:10,000) from the Yichang–Shashi reaches during the same period were collected to analyze bedload scouring and deposition, sandbar morphology, thalweg, and cross-section, and the areas of shoals and deep-water channels, as well as to investigate the impact of bedload scouring and deposition on water level changes. The maintenance water depth data of the main waterway channel of the Yangtze River from 2003 to 2023 were also collected to analyze the impact of bedload scouring and deposition and changes in water level at the same flow rate on the characteristics of “steep slopes and rapid flow.” The above-measured data (Table 1) were mainly obtained from research institutions, including the Yangtze River Water Conservancy Committee Hydrological Bureau, the Yangtze River Waterway Planning Design and Research Institute, and the Yangtze River Waterway Bureau.


TABLE 1 Research data information.


	Number
	Data name
	Scope of data
	Data character
	Period
	Measurement method

 

 	1 	Flow rate, sediment transport rate 	Yichang Station, Zhicheng Station, Shashi Station 	Daily average 	1956–2023 	Hydrometric measurements were performed using an acoustic Doppler current profiler (ADCP) equipped with differential GPS (DGPS) positioning and an external GPS compass for real-time course and bow corrections. The instrument achieved a flow velocity measurement accuracy of ±0.25% of the measured value or ±2.5 mm/s, whichever was greater. For sediment analysis, water samples were collected using a 2000 mL transverse sampler, with subsequent sediment concentration determined through gravimetric analysis via the standard drying method.


 	2 	Water level 	Yichang to Dabujie 	Characteristic flow in the year 	2003–2023 	Observations were conducted utilizing remote transmission hydrological self-recording instruments and self-contained water level gauges.


 	3 	Riverbed topography 	Every September, October, or November 	2002–2023 	The survey was performed by integrating Differential Global Positioning System (DGPS) technology with an echo sounder. The measurement scale was set at 1:10,000, and the point spacing was maintained at less than 20 m.


 	4 	Riverbed geology 	Single-point drilling 	1982 	Cone-type sampler and grab-type sampler are commonly used sampling devices.




 



2.2.2 Riverbed scouring and deposition calculation methods

The water level elevation corresponding to the low and normal flat is determined based on the relationship between the water level and flow rate at hydrological stations in the river section and the terrain conditions. Sections of the river channel are cut along the river map. Under the corresponding water level conditions, the water flow area of the riverbed at the upper and lower sections was calculated. The section method calculates the river channel storage between the two sections at the corresponding water levels (Yang et al., 2020, 2021). The formula (Equation 1) is as follows:
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where: Ai, Ai + 1 are the water flow areas at the upper and lower river sections, in m2; Li is the distance between sections, in m; Vi(Zi) is the channel storage volume between two sections at the corresponding water levels, in m3. The river channel storage between each calculated section is accumulated, and the total river storage at the corresponding water level for the river section is V = ▵Vi.

The statistical analysis of river channel scouring and silting processes is categorized into low-water channel and bankfull channel components based on riverbed elevation differentials. Detailed computational methodologies for these analyses are documented in the studies by Yang et al. (2020, 2021).



2.2.3 Hydrodynamic indicator calculation method


	1. Water level difference and water surface gradient calculation method.



The water level difference and water surface gradient are important hydrodynamic indicators of the river channel. The calculation formula of water level difference 
(
ΔH
)
 and water surface gradient (
λ
) along the river section (Equations 2, 3) are as follows:
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where: H1 is the water level at the upstream station, in m; H2 is the water level at the upstream, in m; L is the distance between the two hydrological stations, in m.

	1. Same flow rate and low-water level calculation method.



Actual daily average flow rate (Q) and water level (H) data are collected from HSs. The relationship curve between flow rate and water level is fitted using a logarithmic equation (Equation 4) as follows:
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where: a and b are coefficients to be determined.





3 Results

The study studied the riverbed scouring and deposition volume and intensity, the areas of shoals and deep-water channels, and the temporal and spatial characteristics of cross-section and deep-water channel changes along the Yichang–Dabujie reaches. The minimum flow, the lowest water level, and flow rate to low-water level relationships were clarified, and the changes in the water surface line, water surface slope, and local flow fields that affect navigation were also identified.


3.1 Riverbed shoal and deep-water channel morphological evolution characteristics


3.1.1 Riverbed scouring and deposition volume and distribution characteristics

During the period from 2003 to 2023, the cumulative scouring volume of low-water and bankfull channels in the Yichang–Zhicheng reaches was 1.54 × 108 m3 and 2.16 × 108 m3, respectively, and the evolutionary characteristics were “uniform scouring of shoals and deep-water channels” (Figures 2a,f). From 2003 to 2023, the cumulative scouring volume of low-water and bankfull channels in the Zhicheng–Dabujie reaches was 1.67 × 108 m3 and 2.05 × 108 m3, respectively, showing the evolution of “scouring of deep-water channels and deposition of shoals” (Figures 2b,f). For the Yichang–Dabujie reaches, the cumulative scouring volume of low-water and bankfull channels was 3.70 × 108 m3 and 3.72 × 108 m3, with approximately 99.5% of the total scouring concentrated in the low-water channel (Figure 2c). In the Yichang–Zhicheng reaches, the scouring volumes of the low-water and bankfull channels accounted for 72.6 and 71.0% of the total scouring from 2003 to 2009, respectively, and proportions decreased to 21.7 and 23.6% from 2009 to 2023. The scouring intensity center shifted to the Zhicheng–Dabujie reaches (Figure 2d).

[image: Grouped images showing changes in riverbed scouring and deposition from 2001 to 2023. Charts (a), (b), and (c) depict intensity trends for low-water and bankfull channels. Pie charts (d) and (e) display percentage scale differences between Yichang-Zhicheng and Zhicheng-Dabujie reaches for 2002-2009 and 2009-2023. Bar chart (f) compares scouring intensity between the two periods for LWC and BC.]

FIGURE 2
 Riverbed scouring and deposition intensity and distribution characteristics. (a) Yichang–Zhicheng reaches; (b) Zhicheng–Dabujie reaches; (c) Yichang–Dabujie reaches; (d) distribution characteristics of scoured river segments during low-water channel; (e) distribution characteristics of scoured river segments in bankfull channels; (f) Temporal and spatial distribution characteristics of scouring and deposition in the riverbed.




3.1.2 Changes in shoal and deep channel area

Along the Yichang–Dabujie reaches are shoals and deep-water channels developed in Yanzhiba, Yidu, Guanzhou, Lujiahe, Dongshi, and Liutiaozhou reaches. The interaction betwe shoals and deep channels was analyzed based on area as a parameter. The 2002 topographic survey showed that the areas of the deep-water channels at Yanzhiba (Figure 3a, 25 m contour lines), Yidu (Figure 3b, 25 m contour lines), Guanzhou (Figure 3c, 20 m contour lines), Lujiahe (Figure 3d, 25 m contour lines), Dongshi (Figure 3e, 25 m contour lines), and Liutiaozhou (Figure 3f, 25 m contour lines) were 1.225 × 106 m2, 0.964 × 106 m2, 0.072 × 106 m2, 0.981 × 106 m2, 0.158 × 106 m2, and 2.429 × 106 m2, respectively. In 2023, the areas were 1.354 × 106 m2, 2.520 × 106 m2, 1.595 × 106 m2, 2.666 × 106 m2, 0.507 × 106 m2, and 7.453 × 106 m2. The overall deep-water channel area indicated a significant increase. The 2002 topographic survey showed that the areas of shoals at Yanzhiba (39 m contour lines), Yidu (33 m contour lines), Guanzhou (35 m contour lines), Lujiahe (35 m contour lines), Dongshi (35 m contour lines), and Liutiaozhou (35 m contour lines) were 1.889 × 106 m2, 0.820 × 106 m2, 4.830 × 106 m2, 0.670 × 106 m2, 1.160 × 106 m2, and 1.564 × 106 m2, respectively. In 2023, the areas were 1.718 × 106 m2, 0.289 × 106 m2, 3.075 × 106 m2, 0.190 × 106 m2, 0.882 × 106 m2, and 0.985 × 106 m2, showing a decrease in total shoal area (Figure 3). Since 2009, a series of channel regulation projects have been implemented along the Yichang–Dabujie reaches. After implementing these projects, the shoal area has remained relatively stable. In contrast, the deep-water channel area has increased, demonstrating that waterway engineering has played the role of “stabilizing the shoals and scouring the deep-water channels.”

[image: Six line graphs, labeled (a) to (f), show changes in areas of deep channels and shoal areas from 2002 to 2024. Blue lines represent deep channels, and orange lines represent shoal areas. Each graph shows different trends, generally indicating an increase in channel area and a decrease or fluctuation in shoal area over time. Axes are labeled with years and area sizes.]

FIGURE 3
 Changes in deep-water channel and shoal area along the Yichang–Dabujie reaches. (a) Yanzhiba reach; (b) Yidu reach; (c) Guanzhou reach; (d) Lujiahe reach; (e) Dongshi reach; (f) Liutaiozhou reach.


From 2002 to 2023, the total area of deep-water channels in the Yichang–Dabujie reaches increased from 5.829 × 106 m2 in October 2002 to 16.094 × 106 m2 in October 2023 (a 176.1% increase). Furthermore, the total area of shoals decreased from 10.933 × 106 m2 in October 2002 to 7.138 × 106 m2 in October 2023 (a 34.7% decrease) (Figure 4a). Between 2002 and 2023, there was a strong correlation between the areas of shoals and deep-water channels along the Yichang–Dabujie reaches (R2 = 0.96). However, during the period after the implementation of waterway engineering from 2014 to 2023, the correlation between shoals and deep-water channels weakened (R2 = 0.46), indicating that the implementation of waterway engineering has gradually changed the riverbed evolution process of the river channel and replace with coupling between channel morphology and sediment (Figure 4b).

[image: Graph (a) shows the change in area for deep channels and shoals from 2002 to 2023, with deep channels increasing and shoals decreasing. Graph (b) presents a negative correlation between deep channel area and shoal area, with trend lines for periods 2002-2023 and 2014-2023. Annotations indicate the correlation equations and waterway engineering impacts.]

FIGURE 4
 Interaction between deep-water channel and shoal area along the Yichang–Dabujie reaches. (a) Variations in the areas of deep-water channels and shoals; (b) relationship between the areas of shoals and deep-water channels.




3.1.3 Changes in riverbed cross-section morphology

Between 2002 and 2021, the average incision depth of thalweg in the Yichang–Dabujie reaches was 4.12 m, and the annual average incision depth was 19.62 cm/year. The maximum incision depth was 23.40 m (Figure 5a). From 2022 to 2023, the average incision depth in the Yichang–Zhicheng reaches and Zhicheng–Dabujie reaches was 4.31 m and 4.09 m, respectively. In the near-dam section, the incision depth in the shallow bedrock riverbed area was 1.93 m (Figure 5a). In terms of cross-sectional morphology changes, the change in the higher level of the thalweg was small after the surface sand-gravel layer in the areas with shallower bedrock was scoured (Figure 5b). In sections with gravel surface and sandy riverbed, the cross-sectional morphology of this section changed little after the fine-grained sediment in the surface sand-gravel layer was scouring. From 2002 to 2014, the scouring trend occurred at sections 1#, 2#, and 3#, with smaller scouring from 2014 to 2021 (Figures 5c–e).

[image: (a) Line graph showing elevation changes with distance from Yichang HS, highlighting bedrock regions and elevation points from 2002 to 2021. Notable sections are labeled. (b-e) Line graphs depicting elevation variations with distance from the left bank over different years, showcasing patterns and trends.]

FIGURE 5
 Changes in thalweg and cross-section along the Yichang–Dabujie reaches. (a) Elevation changes of the thalweg; (b) cross-section 1#; (c) cross-section 2#; (d) cross-section 3#; (e) cross-section 4#.





3.2 Change characteristics in mid-low water levels


3.2.1 Changes in minimum flow and minimum water level

From 2003 to 2023, the minimum flow at Yichang HS, Zhicheng HS, and Shashi HS increased from 3,670 m3/s, 3,890 m3/s, and 4,150 m3/s in 2002, to 6,610 m3/s, 7,110 m3/s, and 6,910 m3/s in 2023, with increases of 80.1, 82.8, and 66.3%, respectively (Figures 6a–c). From 2002–2023, the minimum water level and minimum flow at Yichang HS and Zhicheng HS increased synchronously, with coefficients of determination (R2) of 0.93 and 0.91, respectively (Figure 6d). At Shashi HS, from 2003 to 2009, the relationship was also synchronized (with R2 = 0.71), and from 2010 to 2023, minimum flow increased while the corresponded minimum water level decreases, indicating that the underlying surface water level in the Yichang–Dabujie reaches was in a decreasing trend (Figure 6d). The sandy riverbed sections in the middle Yangtze River have exhibited intensified scouring patterns since 2010. Notably, the magnitude of riverbed incision has surpassed concurrent water level reductions. Hydrological observations at Shashi HS (2010–2023) reveal an inverse correlation between discharge rates and low-water levels, with the latter demonstrating a consistent declining trend during this period.

[image: Four line graphs display water flow and level data from 2002 to 2023. Graph (a) shows minimum flow and lowest water level trends. Graph (b) compares flow with water level over time. Graph (c) illustrates changing flow and water levels. Graph (d) presents regression equations and correlations for Yichang HS, Zhicheng HS, and Shashi HS, with flow related to water level changes.]

FIGURE 6
 Changes in minimum flow and minimum water level at HS. (a) Yichang HS; (b) Zhicheng HS; (c) Shashi HS; (d) correlation between flow and water level.




3.2.2 Changes in same flow rate and low-water level

From 2003–2023, the same flow rate to low-water levels at Yichang, Zhicheng, and Shashi HSs decreased. At Yichang HS, the cumulative decrease in water levels corresponding to 6,000 m3/s, 6,500 m3/s, and 7,000 m3/s was 0.75 m, 0.79 m, and 0.82 m, respectively (Figure 7a). At Zhicheng HS, the cumulative decrease in water levels corresponding to 7,000 m3/s, 8,000 m3/s, and 9,000 m3/s was 0.53 m, 0.70 m, and 0.83 m, respectively (Figure 7b). At Shashi HS, the cumulative decrease in water levels corresponding to 6,000 m3/s, 7,000 m3/s, and 10,000 m3/s was 3.42 m, 3.24 m, and 2.94 m, respectively (Figure 7c).

[image: Four graphs showing water level change from 2002 to 2024 with different discharge rates. Graph (a) displays a rapid descent at 6.1 to 7.2 cm/year, then stabilizes around 2014. Graph (b) shows a rapid descent at 4.3 to 6.3 cm/year, followed by a slight decline from 2012. Graph (c) has a slight decline at 4.6 to 7.2 cm/year, then a rapid descent at 17.7 to 20.0 cm/year. Graph (d) illustrates a relatively stable period, then a great increase and slight reduction across different river reaches.]

FIGURE 7
 Characteristics of low-water level changes in the Yichang–Dabujie reaches. (a) Yichang HS; (b) Zhicheng HS; (c) Shashi HS; (d) flow and water level relationship.


From 2003 to 2014, the water levels corresponding to flows at 6,000–7,000 m3/s at Yichang and Zhicheng HSs showed rapid decreases, with rates of 6.1–7.2 cm/year and 4.3–6.3 cm/year, respectively. From 2014 to 2023, the water level at Yichang HS remained relatively stable from the same flow rate to low-water level, whereas the water level at Zhicheng HS declined slightly (water level decrease rate between 0.7 and 1.6 cm/year) (Figures 7a,b). Between 2003 and 2008, the water level decrease rate at Shashi HS corresponding to 6,000–10,000 m3/s ranged at 4.6–7.2 cm/year, whereas from 2008 to 2023, the decrease became more significant, reaching 17.7–20.0 cm/year (Figure 7c). From the water level difference along the river, the accumulated water level difference between Yichang and Zhicheng reaches showed little variation (less than 0.30 m). However, the accumulated water level difference between Zhicheng and Shashi increased significantly, indicating that this section exhibited a steeper water level gradient during the day season (Figure 7d).




3.3 “Steep slope and rapid flow” characteristics

The gravel-to-gravel transitional section of the Yangtze River has the characteristics of a mountainous river, and “steep slope and rapid flow” is a key hydrodynamic factor affecting safe navigation. Affected by the uneven riverbed scouring and water level adjustment, the change characteristics of low-water surface, water surface gradient, and maximum flow velocity were studied, and the evolution process and development trend of the “steep slope and rapid flow” were analyzed.


3.3.1 Changes in water surface line

During the low-water season at Yichang HS, the water level differences in the reach between Zhicheng and Dabujie were large, and the water level differences between upstream and downstream areas were small. As the flow at Yichang HS increased, the water surface slope gradually decreased (Figure 8a). Using Yichang HS Q = 6,000 m3/s as a reference, the water levels in the Yichang–Shashi reaches during 2003–2023 were calculated. The results showed that compared 2003–2023, the water level difference in the Yichang–Baiyang reaches, Zhicheng–Chenerkou reaches, and Chenerkou–Shashi reaches were 0.48–0.69 m, 0.30–0.38 m, and 0.86–3.30 m, respectively (Figure 8b), with the Zhicheng–Chenerkou reaches being the main control point for low-water levels.

[image: Two line graphs depict water levels across various years and flow rates on the Yichang to Shashi stretch. Graph (a) shows water levels at different flow rates: 6,220, 10,100, 27,700, 7,850, and 19,500 cubic meters per second. Graph (b) compares years 2003, 2009, 2014, 2021, and 2023. Both graphs illustrate changes along the distance from Yichang Hydrology Station with sections labeled sandy-pebble and sandy riverbeds.]

FIGURE 8
 Water surface line changes along the Yichang–Shashi reaches. (a) Water level variations under different flow conditions, the measurement time is 2023; (b) temporal and spatial changes in water level at consistent flow rates.


In summary, the water surface gradient of the Zhicheng–Dabujie reaches is greater than that of the upstream Yichang–Zhicheng reaches and the downstream Dabujie to Shashi reaches, showing the characteristics of a steep drop in the water surface. In addition, the water surface gradient of the Zhicheng–Dabujie reaches during the low-water period from 2015 to 2023 showed an increasing trend, whereas the Dabujie–Shashi reaches showed a decreasing trend.



3.3.2 Changes in water surface gradient

The “steep slope” phenomenon formed from the Zhicheng–Dabujie reaches from the water level difference and surface gradient. From 2003 to 2009, 2010–2014, and 2015–2023, the water surface gradient between Yichang and Zhicheng increased as the flow increased, with the relationship curve remaining relatively stable (Figure 9a). From 2003–2009, 2010–2014, and 2015–2023, during the mid-dry season (Q ≤ 15,000 m3/s), the water surface gradient in the Zhicheng–Dabujie reaches decreased as the flow increased at Zhicheng HS. The water surface gradient changed little when the flow exceeded 15,000 m3/s (Figure 9b). From 2003–2009 and 2010–2014, there was little change in the water surface gradient between the Dabujie–Shashi reaches. From 2015 to 2023, the water surface gradient first decreased and then increased as the flow rate increased, showing a decreasing trend compared to the 2003–2014 period (Figure 9c). During the 2003–2014 period, the water level difference and water surface gradient in the Yichang–Zhicheng, Zhicheng to Dabujie, and Dabujie to Shashi reaches were relatively stable. From 2014 to 2023, the water level difference and water surface gradient in the Yichang–Zhicheng reaches slightly increased, the Zhicheng–Dabujie reaches showed an increasing trend, and the Dabujie–Shashi reaches decreased slightly (Figures 9d,e).

[image: Five-panel chart analyzing water flow and surface gradients across three periods (2003-2023) at Yichang, Zhicheng, and Shashi reaches. Panels (a)-(c) show water surface gradient versus flow, indicating increases or stability in different periods. Panels (d) and (e) track water level differences and surface gradients over time. Data illustrate trends like relative stability and gradient changes.]

FIGURE 9
 Changes in water level difference and water surface gradient from Yichang–Shashi reaches. (a) Yichang–Zhicheng reaches; (b) Zhicheng–Dabujie reaches; (c) Yichang–Dabujie reaches; (d) water level difference changes under consistent flow conditions; (e) water surface gradient changes under consistent flow conditions.




3.3.3 Changes in maximum flow velocity

The planned ship capacity for the Jingjiang reaches in the middle reaches of the Yangtze River is 5,000 tons, the upper beach flow velocity is less than 2.8 m/s, and the gradient is less than 8‱. From 2005 to 2018, the maximum flow velocity in the Zhicheng–Changmenxi reaches was 3.28 m/s (occurred in 2020, Figure 10), which is not conducive to safe navigation. With the riverbed scouring and the implementation of waterway engineering, the waterway water depth in the Zhicheng–Changmenxi section increased from 2.9 m in 2002 to 4.2 m in 2023, significantly improving the waterway scale. For the planned waterway scale of 4.5 m × 200 m × 1,050 m, the obstruction characteristics are that the navigation width does not meet the 200 m requirement, and the obstruction zones are located at the right branch of Guanzhou and the left branch of Lujiahe.

[image: Two side-by-side color-coded maps representing parts of a river. The left map shows flow rates, ranging from 0.0 to over 2.8 meters per second, with areas labeled like Zhicheng, Tongxingyuan, and Chenekou. The right map shows water depths from less than zero to over 28 meters with similar areas labeled. Both maps highlight key locations such as Guanzhou beach and areas with insufficient waterway scale in red.]

FIGURE 10
 Changes in flow velocity and water depth in the sand-gravel to sandy riverbed transition section. (a) Velocity distribution characteristics; (b) waterway water depth distribution characteristics.


From 200 to 2006, the maximum surface flow velocity in the Lujiahe reach decreased with increasing low-water flow, showing a high correlation (Figure 11a). From 2014 to 2021, the surface maximum flow velocity in the Lujiahe reach reached 3.50 m/s, occurring near Maojiahuawu section. The value was higher than the corresponding flow velocity during the 2005–2006 period at the same flow rate (Figure 11b). Overall, the Lujiahe reach still exhibits a significant “steep slope and rapid flow” phenomenon. The increase in ship tonnage has enhanced the adaptability to flow velocity, and small ships still face navigation safety issues.

[image: Graph (a) shows flow rate data from 1998 to 2021, using various symbols for different time periods with a downward trend line. Graph (b) is a line chart of flow rate against distance over terrain from Chenerkou to Yaogang, with elevations marked in color.]

FIGURE 11
 Changes in maximum flow velocity in the Lujiahe reach. (a) Distribution characteristics of flow velocity; (b) distribution characteristics of water depth.






4 Discussion

This section focuses on analyzing the impact of the cumulative scouring intensity of the riverbed on the water level drop from the Yichang–Dabujie reaches and the changing trend of riverbed scouring and deposition combining changes in runoff and sediment conditions. From the perspective of the low-water level and the design minimum navigable water level, the relationship between the evolution of the sandbars and deep-water channels, water level changes, and navigation waterway depth resources is discussed.


4.1 Trend analysis of riverbed scouring based on runoff and sediment conditions

From 1956 to 2002, the annual runoff for Yichang HS, Zhicheng HS, and Shashi HS was 4,326 × 108 m3/year, 4,444 × 108 m3/year, and 3,931 × 108 m3/year, respectively (Figure 12). From 2003 to 2023, these values decreased to 4,136 × 108 m3/year, 4,248 × 108 m3/year, and 3,877 × 108 m3/year, with reductions of 4.39, 4.43, and 1.38%, respectively. During 1956–2002, the sediment transport for Yichang, Zhicheng, and Shashi HSs was 4.911 × 108 t/year, 5.008 × 108 t/year, and 4.323 × 108 t/year, respectively. From 2003–2023, these values dropped to 0.308 × 108 t/year, 0.372 × 108 t/year, and 0.461 × 108 t/year, with reductions of 93.74, 92.58, and 89.34%, respectively (Figure 12). Compared with 1956–2002, the change in basin runoff was relatively small, and the sediment transport decreased significantly, which was the main cause of riverbed scouring. Since 2018, the completion of riverbed scouring and roughening has significantly decreased (Hu et al., 2024a,b), the scouring intensity in the Yichang–Dabujie reaches. In the future, the riverbed scouring and deposition intensity will remain low or relatively stable without the influence of large-scale human activities.

[image: Line graph showing runoff and sediment levels from 1955 to 2020 for Yichang, Zhicheng, and Shashi hydrological stations. Runoff is measured on the left y-axis and sediment on the right y-axis. Runoff levels remain high, with fluctuations. Sediment levels, initially high, significantly decrease after 2000. Different colors represent each station: blue for Yichang, gray for Zhicheng, and green for Shashi.]

FIGURE 12
 Changes in runoff and sediment transport at HS.


Riverbed sand mining and navigation dredging also affect the intensity of riverbed scouring and deposition. Sand mining directly removes sediment from the riverbed, accelerating the scouring intensity of deep water channels (Yang et al., 2021, 2023b), whereas the impact of navigation dredging is relatively small (Yang et al., 2021). Since 2016, sand mining has been fully prohibited along the Yangtze River, and the effect of sand mining on riverbed scouring intensity has decreased.



4.2 Impact of riverbed scouring intensity on low-water level

From 2003 to 2023, the cumulative water level drop at Yichang HS at the same flow rate increased as the scouring intensity from Yichang–Zhicheng increased (correlation coefficient R2 = 0.90–0.91). From 2015 to 2023, the correlation weakened, and the riverbed scouring in the sand-gravel riverbed reach was closed to equilibrium, which had a small impact on the water level drop (Figures 13a,b). From 2003 to 2023, the cumulative drop value of the water level at Zhicheng HS at the same flow rate increased with increased scouring intensity from the Yichang–Zhicheng reaches (correlation coefficient R2 = 0.92–0.95). From 2015 to 2023, the relationship between water level decline and riverbed scouring intensity became insignificant, indicating that the impact of riverbed scouring in the sand-gravel riverbed transition section on Zhicheng HS is declining (Figures 13c,d). Existing research indicates that riverbed scouring constitutes the primary driver of declining low-water levels at equivalent discharge rates in the mid-lower reach in Yangtze River, with downstream water level depression serving as a secondary contributing factor. Conversely, riverbed coarsening has been identified as a positive influence on low-water level elevation (Yang et al., 2017; Chai et al., 2020). The present study demonstrates that attenuated scouring intensity in sand-gravel reaches, coupled with substantially reduced or minimally fluctuating water level depression at both Yichang and Zhicheng HSs, contributes significantly to mitigating low-water level decline under constant discharge conditions in these sedimentary reaches.

[image: Graph set showing water level changes. (a) and (c) line graphs depict cumulative water level drops from 2003 to 2023 under different discharge rates. (b) and (d) scatter plots show relationships between cumulative scouring intensity and water level drop with R-squared values. Graphs highlight variations at Yichang-Zhicheng and Zhicheng-Dabujie reaches.]

FIGURE 13
 Relationship between water level decline and riverbed scouring in Yichang and Zhicheng HSs. (a) Cumulative relationship between water level at Yichang HS and scouring volume in the Yichang–Zhicheng reaches; (b) direct relationship between water level at Yichang HS and scouring volume in the Yichang–Zhicheng reaches; (c) cumulative relationship between water level at Zhicheng HS and erosion volume in the Zhicheng–Dabujie reaches; (d) direct relationship between water level at Zhicheng HS and scouring volume in the Zhicheng–Dabujie reaches.




4.3 Trend analysis of “steep slope and rapid flow” characteristics

From 2003 to 2023, the riverbed scouring in the Yichang–Zhicheng reaches occurred accumulative riverbed scouring, with the scouring intensity decreasing since 2014, and the corresponding changes in the same flow rate to low-water levels at the Yichang and Zhicheng HSs have remained relatively stable. In recent years, riverbed sand mining activities have been effectively controlled, and the scouring intensity in the Yichang–Zhicheng reaches will stay relatively low. It can be assumed that since 2014, the water surface slope in this section will tend to stabilize. From 2003 to 2023, the scouring intensity in the Zhicheng–Dabujie reaches has been increasing (Figure 2), but since 2014, the decrease in the same flow rate to low-water levels at Zhicheng HS has been smaller. Since 2003, the riverbed scouring intensity in the Shashi reach has increased (Yang et al., 2023c), leading to a decline in the water level at the Shashi HS under the same flow rate, aggravating the increase in water surface gradient from Zhicheng–Shashi reaches. Additionally, the maximum flow velocity has increased compared to the 1998–2006. This imbalance between riverbed scouring and the decline in the same flow rate to low-water levels is the main cause of the “steep slope and rapid flow” phenomenon in the Zhicheng–Dabujie reaches.

The river from Yichang–Dabujie is distributed with control nodes such as Yanzhiba, Yidu, Guanzhou, and Lujiahe. Mathematical model calculations show that the average riverbed scouring of 0.5–2.0 m at each node results in a water level decline at Yichang HS of less than 0.04–0.25 m, with the Lujiahe reach having the most significant impact. Scouring below Lujiahe does not affect the Yichang HS water level (Yang et al., 2016). When the water level in the sandy riverbed reach (Shashi reach) decreases by 2.0 m, the decrease propagates upstream and gradually decreases along the way; the water level at Chenerkou drops to 0.4 m and drops to less than 0.10 m at Yichang HS (Yu and Wang, 2024). Since 2003, the cumulative scouring intensity in the sandy riverbed in the middle and lower reaches of the Yangtze River has significantly increased. From 2003 to 2023, the water level at Shashi HS for Q = 6,000 m3/s dropped by 3.42 m. As the scouring center of the sandy riverbed shifts downstream (Zheng et al., 2023), the same flow rate to low water levels at Shashi, Jianli, Luoshan, and Hankou HSs also show a declining trend. The sandy riverbed sections will continue to experience riverbed scouring and a decrease in the same flow rate to low-water levels in the future.

With the effective regulation of sand mining activities in the Yangtze River, future riverbed scouring intensity in sandy-gravel reaches will primarily depend on variations in water-sediment dynamics and bed material composition. Following the commissioning of the TGR, the middle Yangtze River’s sandy-gravel riverbed has exhibited a pronounced coarsening trend (Gong et al., 2023; Wu et al., 2021; Wu and Singh, 2024; Yang et al., 2017; Chai et al., 2020). This coarsening process enhances bed resistance to scouring, thereby reducing scouring intensity, a critical factor explaining the diminished riverbed scouring observed under declining sediment supply conditions in the basin. Based on the above analysis, it is concluded that the sandy riverbed section will continue to experience riverbed scouring and a decrease in the same flow rate to low-water levels. The sandy-gravel riverbed reach will maintain low-level scouring and relatively stable water levels under the same flow rate without the interference of large-scale human activities; however, the phenomenon of “steep slope and rapid flow” in the sandy-gravel transition section will remain significant in the future.




5 Conclusion

This study focuses on the 120 km section of the Yangtze River downstream of the TGD (from Yichang to Dabujie reaches). Using actual flow, sediment, and riverbed topographic data from 2022 to 2023 to analyze the change characteristics in riverbed scouring intensity and distribution, same flow rate and low-water level, and the water surface gradient.

	1. From 2003 to 2023, the cumulative scouring volume in the low-flow riverbed and the flat riverbed in the Yichang–Dabujie traches was 3.70 × 108 m3 and 3.72 × 108 m3, respectively, with approximately 99.5% of the scouring occurring in the low-water channel, accompanied by an average reduction in the deep-water channel elevation occurred, the average incision depth was 4.12 m, the average annual incision depth of was 19.62 cm/year, and the maximum incision depth was 23.40 m.

	2. From 2003 to 2023, the Yichang–Dabujie reaches experienced a reduction in sandbar area and an increase in deep-water channel area, showing a good correlation. Since 2014, because of the implementation of waterway engineering, the variation in the sandbar and deep-water channel areas has been minimal and stayed relatively stable, indicating that waterway engineering has played a role in stabilizing sandbars and consolidating deep-water channels.

	3. From 2003 to 2023, the Yichang–Dabujie reaches showed a cumulative decline in the same flow rate and low-water level, and the decrease in the sandy riverbed section was significantly greater than in the sandy-gravel riverbed section. This increased the water surface gradient, forming a “steep slope” phenomenon. As the scouring effect increased in the transition from sandy to sandy-gravel riverbeds, the flow velocity in the gravel-sand transition section increased, reaching a maximum of 3.50 m/s or more, forming a “steep slope and rapid flow” phenomenon.

	4. In the near future, the sandy riverbed section near the TGD will continue to experience strong riverbed scouring and a decreasing trend in the same flow rate and low-water level. The sandy-gravel riverbed will maintain low-level scouring and relatively stable in the same flow rate to low-water levels without the interference of large-scale human activities, but the “steep slope and rapid flow” phenomenon in the sandy-gravel transition section will remain significant.
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