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Abstract

:

The instability of the river channels has increased in response to the combined effects of global warming and human activity. This instability threatens the lives and property of people who live along river courses. This study takes the Pingluo section of the upper Yellow River, which is ~28 km long and ~400 m wide, as its research focus. We studied 11 periods of Landsat remote sensing images from 1973 to 2023 and analyzed the evolutionary characteristics of the Pingluo section over the past 50 years. The channel morphology indices included the channel braiding index (BIT), the bar braiding index (BIB), the average area of the bar (Ab), and the width of the wet channel area (BW). The results showed that there was an overall shrinking trend in this section of the Yellow River; more particularly, fluctuations in indicators such as the river width and the braiding index highlighted an increasing–decreasing–increasing pattern of change. During the 1973–1986 period, the river showed a widening trend, with narrow anabranches cutting through the floodplain and both the river width and the braiding index increasing dramatically over a short period. Over the 1986–2018 period, the area of the wet channel continued to shrink to its lowest level for the past 50 years, the river’s branches were diverted and abandoned, and the channel tended to straighten out. Between 2018 and 2023, the river showed a slightly expanding trend. The evolution of the river channel appears to be related to regional human activity and climate change. For example, after the joint filling of the Longyangxia and Liujiaxia reservoirs in the upper reaches of the Pingluo section of the Yellow River in 1986, runoff and sediment load along this section decreased, flood events became less frequent, and the channel tended to contract. In addition, the increase in extreme precipitation events over the last five years has led to an increase in the magnitude and frequency of peak discharge values in the region, which is the main reason for the increase in the river braiding index and area.
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1. Introduction


In recent years, global warming has led to significant changes in the spatiotemporal distribution of water sources [1,2]. Approximately 20% of the world’s rivers have experienced significant changes in geomorphological patterns and increased channel instability [3,4,5]. Globally, some river basins exhibit varying degrees of morphological evolution ranging from 40% to 80%, e.g., in the high mountainous regions of Asia and the Amazonian Plain of South America. Rivers that flow across the Tibetan Plateau and the Pan-Arctic region have widened significantly, whereas rivers in the arid and semi-arid regions of Asia’s interior have tended to narrow [6]. The frequent occurrence of catastrophic floods and the risk of glacial lake outbursts have simultaneously posed a serious threat to the safety of people living and working along river courses [7]. The intensity of human use and regulation of surface water has also increased dramatically [8]; in particular, the construction of dams has often had a major impact on the downstream reaches of rivers [9]. The construction of the Campolattaro Dam in southern Italy, for example, has resulted in a reduction of flow in the lower reaches of the Tammaro River, leading to a significant narrowing of the river channel’s width [10]. The rivers downstream of the Karkheh Dam in southwestern Iran have been affected by the dam, resulting in a 56% decrease in flow and a 21% reduction in river width [11] The closure of the Kingsley Dam in Nebraska, USA, combined with the effects of the droughts suffered in the 1930s and the increased use of water for agricultural and domestic purposes, have led to a rapid narrowing of the channel of the lower Platte River [12]. In addition, the expansion of towns, industrial and agricultural land use, the deforestation of forested land, and other forms of human activity have all intensified surface erosion in the watersheds of the Southern Hemisphere, where the concentration of suspended sand in rivers has increased by 41 ± 7% compared to the 1980s [13]. Understanding the evolution of river channel morphology and the factors influencing it has therefore become an important scientific issue in river management and training [14,15].



Statistical methods of visual observation were first used to study the resulting channel deformation and form a conceptual model to summarize its evolutionary law, such as the semi-quantitative expression of river morphology and median grain size, flow, sediment content, and slope proposed by Lane [16]. With the development of science and technology, the recording of river morphology has gradually shifted from manual measurement to technical detection with remote sensing images as the main means. Earth observation satellite observations of remote and politically sensitive areas greatly compensate for the limitations of manual observations [6]. Currently, the combined use of remote sensing and GIS tools is becoming more common in the assessment of river evolution at different spatial and temporal scales [17], which provides a longer observation period and the possibility of more flexible application for our research.



The Yellow River, known as the ‘cradle of the Chinese nation’, is the second-longest river in China. It has contributed greatly to the country’s economic development and social progress. The average annual sediment flux of the Yellow River is 1.6 billion tons (t) [18], making it the largest river sediment flux in the world. However, severe flooding has also made it ‘China’s Worry’. In the Ning-Meng reach of the upper Yellow River, catastrophic floods have occurred once every two years on average, causing enormous loss of life and property in towns and settlements along the river [19]. Conversely, over recent decades, under the influence of global warming and human activity, discharge of the Ningxia Province section of the Yellow River has fallen [20,21]; however, due to the heterogeneous water and sediment sources in the area [22,23], the river type has become scattered and branched, the amplitude of scouring and siltation has increased, and the evolution of the river channel has been intense, seriously affecting the productivity and livelihood of the people who live along the river course. In order to obtain the evolutionary characteristics of the river channel in this area, this study selected the Pingluo section of the Yellow River in Ningxia Province as its research focus, analyzing the morphological evolution of the Yellow River channel over the past 50 years using Landsat remote sensing imagery as the data source, before discussing the river channel’s evolutionary response to global climate change and human activity.




2. Study Area


The Yellow River originates in the northeastern Tibetan Plateau, crosses the Chinese Loess Plateau and the North China Plain to the east, and finally empties into the Bohai Sea. The river has a total length of 5464 km, an altitudinal drop of 4480 m, and a total basin area of 795,000 km2 (Figure 1a). The study area is located in the Yinchuan Basin in the upper reaches of the Yellow River (Figure 1b), close to the Helan Mountains in the west and the Ordos Plateau in the east; this region is an important Yellow River irrigation area with a dense human population. The region’s mean maximum annual temperature is 32.0 °C, and its mean minimum annual temperature is −14.9 °C. Mean annual precipitation (MAP) is 180 mm, while mean annual potential evaporation is as high as 1755 mm, typical of a temperate but semi-arid climate with a large temperature difference, low precipitation, and high evaporation.



The starting point and endpoint of the Pingluo section are located at 38.82° N, 106.67° E and 39.03° N, 106.86° E, respectively, with a sandy channel length of ~28 km, a specific gradient of ~0.25‰, and no tributary convergence in the section. The mean annual discharge at the outflow of the Pingluo section has been calculated as 276.7 billion m3 (1950–2020) and the mean annual quantity of sediment as 105 million t (1960–2020) (data source: Yellow River Conservancy Commission). The flood season runs from July to October. The Pingluo section experiences an uneven distribution of water and sediment load throughout the year, with mean runoff during the flood season accounting for ~55% of the annual total and mean sediment load accounting for ~76% of the annual total (1952–2003). The Pingluo section has heterogeneous water and sediment sources, and Zhao [24] concluded that more than 90% of the runoff from the upper Yellow River comes from the reaches of the river above Lanzhou, while ~50% of the sediment comes from downstream of Lanzhou.



The channel morphology of the Pingluo section alternates between wide and narrow; the river type is predominantly braided (Figure 1c). More particularly, the upstream section of the river channel at Shijiataizi Village, the section at Beiya–Sankeliu Village, and the downstream section at Yanhe Village exhibit wide channels, typical of a multi-thread river type. The river channel sections at Baiyaizi–Beiya Village and Sankeliu–Yanhe Village are narrower and are either straight or slightly curved in form, representative of a single-channel river type. The bars in the Pingluo section account for ~40% of the total area of the river and are dominated by mostly diamond-shaped and willow-leaf-shaped bars; the angle between the direction of the channel’s long axis and the direction of water flow is <45°. Most of the sediment in the Pingluo section is fine-grained sand, ranging in grain size from 116 to 187 μm, and highly influenced by fluctuations in the river’s water level and changes in flushing and siltation.




3. Methods


3.1. Data Acquisition and Processing


A total of 11 Landsat images from 1973–2023 were acquired from the United States Geological Survey server (USGS, Earth Explorer). To reduce the influence of seasonal water level changes on the water surface, we selected Landsat images captured during the base-flow period (November–March) of the year (see Table 1 and Figure 2a).



The image preprocessing consisted of two stages. First, the image data were radiometrically calibrated and atmospherically corrected using the ENVI 5.3 software (Developed by Exelis Visual Information Solutions, Boulder, CO, USA) (Figure 2b,c) to eliminate errors made by the sensors during the process of acquiring the radiometric values as well as to counter the effects of atmospheric scattering and reflections from the ground. Secondly, we used the ArcGIS 10.8 software developed by Esri to resample the Landsat 1 and Landsat 2 images with an accuracy of 30 m (Figure 2d) so that the raster accuracy of the 11-phase remote sensing images would be unified in the subsequent processing.



The hydrological data in this paper were obtained from the Yellow River Network supervised by the Yellow River Conservancy Commission (https://www.yrcc.gov.cn/, accessed on 2 June 2023). These archives mainly consist of three datasets: the Yellow River Sediment Bulletin, the Yellow River Water Resource Bulletin, and the Yellow River Daily Water Condition Dataset. Meteorological data were obtained from the Statistical Yearbook of the People’s Government of Ningxia Hui Autonomous Region (https://www.nx.gov.cn/, accessed on 14 June 2023) and the Investigation and Assessment Log of Yellow River Water Resources compiled by Zhang et al. [25]. Neither the hydrological nor the meteorological data were preprocessed by other scientists.




3.2. Riverine Shoreline Extraction


The normalized difference water index (NDWI) [26], a new decision tree tool, and visual inspection were used to extract the river shape, thereby effectively improving the accuracy of the river morphology extraction results. The specific steps are outlined below.



First, the green and near-infrared bands of the Landsat remote sensing imagery were calculated after inputting the NDWI in ENVI 5.3 software (Figure 2e), thereby highlighting water feature information through band combinations via the following expression:


  N D W I =   g r e e n − N I R   g r e e n + N I R    



(1)







Second, the gray values of the water and non-water areas of the current image calculated using the NDWI were used as the classification threshold for the band calculation (Band Math), thereby dividing these values into two types of rasters with values of 1 and 0. Then, the water bodies were extracted from the images computed in the above bands using an NDT (Figure 2f).



After dividing the water body and beach using the above formula, the extracted water surface data were successively converted to vector format and shapefile format using a classification to vector tool and a classic EVF to shapefile tool, thereby meeting the ArcGIS file format requirements for further processing.



Third, the water surface vector file was imported into ArcGIS 10.8 and smoothed (using a smooth polygon tool) with a smoothing index of 120 m to smooth the watershed boundary. The river boundary results were then visually checked and corrected (Figure 2g) to artificially extract the fine and narrow watercourses that would not be detected by the above geoprocessing and to correct the incorrectly extracted off-channel watercourses.




3.3. River Morphology Indicators


In order to quantitatively analyze river channel evolution in the Pingluo section of the Yellow River over the last 50 years, two channel morphology parameters, namely, the river area (A) and river width (B), as well as three tributary channel parameters, namely, the channel braid index (BIT), area of wet channel (AW), and width of wet channel (BW), were extracted as the main quantitative indices. The formulas for the calculation of each parameter are shown in Table 2.





4. Results and Discussion


4.1. Characteristics of Channel Evolution


To facilitate the description of river channel morphology and its evolution, the river’s reach analyzed in this study was divided into sub-reaches A-G as follows (upstream to downstream): upstream of Shijiataizi Village, Shijiataizi Village to Baiyizi Village, Baiyizi Village to Beiya Village, Beiya Village to Shuiquan Village, Shuiquan Village to Sankeliu Village, Sankeliu Village to Yanhe Village, and downstream of Yanhe Village (Figure 1c).



Overall, both the area and width of the river contracted from 1973 to 2023 (Figure 3a,b). Additionally, this evolutionary process could be roughly divided into three stages (Figure 4a,b). From 1973 to 1988, the area of the river rapidly expanded from 31.2 km2 to its maximum value in 1988 (54.4 km2). The width also reached its peak (1800 m) during this period. Between 1988 and 2013, the river area and width experienced a gradual decline, reaching their minimum values in 2018 (15.3 km2 and 500 m, respectively), marking the lowest recorded values for the past 50 years. From 2018 to 2023, a slight increase was observed for both of these indicators.



From 1973 to 2023, the braiding index of the river branch showed an overall decreasing trend (Figure 4d), consistent with the river area. There were approximately three stages. Firstly, from 1973 to 1986, the branch braiding index increased significantly from 1.78 to its maximum value for the past 50 years of 3.90. Sub-reaches A, B, and E developed a large number of tributary channels to divide the floodplain, forming a complex multi-thread river type. In 1977, sub-reach A showed typical meandering river characteristics. By 1986, these tributary channels tended to be narrow and far from the thalweg of the river, giving the Pingluo section of the river a greater width but decreased flow area. Secondly, from 1986 to 2018, the river gradually narrowed, the thalweg tended to straighten, and a large number of tributaries were diverted and abandoned. The braiding index for tributaries in the Pingluo section decreased slowly year by year, reaching its minimum value for the past 50 years in 2018 (i.e., 1.70). At this time, the total length of the multi-threaded river section was greatly reduced to about 8.4 km. Except for sub-reaches A, D, and G, the other sub-reaches were mainly single-channel rivers. Finally, from 2018 to 2023, the braiding index of the tributaries increased rapidly. Sub-reaches D and E developed a large number of tributary channels, forming a local meandering type of river. The tributaries during this period principally divided the river’s mid-channel bars.



From 1973 to 2023, although the wet channel width and area showed an overall decrease, there were differences in the hinge time (Figure 4a,b). From 1973 to 1977, the wet channel area and width both rose to their maximum values for the past 50 years. From 1977 to 1986, the tributaries began to divide the river’s point bars rather than its mid-channel bars, and the wet channel area and mean wet channel width decreased. From 1988 to 2009, with the disappearance of a large number of tributary-divided point bars, the river’s flow path width and area reached their lowest levels for the past 50 years, i.e., 271 m and 9.7 km2, respectively. From 2009 to 2023, the wet channel width and area of the Pingluo section both showed an upward trend.




4.2. Characteristics of Tributary Bars


From 1973 to 2023, the total and mean areas of the bars and the bar braiding index of the Pingluo section declined (Figure 4c). This can be divided into three evolutionary stages. Firstly, from 1973 to 1986, a large number of bars developed in the sub-reaches, except for sub-reach C (Baiyizi Village to Beiya Village), and the total and mean areas of these bars rose sharply to 36.4 and 0.4 km2, respectively, reaching their maximum value for the past 50 years. For example, two large bars developed on the eastern shore of sub-reach A (the reaches upstream of Shijiataizi Village), with a total length of 8900 m, resulting in a sharp increase in the bar braiding index to 5.38. Secondly, from 1986 to 2018, the tributary channels on the western shores of sub-reaches A and B (the Shijiataizi Village to Baiyizi Village stretch of the river) and the eastern shore of sub-reaches D–G (downstream of Beiya Village) gradually shrank, resulting in the merger of edge point bars and the riverbank. Here, the bar area decreased rapidly, reaching its minimum value for the past 50 years of 4.2 km2 in 2018; the bar braiding index also reached its minimum value in the same year (1.28). At this time, except for sub-reaches A and D, which retained some small marginal point bars and core bars, the number of bars in other reaches became small. In 2003, affected by an increase in the number of small mid-channel bars, the mean area of bars reached a minimum of 0.06 km2. Finally, from 2018 to 2023, sub-reaches A, D, and E developed bars, and the number of bars increased slightly, as did the area covered by bars.




4.3. Analysis of Factors Influencing River Channel Evolution along the Pingluo Section over the Past 50 Years


The Pingluo section of the Yellow River developed on the 1600 m Quaternary alluvial deposits [29], and the material composition of the riverbed is uniform. Although strike-slip, thrust, and normal faults play a positive role in the geological structure of Ningxia Province [30], there were no significant changes during the study period. Considering the scale of 50 years of research, the morphology of rivers was mainly controlled by climate change and human activities [31].



4.3.1. Response of River Channel Evolution to Climate Change


Although global warming will lead to increases in water evaporation and thus change runoff values [32], this process is complex [33,34]. In addition, the water and sediment in the study area have different sources, i.e., ~99% of the runoff comes from cold, alpine areas above Lanzhou [23,35]. The area of confluence for the arid and semi-arid regions downstream of Lanzhou is small, but the sediment content is huge. According to this study’s calculations, the Sperman correlation coefficient between temperature and flow in the Pingluo section for 1973–2020 was just −0.172. It was found from a comprehensive analysis of temperature and river hydrology (Figure 5a) that the impact of temperature change on changes in runoff along the Pingluo section was limited. Basin precipitation was the main source of runoff, and changes in this directly led to changes in the basin’s output flow [1].



On an interannual scale, there is a highly consistent correlation between the flow along the Pingluo section and the high and low upstream precipitation values (Figure 5a); flood events and concentrated precipitation events are especially chronologically well matched. Heavy precipitation can increase river runoff, and rising water levels can drown secondary tributaries, bars, point bars, and other geomorphic units, quickly washing away bars or even the riverbed and thus reshaping the river and altering its location. In 2012, 2018, 2019, and 2020, four large floods with a flow of >3000 m3/s occurred along the Pingluo section (Figure 5d). Taking 2018 as an example, 711 mm of precipitation fell in the upper reaches of the Yellow River, 30% greater than the MAP for 1981–2010, and this caused large floods that had a huge impact on the lower reaches. During this flood, the daily flow was as high as 3470 m3/s (6 October 2018). At this time, the total bar area was 8.97 km2, 37% less than the mean value for the past 50 years, and the wet channel area was 88.43 km2, about 4.5 times higher than the mean value for the past 50 years (Figure 6b). By comparing the river’s morphology before and after the flood, it was found that on December 6 (when there was a daily flow of 929 m3/s), the river in the Shijiataizi Village sub-reach had migrated westward about 350 m compared with June 13 (when there was a daily flow of 918 m3/s), and the bends in the river had widened slightly (Figure 6a).



On an interdecadal scale, river runoff along the Pingluo section and precipitation values upstream exhibited similar variabilities (Figure 5a,b). For example, from 1973 to 1986, precipitation values were high, with a significant interannual variation. Runoff and sediment load showed similar characteristics and increased slightly, and the braided river index increased year by year. In 2002, precipitation and mean runoff were low, and the river contracted. Thereafter, precipitation in the upper reaches of the Yinchuan basin and runoff along the Pingluo section first declined, then increased. An increase in annual precipitation in the upper reaches of the Yinchuan basin over the past five years has led to a significant increase in flow along the Pingluo section (Figure 5a), resulting in a widening of the river and higher channel braiding and bar braiding indices (Figure 5d).




4.3.2. Impact of Human Activity on River Channel Evolution


	(1)

	
Impact of water conservancy facilities







At present, the main water conservancy facilities in the upper reaches of the Pingluo section are the Qingtongxia Reservoir, the Liujiaxia Reservoir, and the Longyangxia Reservoir, which were built and first operated in 1967, 1968, and 1986, respectively [22]. Of these, the Longyangxia Reservoir accounts for ~90% of the storage capacity of all the reservoirs in the upper reaches of the Lanzhou section of the Yellow River (Figure 5c) [36,37].



After the Longyangxia Dam was completed and operated in tandem with the Liujiaxia Reservoir in 1986, sizeable quantities of downstream water and river sediment were retained in the upper reaches of the Yellow River (Figure 5b). From 1986 to 2017, the annual runoff and sediment load along the Pingluo section of the study area decreased from 3.19 × 1011 m3 and 1.1 × 109 t before construction of the Longyangxia Dam to 2.252 × 1011 m3 and 0.7 × 109 t, a year-on-year decrease of 29.4% and 37.4%, respectively, resulting in the contraction and narrowing of the river channel along the Pingluo section of the Yellow River. As a consequence, both the channel and the bar braiding indices, as well as the total area covered by the river, gradually decreased.



Due to increased precipitation in the upper reaches of the Yellow River from 2018 to 2023, the upstream reservoirs all increased their flood storage levels to cope with the higher precipitation and runoff levels. The Longyangxia Reservoir’s floodwater level, for instance, was adjusted to 2594 m for the first time in 2021. As a consequence, the number of days with a daily flow exceeding 3000 m3/s along the Pingluo section increased significantly, as did flood frequency (Figure 5c); flow reached higher levels and lasted longer [38]. Simultaneously, the sediment load decreased, and the river channel was more strongly eroded during the flood season, widening rapidly. The channel’s braiding index and curvature of the tributaries both increased.



	(2)

	
Influence of dike protection facilities







The government has built a large number of flood prevention levees along the studied section [39]. For example, along the river course, a high embankment (~4 m higher than the river’s usual level) was built outside the floodplain (Figure 7a), and a low embankment (~2 m higher than the river’s normal level) was constructed on the floodplain (Figure 7b) to prevent the flooding of fields caused by fluctuations in the river’s water levels. Simultaneously, stone spur dikes (~2.5 m higher than the river’s usual level) were built along narrow stretches of the river (Figure 7c) to reduce lateral erosion of the riverbank.



Over the past 50 years, the river has migrated eastward a little near Shijiataizi Village, Baiyizi Village, and Sankeliu Village, but its position has remained relatively fixed, largely constrained by the abovementioned dikes. These dikes have also prevented water overflow during the flood season and any freak events, meaning that river flushing and siltation have mainly occurred around the dikes, thereby limiting lateral erosion and widening of the river channel.



The response of river channel morphology to human activity over the past 50 years was also analyzed. Except for the catastrophic flood of 1988, the mean annual runoff and sediment load along the Pingluo section decreased significantly from 1986 to 1996 (Figure 8b). The ratio of annual runoff volume (Q) and annual sand transport (QS) also fell significantly over the same period, indicating an increase in the sediment-carrying capacity of the river during these years. Simultaneously, the ‘reduce peaks and stagnate floods’ mechanism of the upstream dams caused a decline in flood season runoff [37,40], resulting in the narrowing of the main river channel and the abandonment of some tributaries.



From 1996 to 2002, although the Q/QS value increased slightly (Figure 8a), the proportion of flood season to annual runoff in this period was the lowest it has been for the past 50 years (Figure 8b,c), resulting in further falls in the braiding index and river width of the Pingluo section of the Yellow River.



From 2002 to 2018, upstream increases in precipitation led to increases in annual runoff, but dam interception and increases in vegetation coverage in the Yinchuan basin caused a continuous decline in river sediment load [41,42,43], and a significant increase in the Q/QS value. The river channel was mainly wash load, and the river’s width continued to shrink. Simultaneously, increases in flood season runoff were less than increases in annual runoff (Figure 8b), but there was no significant change in the proportion of annual runoff to flood season runoff (Figure 8c), meaning that the ability of floodwater to alter the river’s topography was weak.



Some scholars argue that the Yellow River channel began to shrink since the Liujiaxia and Qingtongxia reservoirs were built in 1968 [44]. During 1986–1996, further joint operation of the Longyangxia, and Liujiaxia reservoirs caused severe siltation of the Ningmeng River section, including the Pingluo section [23]. The Shizuishan–Toketo section downstream of the Pingluo section experienced a decrease in water and sand volume and a severe shrinkage of the main channel from 1987 to 2007 [45]. From 2009 to 2019, the annual runoff of the Ningxia section of the Yellow River increased by 139% due to precipitation [46]. This is all very much in line with the conclusions of this paper. In addition, Zhao [23] attributed the main cause of river siltation to the upstream dams storing water and cutting peaks during the flood season, leading to a significant reduction in high-flow conditions and a reduction in the ability of the water to transport sand. Wang [47] argued that the temporal variation in the rate of riparian oscillation in the Yinchuan Plain is mainly constrained by human damming, water storage, and other factors, while the spatial variation is mainly constrained by regional differences in the composition of riparian materials. Xu [37] believes that the weakening of the dilution effect of the incoming water from the upstream clear water area on the highly sandy water flow in the sandy area is also an important reason for the increase in flushing and siltation in the Lanzhou–Toudaoguai section of the river from 1986 to 1996.






5. Conclusions


Using multi-period Landsat series of remote sensing images from 1973 to 2023, this study extracted and analyzed river channel morphometric parameters such as the channel braiding index (BIT), the bar braiding index (BIB), the average bar area (Ab), and the width of the wet channel (BW) along the Pingluo section of the Yellow River. It was found that the river area along this section has contracted over the last 50 years. Parameters such as river width and the braiding index showed a three-phase change that characterized 1986 and 2018 as the main turning points within the overall study period, i.e., between 1973 and 1986, river area, the channel braiding index, and river width increased year on year; during the period 1986–2018, the river experienced a persistent and slow contraction; and during the 2018–2023 period, parameters increased and the river area expanded slightly.



A synthesis of regional climate records and human activity data indicated that climate-induced increases in precipitation likely increased the magnitude and frequency of floods along the Pingluo section between 2018 and 2023, along with the river braiding index and inundation area. Dams built after 1986 intercepted a significant quantity of runoff and sediment, reducing high water level peaks and stagnating floods, resulting in an increase in low and medium flow calendars and possibly a narrowing of the river channel.
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Figure 1. Location of the Pingluo section of the Yellow River. (a) The Yellow River Basin. (b) Overview of the topography of the Pingluo section. (c) Channel geomorphic planform and the sub-reaches of the Pingluo section. 






Figure 1. Location of the Pingluo section of the Yellow River. (a) The Yellow River Basin. (b) Overview of the topography of the Pingluo section. (c) Channel geomorphic planform and the sub-reaches of the Pingluo section.



[image: Water 16 00911 g001]







[image: Water 16 00911 g002] 





Figure 2. Image preprocessing and river data extraction. 
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Figure 3. Morphological changes along the Pingluo section of the Yellow River from 1973 to 2023. (a) Overlapped comparison of the planform of the Pingluo section. (b) The annual planform changes along the Pingluo section. 
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Figure 4. Variation in river parameters along the Pingluo section of the Yellow River from 1973 to 2023. (a) Trends in changes in wet channel area and river area. (b) Trends in changes in river width and wet channel width. (c) Trends in changes in total and average bar areas. (d) Trends in changes in the bar braiding and channel braiding indices. 
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Figure 5. Climatic and environmental changes along the Pingluo section, 1973–2023. (a) Changes in air temperatures in the Yellow River Basin and precipitation in the upstream reaches of the Pingluo section. (b) Changes in runoff and sediment load along the Pingluo section. (c) Variations in the water storage capacities of reservoirs in the upstream Pingluo section and the number of days with daily flow exceeding 3000 m3/s. (d) Trends in river morphology parameters along the Pingluo section. 
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Figure 6. Impact of flooding on channel morphology along the Pingluo section. (a) Channel morphology of the Yellow River’s Pingluo section during the same flow period before and after the flood of October 2018. (b) River morphology during the flood of October 2018 (the high and low sand contents are based on analyses of remote sensing imagery). 
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Figure 7. Levees along the Pingluo section. (a) High embankments. (b) Low embankments. (c) Embankments and spur dikes. 
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Figure 8. Trends in the interannual water quantities and runoff-to-sediment ratios along the Pingluo section, 1973–2023. (a) Ratio of annual runoff to sediment load along the Pingluo section. (b) Flood-season water quantities and annual water quantities along the Pingluo section. (c) Ratio of flood season runoff volume to annual runoff volume along the Pingluo section. 
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Table 1. Image data information sheet.
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	Data Series
	Sensor Type
	Imaging Time
	Resolution (m)





	Landsat 1
	MSS
	December 1973
	60



	Landsat 2
	MSS
	October 1977
	60



	Landsat 5
	TM
	November 1986
	30



	Landsat 5
	TM
	December 1988
	30



	Landsat 5
	TM
	November 1993
	30



	Landsat 5
	TM
	December 1998
	30



	Landsat 5
	TM
	March 2003
	30



	Landsat 5
	TM
	February 2009
	30



	Landsat 8
	OIL
	November 2013
	30



	Landsat 8
	OIL
	November 2018
	30



	Landsat 8
	OIL
	March 2023
	30










 





Table 2. Definition and calculation of channel morphology parameters.
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	River Morphology Parameters
	Formula
	Description of the Formula





	River area (A)
	   A =   A   W   +   A   B     
	A is the total area of the reach of the river, including the area of the wet channel (AW) and the area of all the islands and/or sandbars (AB).



	River width (B)
	  B =     B   i    ¯    1
	Bi is the width of the furthest two sides of the branch on the i-th cross section along the river flow [4].



	Channel braiding index (BIT)
	     B I   T   =     N   w i    ¯    
	Nwi is the number of branching channels in the i-th cross section along the river flow [27].



	Wet channel area (AW)
	-
	AW is the total water area of the reach.



	Wet channel width (BW)
	     B   W   =     B   w i    ¯   B = Σ   B   w i − j     
	Bwi is the total width of the river flow path on section i.

Bwi-j is the width of the j-th branch in the i-th cross-section along the flow of the river.



	Bar braiding index (BIB)
	     B I   B   =   2   Σ L   b       L   r     +     N   B       L   r       
	Lb is the length of each island and/or sandbar in the reach, NB is the total number of islands and/or sandbars in the reach, and Lr is the straight-line distance between the upper and lower ends of the reach [28].



	Area of the bar (AB)
	-
	AB is the total area of all islands and/or sandbars in the reach.



	Average area of the bar (Ab)
	     A   b   =     A   B       N   B       
	Ab is the average area of all islands and/or sandbars in the reach.







Note: 1 The bar above the formula represents the average of the content below it.
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