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The secondary suspended river increases the probability of the occurrence of “Heng river”, “Xie river” and “Gun river” in the lower Yellow River, and is the main factor threatening the safety of human life and property in the Yellow River levee and beach area. Here, the Dongbatou–Gaocun section of the severe secondary suspended river in the lower Yellow River was taken as the research object. The trend and periodicity of the evolution characteristics of the secondary suspended river in the study area from 1960–2021 were systematically analyzed using the Theil-Sen estimator and wavelet analysis, and the factors influencing its development were quantitatively explored. Over the past 62 years, development of secondary suspended rivers can be divided into four stages: initial formation (1960–1973), slow development (1974–1986), rapid development (1987–1999) and stable (2000–2021) periods. The evolution period of the beach transverse gradient differed significantly before and after operation of Xiaolangdi Reservoir commenced, prior to which there was a first main period of 31 years followed by a second main period of 21 years. Development of secondary suspended rivers was primarily related to floodplain flooding and human activity. When the inflow sediment coefficient of a floodplain flood (ζ) was < 0.04 and the floodplain coefficient was < 1.29, the secondary suspended river was relieved; when ζ > 0.04 or ζ < 0.04 and the floodplain coefficient was > 1.29, the secondary suspended river was intensified. The production levees have exacerbated development of secondary suspended rivers to some extent.
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1 Introduction

The Yellow River has characteristics such as a small amount of water and a large amount of sediment”, various sources of water and sediment, and inconsistent water-sediment relationships (Liao, 2003). The lower Yellow River is in a strong siltation state because of the large amount of sediment (Hu and Zhang, 2006), and with annual average elevation of 0.05–0.10 m, the current riverbed is generally 4–6 m higher than the ground on both sides of the back river. Hence, the lower Yellow River has become a world-renowned “suspended river” (Jiang et al., 2003; Sun et al., 2008). Since the 1960s, with construction and operation of Sanmenxia Reservoir and construction of production levees (Gao et al., 2004; Yan et al., 2006), the water-sediment relationship in the lower Yellow River has become extremely disharmonious, and the downstream riverbed has continued to reduce in size. The main river channel gradually rises above the beach near the levee, forming a secondary suspended river with a high channel, low beach, and low levee root (Figure 1). Since the middle to late 1980s, the Yellow River has been in a relatively dry season. Downstream runoff has decreased, industrial and agricultural water use has increased significantly, the probability of deluge has decreased, the flood floodplain has reduced beach siltation, and the process of low flow has greatly increased. This changed the horizontal siltation distribution of the sediment that occurs under natural conditions, and the elevation difference between the beaches and channels further reduced; thus, the secondary suspended river is extremely severe.




Figure 1 | Schematic diagram of the secondary suspended river in the lower Yellow River: ① Main channel; ② beach area; ③ beach lip; ④ production levee; ⑤ channel at the root of the levee; ⑥ secondary suspended river; ⑦ primary suspended river; ⑧ ground behind levee.



Since operation of Xiaolangdi Reservoir commenced in 2000, significant changes have occurred in the process of water and sediment entering the downstream area. Sedimentation of the downstream has been reduced; however, the situation of high channel, low beach, and low levee root remains. The most severely affected river section extends from Dongbatou–Taochengpu (Shan and Wang, 2021). The entire river water and sediment regulation with Xiaolangdi Reservoir as the core has slowed development of the secondary suspended river to a certain extent. However, there are problems such as insufficient subsequent momentum in the water and sediment regulation of Xiaolangdi Reservoir (Zhang et al., 2021). After the sediment retention capacity of Xiaolangdi Reservoir is reached, without the use of other backbone projects, the lower Yellow River will once again be severely silted and raised (YRCC, 2013) and the secondary suspended river will develop rapidly. In the event of a deluge, when the horizontal slope of the river beach is much greater than the vertical slope, the overflow ratio in the beach area will increase, which will directly threaten the safety of the Yellow River levee and human lives and property in the beach area. Therefore, there is an urgent need to study the evolution mechanism of secondary suspended rivers.

Since the early 1970s, secondary suspended rivers have formed in the lower Yellow River, and extensive research has been conducted on the causes, which are believed to be closely related to changes in the inflow, sediment, and boundary conditions of the river (Hu and Zhang, 2006). In terms of incoming water and sediment conditions, the amount of water and sediment entering the downstream has decreased due to human activities (Duanmu and Zhang, 2003; Liu, 2020), particularly with reductions in peak flow and flood frequency, which greatly reduces the probability of floodplain floods with a siltation beach and scouring channel. Furthermore, long-term low flow causes sedimentation and a reduction in size of the riverbed and accelerates development of secondary suspended rivers (Yan et al., 2006; Yang et al., 2006). Hyper-concentrated floods promote development of secondary suspended rivers (Jiang et al., 2003). Excessive use of Yellow River water has caused the total amount of water diverted from the Yellow River to exceed its carrying capacity, and production and social water use have long been occupying a large amount of sediment flushing water, which has also promoted development of secondary suspended rivers (Pang, 2005). In terms of channel boundary conditions, although production levees have alleviated inundation losses in the beach area to some extent, they have hindered water and sediment exchange in the beach and channel, accelerating development of secondary suspended rivers (Zhang, 2004; Pang, 2005; Yang et al., 2006; Zhang et al., 2018). To eliminate secondary suspended rivers, it is necessary to break down production levees (Zhang, 2004; Pang, 2005). Jiang et al. (1999) conducted extensive research on the adjustment laws of the vertical and horizontal sections, water and sediment transport, and exchange characteristics of the lower Yellow River, and highlighted that the lateral imbalance of sediment transport in the channel gradually formed secondary suspended rivers. Sun et al. (2008) established a planar two-dimensional water and sediment mathematical model for development of the secondary suspended river in the lower Yellow River and studied the impacts of the suspended difference in the secondary suspended river on flood routing, beach and channel flow structures, and flood discharge along the levee. The frequent occurrence of extreme weather worldwide (Pei et al., 2023) has also led to some geological disasters (Wang et al., 2022; Ma et al., 2023). Time series analysis is conducive to disaster identification and monitoring (Liu et al., 2022), and many experts have established corresponding prediction models (Qiu et al., 2022). However, there are still shortcomings in time series analysis of secondary suspended rivers.

Although the water and sediment regulations of Xiaolangdi have alleviated the secondary suspended river situation in the lower Yellow River to some extent, the threat of secondary suspended rivers to flood control remains significant, and secondary suspended rivers are receiving increasing attention. The 2021 Yellow River Basin Ecological Protection and High-Quality Development Plan Outline mentions that carrying out secondary suspended river management in the lower Yellow River to reduce the safety risks of the Yellow River levees, and which has put forward higher requirements for secondary suspended river management at the national level. Research on the causes and mechanisms of secondary suspended river formation has mostly been qualitative. However, research on the evolution characteristics of long-term secondary suspended rivers, their development and evolution after operation of Xiaolangdi Reservoir commenced, and the quantitative impact of various factors on secondary suspended rivers, remains relatively weak. Therefore, in the context of increasingly intensified human activities, there is an urgent need to comprehensively study the development and evolution of secondary suspended rivers from a long-term perspective, as well as the quantitative impact of various influencing factors on their formation. In this study, the most severe secondary suspended river section from Dongbatou–Gaocun in the wandering section of the lower Yellow River was selected to analyze the basic parameter evolution characteristics and periodicity of secondary suspended rivers under long-term time-series conditions, determine their severity, and quantitatively analyze and calculate the various factors that caused their development. The research results will have significant implications for managing wandering river channels and downstream flood control and provide theoretical and technical support for scientific management of secondary suspended rivers.




2 Materials and methods



2.1 Study areas

The wandering section of the lower Yellow River starts in Baihe in Mengjin, Henan, and ends in Gaocun in Dongming, Shandong. The river has a total length of 299 km, a wide and shallow channel, and significant erosion and sedimentation. The main stream oscillates frequently; the distance between the main levees on both sides is generally 5–10 km, with the widest levee distance exceeding 20 km. The Dongbatou–Gaocun section is 70 km long (Figure 2) and has a beach area of 402 km. The flood discharge width decreased from 10.5 km before construction of the production levee to 4.2 km after its construction. In the late 1990s, the bank-full discharge in this section of the river decreased to 2000 m³/s on one occasions, and the river was heavily silted up. Under the influence of various factors, the entire Dongbatou–Gaocun section forms a secondary suspended river, which is one of the most severe secondary suspended river situations (Jiang et al., 2006).




Figure 2 | Study area location: (A) location of the lower Yellow River in China; (B) magnified lower Yellow River and location of the study area; (C) magnified study area.






2.2 Study methods



2.2.1 Data sources

Based on the large-section topography data of the Dongbatou–Gaocun section from 1960–2021, the elevations and starting distances of the beach lip and beach surface near the levees were determined, and the elevation difference and beach width between the beach lip and beach surface near the levees were calculated, followed by calculation of the beach transverse slope. The transverse slope of the beach is the ratio of the elevation difference between the beach lip and beach surface adjacent to the levee to the beach width. Taking the Gaocun section (1996) as an example, the calculation process of lateral slope is shown in Figure 3. Due to the fact that the lowest point elevation at the levee root cannot reflect the true transverse slope of the beach, the average elevation of the levee root within a certain range (300m) is used as the levee root elevation for this study. The main channel of the observation section set up in the research river section is mostly located on the right bank, which leads to the width of the right bank beach being too small and abnormal values in the transverse slope. To avoid this problem, we take the left bank as the research object. The system sorted and calculated the annual water volume and sediment volume of Huayuankou station in the lower Yellow River from 1960–2021, as well as the water volume, sediment volume, peak discharge, and other floodplain flood data. Large-section data were measured by professional departments of the Yellow River Conservancy Commission (YRCC). The water and sediment data of the series of years and floods were obtained from the sediment bulletin of the YRCC and hydrological data of the Yellow River basin. All data were official and of high authority.




Figure 3 | Schematic diagram for calculating transverse slope.






2.2.2 Data processing methods

(1) Theil-Sen estimator

The Theil-Sen estimator is a stable non-parametric statistical trend calculation method. Using this method to estimate the linear slope has advantages of high calculation efficiency and insensitivity to measurement errors and discrete group data, and it is widely used in trend analysis of long time-series data (Kong et al., 2022). The formula is as follows:

 

where Median represents the median; xj and xi are the sample data corresponding to time j and time i (j > i), respectively; and k is the degree of the trend of the time series. When k > 0, the time series shows an upward trend, and when k< 0, the time series shows a downward trend.

(2) Wavelet analysis

Wavelet analysis is a signal analysis method based on the Fourier transform and developed in the early 1980s. The key to wavelet analysis is selection of the wavelet functions. A complex Morlet (Cmor) wavelet with good resolution in both the time and frequency domains was selected for this study.

Before using the wavelet analysis, the data of each sequence were subjected to anomaly processing, i.e., taking the mean difference between each element in the sequence and the sequence as the anomaly sequence. The amplitude of the wavelet coefficients calculated after leveling is smaller, which better reflects the fluctuation details of the wavelet coefficients (Wang et al., 2006). Because the measured sequence is a finite time series, boundary effects may occur at both ends. To eliminate the boundary effects generated at both ends of the sequence during wavelet transform, the two ends of the anomalous sequence were symmetrically extended (Sun and Luo, 2008). After the calculations were completed, the corresponding added data were deleted.

For wavelet functions that satisfy certain conditions, Ψ(t), the wavelet transform of the time series f(t) ∈ L2 (R) is:

 

where Wf (a, b) is the wavelet transform coefficient; f(t) is a signal or a flat integrable function; a is the scaling factor; b is the time factor, i.e., the translation of the reaction in time;   is the complex conjugate function of Ψ. Wf(a, b) is a binary function that varies with parameters a and b, with b as the abscissa and a as the ordinate, drawing a three-dimensional surface map Wf, and its projection on the plane is a two-dimensional contour map. The wavelet transform three-dimensional surface map and contour map reflect the time‒frequency variation characteristics of the time series. When the scale of a was the same, the wavelet coefficient changed with time, reflecting the variation characteristics of the time series at that scale. By analyzing the wavelet coefficients, the periodic evolution characteristics of a long time series at multiple timescales can be identified (Sang et al., 2013).

The real parts of the Cmor wavelet coefficients reflected periodic changes in the transverse slope time series of the beach at different timescales. The modulus of the wavelet coefficients reflected the distribution of the energy density corresponding to different timescale periods in the time domain. The larger the modulus of the wavelet coefficients, the stronger the periodicity of their corresponding timescale during that time period, and the color mapping in the 3D surface and contour maps is warm. The square of the wavelet coefficient modulus is equivalent to the wavelet energy spectrum, which was used to analyze the oscillation energy of different periods and obtain the limitations of the periods in the time domain at different timescales.

To determine the main timescale of the time series, the square value of the wavelet coefficient modulus was integrated into the time domain to obtain the wavelet variance, as follows:

 

where Var(a,b) is the wavelet variance, and the meaning of Wf(a,b) is as described previously.

The process of changing the wavelet variance with the timescale a is called the wavelet variance map. Each peak in the wavelet variance map corresponded to a significant period. When the wavelet variance reaches its maximum value, the scale of the wavelet function most accurately matches the period of the time series, indicating that the periodic oscillation is the strongest at that scale and is referred to as the main period.






3 Results



3.1 Evolution characteristics of secondary suspended rivers

The main characteristics of secondary suspended rivers are the high beach lip elevation and low depression of the levee root. The average elevation of the levee root and average transverse slope of the beach were selected to characterize the development of the secondary suspended river.



3.1.1 Evolution process of average elevation of left-bank beach lip and levee root

Severe sedimentation of the beach lip of the main channel was the direct cause of the formation of the secondary suspended river, and changes in its elevation reflected its evolution characteristics. Figure 4 shows the changes in the average elevations of the levee root and beach lip on the left bank in the Dongbatou–Gaocun section from 1960–2021. Owing to the inconsistent years of layout along the cross sections, the number of cross sections varied in different years. Figure 4 shows that an increase in the number of sections impacted the average levee root and beach lip elevations, which may have increased (e.g., from 1963–1965) or decreased (from 1999–2003). When the impact caused by the unstable period of the cross section was not considered, analyses of the data from other long-term series showed that the average elevations of the left-bank beach lip and levee root had both increased over time, and that the trend of their changes was relatively consistent. Although there was a slight increase in the average elevation of the levee root from 1970–1997, this change was extremely gentle. During this period, the average beach lip elevation changed significantly and increased annually; it decreased after 1983, and increased gradually after 1989. This indicated that the floodplain floods during this period only caused sedimentation at the beach lip with minimal impact on the levee roots. After 2004, the cross-sectional data remained stable, with both the average beach lip elevations and levee root being relatively high and the changes being relatively stable.




Figure 4 | Changes in levee root elevation and beach lip elevation.






3.1.2 Evolution process of average transverse slope on the left-bank beach

The transverse slope of a beach is an important parameter that reflects the development level of secondary suspended rivers and an important indicator of the degree of flood risk in river channels. Therefore, variation in the transverse slope was an important manifestation of the evolution of the riverbed in the lower Yellow River.

Figure 5 shows the evolution of the average transverse slope of the left-bank beach in the Dongbatou–Gaocun section from 1960–2021. Overall, prior to commencement of operation of Xiaolangdi Reservoir in 2000, the evolution trend of the average transverse slope of the beach underwent multiple fluctuations, and the overall trend gradually increased. In the analyses of its trend using the Theil–Sen estimator, the trend degree is expressed in k, which could be divided into four stages: ① 1960–1973, the transverse slope of the beach had a trend degree of k = 0.03, which belongs to the initial formation period of secondary suspended rivers; ② 1974–1986, k = 0.04, which belongs to the period of slow development of secondary suspended rivers; ③ 1987–1999, k = 0.18, which belongs to the rapid development period of secondary suspended rivers; and ④ 2000–2021, k = 0.03, which belongs to the stable period of secondary suspended rivers. The first three periods were before commencement of operation of Xiaolangdi Reservoir and the fourth period was after operation commenced.




Figure 5 | Trend of transverse slope change.



Figure 6 and Table 1 present the transverse slope of the left-bank beach for each section from Dongbatou–Gaocun in 2021. As of 2021, the transverse slope of 88% of the cross section was within 10% and 12% of the cross section was > 10%. The secondary suspended rivers in the Shuangjing and Qingzhuang sections were the most severe, with a transverse slope of > 20% on the beach. The transverse slope from Xiezhaizha–Hedao was relatively small, i.e., basically within 5%. The current secondary suspended river situation in the lower Yellow River remains serious.




Figure 6 | Trend of transverse slope change with channel section (numbers represent the transverse slope)(starting from XZ, clockwise direction is Xinzhuang, Yangzhuang, Leiji, Chanfang, Dianji, Xizhangji, Zuozhaizha, Limenzhuang, Youfangzhai, Machang, Jinggang, Dawangzhai, Wanggaozhai, Xindian, Liuheji, Dongheigang, Mazhai, Changxingji, Zhulin, Shitouzhuang, Xiezhaizha, Xiaosuzhuang, Yangxiaozhai, Yulin, Huangzhai, Wuqiu, Xibaocheng, Zhaodi, Zhangzhai, Hedao, Shuangjing, Qingzhuang, Shiziyuan and Gaocun respectively).




Table 1 | Transverse slope distribution of the left-bank beach from Dongbatou–Gaocun in 2021.







3.2 Periodicity of secondary suspended river evolution

The time-series changes in the transverse slope of the left bank beach from Dongbatou–Gaocun showed that the evolution law of the transverse slope had nonlinear characteristics and had been in a fluctuating state. The following presents a periodic analysis of the transverse slope using the Cmor wavelet analysis method.

Figure 7 shows the wavelet coefficients of the transverse slope of the left-bank beach from Dongbatou–Gaocun, China. Figures 7A, B show the wavelet real part three-dimensional surface maps and real-part contour maps, respectively, which reflect the distribution of the transverse slope in the timescale and the periodic changes in different time domains. Figure 7 shows that the wavelet coefficients fluctuate on timescales of 25–32, 15–25, 10–15, and 5–9 years, indicating multiple timescale characteristics in the transverse slope. There were three quasi-oscillations with alternating rises and falls on the 25–32-year timescale, and four and a half oscillations on the 15–25-year timescale. The wavelet coefficients exhibited the most drastic changes at these two timescales and most accurately represented the fluctuation pattern of the transverse slope.




Figure 7 | Wavelet coefficient map of the time series of the beach transverse slope: (A) wavelet real part 3D surface map, (B) wavelet real part contour map,(C) wavelet coefficient modulus 3D surface map, (D) wavelet coefficient modulus contour map, (E) 3D surface map of wavelet coefficient modulus square, (F) contour map of wavelet coefficient modulus square.



Figures 7C, D show the three-dimensional surface and contour maps of the wavelet coefficients of the transverse slope, respectively, reflecting the periodicity intensity of the corresponding timescales during this period. Warm colors indicated strong periodicities, and cold colors indicated weak periodicities. Figure 7 shows that during the evolution of the transverse slope, the modulus values on the 15–25 and 25–32-year timescales were the highest, indicating that the transverse slope period of the beach was the strongest within these two timescales; whereas, the modulus values of periodic changes on other timescales were small, indicating that the transverse slope period of the beach was not significant at other timescales.

Figures 7E, F show the three-dimensional surface and contour maps of the modulus of the wavelet coefficients of the transverse slope, which were used to analyze the oscillation energy of different periods. Unlike Figures 7C, D, Figures 7E, F clearly reflects the timescale of the strongest period. It can be seen that the energy on the 15–25-year timescale was the strongest, with a time domain distribution after 2000. The energy on the 25–32-year timescale was the second strongest, with a time-domain distribution from 1975–2000.

Figure 8 shows the variance and main period trend charts of the wavelet coefficient of the transverse slope of the beach, which reflect the main period and evolution trends of the transverse slope of the beach, respectively. Figure 8A shows two clear peaks in the wavelet variance map of the beach transverse slope: the first and second main periods. The first main period corresponded to a 31-year timescale, and the second main period corresponded to a 21-year timescale. Figure 8B shows that on the 31-year timescale of the first main period, the transverse slope experienced three quasi-oscillations with an evolution period of 20 years. On the 21-year timescale of the second main period, the transverse slope experienced four and a half oscillations, with an evolution period of 13–14 years.




Figure 8 | Wavelet map of the beach transverse slope: (A) wavelet variance map, (B) main period trend map of the beach transverse slope.



Figures 7 and 8 show that the first and second main periods corresponded to two different timescales. Using 2000 as the boundary, it was divided into two stages. The first main period was before 2000 and the second was after 2000. After 2000, the construction and operation of Xiaolangdi Reservoir changed the original periodic evolution of the beach transverse slope.





4 Discussion

According to previous studies, the formation and development of the secondary suspended river in the lower Yellow River result from the combined effects of incoming water, sediment, and river boundary conditions. The impact of human activities has also promoted development of secondary suspended rivers. This study focused on quantitative research on the various factors that affect development of secondary suspended rivers and explored the evolutionary characteristics of secondary suspended river development under the influence of various factors.



4.1 Annual water and sediment impact on secondary suspended rivers

Figure 9 shows the impacts of annual runoff, annual sediment transport, incoming sediment coefficient, and bank-full discharge on the transverse slope at Huayuankou station in the lower Yellow River from 1960–2021. From a long-term perspective, annual runoff and sediment transport in the lower Yellow River decreased; whereas, the transverse slope showed an overall increasing trend (Figures 9A, B). Specifically, the overall trends of annual runoff and sediment transport at Huayuankou station gradually decreased from 1960–2000. Although overall annual runoff was relatively low after 2000, there was a steady increasing trend. The overall change in annual sediment transport was not significant, with an increase over the past 5 years (2017–2021). The incoming sediment coefficient at Huayuankou station (Figure 9C) fluctuated between 0–0.06 kg·s/m6 before 2000, with an average of 0.024 kg·s/m6. After 2000, the incoming sediment coefficients fluctuated between 0–0.01 kg·s/m6 overall, with an average of 0.005 kg·s/m6. Changes in annual runoff and sediment transport in the lower Yellow River only reflected the overall impact on the transverse slope. Before 2000, the high sediment coefficient and repeated fluctuations significantly impacted the morphology of river sections, resulting in an overall increase in the transverse slope. After 2000, no floodplain flood shaped the previously formed floodplain; the transverse slope was still relatively large, and the threat of secondary suspended rivers remained. However, the overall incoming sediment coefficient was relatively small, and the riverbed had a certain degree of erosion, resulting in a clear trend of stability and slowing down development of secondary suspended rivers.




Figure 9 | Incoming water and sediment from Huayuankou station in the lower Yellow River (1960–2021): (A) annual water volume; (B) annual sediment volume; (C) incoming sediment coefficient; (D) bank-full discharge.



When the incoming sediment coefficient was large, it caused sedimentation and shrinkage of the main channel, resulting in a decrease in the bank-full discharge and an increase in the probability of water flooding. On one hand, the lateral sedimentation of floodplain sediment was mainly distributed near the beach lip; on the other hand, river regulations and production levees limited floodplain floods to a certain range, exacerbating the sedimentation of the beach lip. Figure 9D shows the relationship between the transverse slope and full bank discharge. Overall, the transverse slope also increased with a decrease in bank-full discharge, particularly at the two turning points. One of these turning points was around 1972, during the early stage of the rapid development of the transverse slope, when the bank-full discharge decreased to its minimum value. The other was around 1999, when the transverse slope tended to a higher value and the bank-full discharge decreased to its historically minimum value.

Figure 5 shows that development of the secondary suspended river was divided into four stages. Table 2 shows the relationship between the average annual runoff, average annual sediment transport, average annual incoming sediment coefficient, and the development trend k value of the secondary suspended river in these four stages at Huayuankou station in the lower Yellow River. From 1960–1973, the average annual sediment coefficient was relatively high, at 0.0224 kg·s/m6. This is because from September, 1960 to March, 1962, Sanmenxia Reservoir was used for water storage and sediment retention, resulting in severe sedimentation in the reservoir. From March, 1962 to October, 1973, Sanmenxia Reservoir was used for flood detention and sediment discharge, resulting in a high incoming sediment coefficient and serious sedimentation in the downstream channel, causing the rapid development of secondary suspended rivers. From November, 1974 to 1985, Sanmenxia Reservoir implemented a storage and sediment discharge operation method of non-flood season water storage and sediment retention, and flood season flood and sediment discharges. Although the flood season was still silted, the rate of increase in the transverse slope slowed, and the secondary suspended river developed slowly. From 1986–1999, under the influence of the completion of and joint regulation with Longyangxia Reservoir, development and utilization of water resources of the Yellow River, comprehensive management of the middle and upper reaches, and low precipitation, the inflow of water and sediment in the lower reaches underwent tremendous changes. The water inflow in the flood season decreased and that in the non-flood season increased, the peak flow decreased, the dry water duration lengthened, and the sediment-carrying capacity of the water flow decreased, leading to a sharp decrease in the size of the main channel and a reduction in the bank-full discharge. The transverse slope was rapidly increasing, and development of secondary suspended rivers was accelerating. From 2000–2021, after completion and commencement of operation of Xiaolangdi Reservoir, the amount of water and sediment entering the lower Yellow River was effectively controlled. Through water and sediment regulations, the main channel was scoured and cut down and the bank-full discharge gradually increased. The water flow did not flood the beach, and the rapid upward trend of the transverse slope was restrained and became relatively gentle. However, the transverse slope remains large, and the secondary suspended river situation remains severe.


Table 2 | Relationship between water and sediment and the development trend of secondary suspended rivers in the lower Yellow River.



Notably, after 2000, the water flow in the lower Yellow River did not flood the floodplain. In this case, the driving force for the change in the transverse slope mainly came from changes in the shape of the river section, such as the widening of the main channel, which led to changes in the beach lip elevation (decreasing) and beach width (narrowing). Changes in river section shape are generally caused by an abnormal river regime and bank collapse; however, this situation accounts for a very small proportion of the entire lower Yellow River. At the time of the present study, the overall river section morphology in the lower Yellow River was relatively stable; therefore, development of secondary suspended rivers caused by changes in the morphology of river sections was relatively rare. Therefore, we did not focus on this issue.




4.2 Impact of floodplain floods on secondary suspended rivers

The bed formation pattern of the floodplain floods differed from that of the non-floodplain floods. After flooding, the cross section suddenly increased, the average velocity of the cross section decreased, the sediment-carrying capacity of the water flow decreased, and a large amount of sediment was deposited, forming new beach lips at the beach edge and increasing the transverse slope of the beach. Figure 10 shows the relationship between flood peak discharge, bank-full discharge, and beach transverse slope of Huayuankou station floodplain in the lower Yellow River from 1960–2021. From 1973–1985, the floodplain frequency during this period was relatively high (up to 61%) and the sediment coefficient was relatively small (Table 3), the transverse slope was in a slow development stage. From 1986–1999, the frequency of floodplains was also high (up to 43%), moreover, the terrain was affected by the previous floodplain floods, the transverse slope decreases first during this period. Subsequently, due to the occurrence of two Hyper-concentrated floods in 1992 and 1994, the river siltation was severe, and the bank-full discharge continued to decrease, resulting in rapid development of the transverse slope. The shapes of the river channels were completely different because of the different sediment concentrations in the floodplain floods. For floodplain floods with a high sediment content, after the floodplain, the cross-section increased and the average flow velocity decreased, resulting in a decrease in the sediment-carrying capacity of the water flow. A large amount of sediment accumulated in the river channel and beach lip, resulting in a decrease in the bank-full discharge and an increase in the transverse slope of the beach, which promoted development of secondary suspended rivers.




Figure 10 | Relationship between peak discharge and bank-full discharge.




Table 3 | Statistics of characteristic values of floodplain floods in different years.



Table 3 presents the flood situation in the floodplain from 1960–2021 and shows the characteristic values of floodplain floods in different years, such as peak flow, water volume, sediment volume, and bank-full discharge. The average sediment concentration, sediment inflow coefficient, floodplain coefficient, and height difference changes of each floodplain flood were calculated. The floodplain flood category was determined based on whether the production levees overflowed and was combined with the floodplain coefficient. The floodplain coefficient was calculated as the ratio of the peak discharge to the bank-full discharge of the current year, which represented the degree of floodplain in this flood (Hu and Zhang, 2015; Shen et al., 2017). The height difference refers to the difference between the elevation of the beach lip and the levee root, and the change in height difference refers to the difference between the height of the previous year that of the current year. If the change in height difference was positive, it indicated that the current secondary suspended river had developed. A negative change in height difference indicated that the current secondary suspended river had eased. When the floodplain coefficient was >1.5 (Zhang et al., 2016) and the floodplain flood overflowed the production levee, it was determined that the flood was a large floodplain flood; otherwise, it was a general floodplain flood (Table 3).

Figure 11 shows the relationship between floodplain floods and changes in the elevation difference of the secondary suspended rivers. When incoming sediment coefficient (ζ) was >0.04, the changes in elevation difference were basically positive, and the suspension difference of the secondary suspended river increased. When ζ < 0.04, the changes in elevation difference were basically negative (Figure 11A) and the difference in height of the secondary suspended river decreased. However, there are situations in which the elevation difference increased within the sediment coefficient range. Floodplain floods with ζ < 0.04 were selected, and a relationship was established between the elevation difference and the floodplain coefficient to analyze the factors affecting the elevation difference (Figure 11B). As the degree of the floodplain increased, the elevation difference changed from negative to positive and gradually increased. When the change in the elevation difference was zero, the floodplain coefficient was approximately 1.29; i.e., when the flood coefficient of the floodplain was <1.29 and the sediment coefficient was <0.04, the suspension difference of the secondary suspended river was negative, and the secondary suspended river situation could be alleviated to some extent.




Figure 11 | Relationship between characteristic values of floodplain floods and changes in elevation difference. Relationships between (A) sediment coefficient and changes in elevation difference and (B) floodplain coefficients and changes in elevation differences (ζ < 0.4).



Figure 12 shows the shaping effect of different floodplain floods on the river cross-section, and the impact on the development of secondary suspended rivers was analyzed. Figures 12A, B show the changes in erosion and sedimentation of the Youfangzhai section in 1989 and Mazhai section in 1970, respectively, before and after the flood season. The sediment coefficient and floodplain degree of the 1989 flood were relatively low, and changes in erosion and sedimentation mainly occurred within the production levee. After the flood, the main channel was scoured and the left-bank beach lip elevation decreased. The elevation of the left bank levee root remained unchanged, and the height difference between the beach lip and levee root decreased. Although the 1970 flood did not overflow the production levee, the sediment coefficient was higher than that in in 1989, and the bank-full discharge in the river channel was lower than that in 1989. The degree of flooding increased, causing the river to be in a silted state with the beach lip raised and the elevation difference increased. Figures 12A, B show the general floodplain floods, in which it can be seen that general floodplain floods may have promoted (1970 floodplain floods) or slowed (1989 floodplain floods) the development of secondary suspended rivers, which mainly related to the incoming sediment coefficient.




Figure 12 | Cross-section changes in erosion and sedimentation in a typical flood year: (A) Youfangzhai station (1989); (B) Mazhai station (1970); (C) Gaocun station (1982); (D) Yangxiaozhai station (1996).



Figures 12C, D show the cross-sectional erosion and sedimentation changes in the Gaocun section in 1982 and Yangxiaozhai section in 1996 before and after the flood season. The floods in 1982 and 1996 were both large floodplain floods, and the main channel eroded to a certain extent. The floodplain overflowed the production levee and silted up along the beach; however, lateral siltation gradually decreased to the outside, and erosion occurred near the levee root, leading to a further increase in the height difference. The causes of the flooding in 1982 and 1996 differed. In 1982, the peak discharge of Huayuankou station reached 15300 m³/s, the bank-full discharge was 6000 m³/s, and the sediment coefficient was 0.0051, which was a typical case of high water and low sediment flow. In 1996, the peak discharge of Huayuankou station reached 7860 m³/s, and its main channel was affected by previous sedimentation and shrinkage, resulting in bank-full discharge of only 3420 m³/s. The sediment coefficient was as high as 0.0277, causing all floodplains in the lower Yellow River. This showed that floods in the floodplain were beneficial for erosion of the river channel, which had a positive effect on shaping the subsequent form of the river channel. This could improve the sediment transport capacity of the river channel, increase the bank-full discharge, and slow the development of the secondary suspended river to some extent.




4.3 Impact of human activities on secondary suspended rivers

Human activities have changed the boundary conditions of the riverbed, and their impact on the secondary suspended river was the same as that of the riverbed boundary conditions. Human activities mainly include construction of river regulation works and production levees. Since the 1960s, the construction and gradual improvement of river regulations in the lower Yellow River have played a dual role in controlling the river regime and protecting levees. River regulations have controlled the river regime in the curved section of the lower Yellow River. The transitional section is basically controlled, and the majority of the wandering section is controlled. The relatively stable main channel is an excellent container for sediment deposition. Once the main channel accumulates, a secondary suspended river develops in it. However, the river regulations are mainly used to control water flow, stabilize river regimes, and protect levees. Moreover, after water and sediment regulation in Xiaolangdi Reservoir, the downstream river channel underwent a certain degree of erosion, and the effect of river regulation on stabilizing the river regime became increasingly obvious without directly affecting development of secondary suspended rivers.

The production levees in the lower Yellow River were built based on the historical Minnian (People spontaneously build earth embankments to protect farmland and villages for blocking water). Historically, people living on beaches spontaneously built Minnian to defend themselves against certain levels of flooding. Due to war and floods, Minnian has dilapidated and can no longer function effectively. Since the people’s governance of the Yellow River in 1946, Minnian has been repaired and production levees have been added to the building. By the 1970s, production levees had already reached a certain scale; therefore, the overall effect of floodplain floods after the 1970s continued to be affected by production levees.

After construction of the production levee in the Dongbatou–Gaocun section, the flood width of the general floodplain has been reduced from >10.5 km to 4.2 km (Jiang et al., 2019). Generally, it is difficult for floodplain floods to cross production levees, resulting in changes in river erosion and siltation occurring only in the middle of the production levees on both banks. Although large floodplains can cross production levees, and beaches outside the production levees also exchange water and sediment, production levees limit the lateral distribution of sediment deposition. Figure 12 shows that there was a significant difference in the amount of erosion and sedimentation on both sides of the production levee, and that the sedimentation depth on the side near the main channel was significantly greater than that on the side far from the main channel. Table 4 shows the erosion and sedimentation conditions of the erosion and sedimentation situation near the main channel and far from the main channel at each section of the Dongbatou–Gaocun section under the action of flooding in 1982 (taking the left bank as an example). It is evident from Table 4 that owing to the production levees, the amount of sedimentation on the beach near the main channel was significantly greater than that on the beach far from the main channel.


Table 4 | Changes in erosion and sedimentation before and after the flood in 1982.



These results showed that although production levees can block the inundation loss of local beach areas caused by floodplain floods, they seriously hinder normal water and sediment exchange in the beach channel, which causes most of the sediment in the flood not to overflow the production levees to settle at the beach lip. However, because of the inability of the flood to reach the root of the levee, there was no sediment deposition, which caused the beach lip to increase and the levee root to decrease, accelerating development of the secondary suspended river.





5 Conclusions

Considering the Dongbatou–Gaocun section as the research object, the evolution process of the secondary suspended river on the left-bank beach from 1960–2021 was analyzed. The trend and periodicity of the transverse slope change on the left-bank beach were studied, and the evolution law of the secondary suspended river in the wandering river channels was explored. Factors influencing the development of secondary suspended rivers were quantitatively analyzed. The main conclusions are as follows.

(1) The evolution process of the transverse slope from 1960–2021 can be divided into five stages: ① The period from 1960–1973 belongs to the initial formation period of secondary suspended rivers, with a transverse slope trend of k = 0.03; ② the period from 1974–1986 belongs to the slow development period of secondary suspended rivers, with a transverse slope trend of k = 0.04; ③ the period from 1987–1999 belongs to the rapid development of secondary suspended rivers, with a transverse slope trend of k = 0.18; ④ the period from 2000–2021 belongs to the stable period of secondary suspended rivers, with a transverse slope trend of k = 0.03.

The first three periods were before commencement of operation of Xiaolangdi Reservoir and the fourth period was after operation commenced. This showed that in the early stages of operation of Xiaolangdi Reservoir, a secondary suspended river developed to a very serious extent. Through water and sediment regulation in Xiaolangdi Reservoir, the sedimentation of the downstream river channel was reduced, which effectively alleviated the development trend of the secondary suspended river.

(2) The evolution period of the transverse slope on the beach differed significantly before and after commencement of operation of Xiaolangdi Reservoir. Prior to commencement of operation of Xiaolangdi Reservoir in 2000, incoming water and sediment from the lower Yellow River were mainly affected by Sanmenxia Reservoir. The transverse slope of the beach had a primary period of 31 years (period of 20 years). After commencement of operation of Xiaolangdi Reservoir, owing to its influence on water and sediment regulation, the overall downstream river channel continued to erode, the transverse slope of the beach changed, and there was a second main period of 21 years (period of 13–14 years).

(3) Incoming water and sediment affected development of secondary suspended rivers. When the incoming sediment coefficient of floodplain flood (ζ) was >0.04 or <0.04 and floodplain coefficient was >1.29, the change in height difference of the secondary suspended river increased, and the secondary suspended river intensified. When ζ < 0.04 and the floodplain coefficient was <1.29, the change in height difference of the secondary suspended river decreased, and the secondary suspended river was alleviated. The production levee blocked the water and sediment exchange between the general floodplain flood and the floodplain outside the production levee, which affected the lateral sedimentation distribution of sediment in a large floodplain flood and promoted development of secondary suspended rivers.
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