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Abstract

:

Spanning the Yangtze River of China, the Three Gorges Dam (TGD) has received considerable concern worldwide with its potential impacts on the downstream side of the dam. This work investigated the spatio-temporal variations of suspended sediment concentration (SSC) at the downstream section of Yichang-to-Chenglingji from 2002 to 2015. A random forest model was developed to estimate SSC using MODIS ground reflectance products, and the spatio-temporal distributions of SSC were retrieved with this model to investigate the characteristics of water-silt variation. Our results revealed that, relatively, SSC before 2003 was evenly distributed in the downstream Yangtze River, while this spatial distribution pattern changed ce 2003 when the dam started storing water. Temporally, the SSC demonstrated a W-shaped curve of seasonal variation as one peak occurred in September and two troughs in March and November, and showed a significantly decreasing trend after three-stage impoundment. After official operation of the TGD in 2009, the SSC was reduced by over 40% than before 2003. Spatially, the most significant changes occurred in the upper Jingjiang section, where the SSC dropped by 45%. During all stages of impoundment, the water impoundment to 135 m in 2003 had the most significant impact on suspended sediment. The decreased SSC has led to emerging risks of bank failure, aggravated erosion of water front and aggressive down-cutting erosion along the downstream of the dam, as well as other ecological and environmental issues that require urgent attention by the government.
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1. Introduction


Suspended matters in river water mainly consist of sediments. Suspended sediment concentration (SSC) affects the transmission of light through the water column, transport of pollutants and heavy metals, and production of water-column phytoplankton and other aquatic vegetation [1,2,3]. Meanwhile, suspended sediment in natural waters and their associated processes play a critical role in shaping the physical riverscape and regulating the associated ecological systems [4,5].



Since officially operated in 2009, the Three Gorges Dam (TGD) played key roles in flood control, power generation, shipping, drought resistance, and water supply [6,7]. However, the dam has also triggered considerable concerns worldwide. In accordance with the operation strategy of “storing clear water and releasing the mud,” the clear water discharged over the spillway of the dam vigorously scours the riverbeds and riverbanks [8]. This process exerts a far-reaching impact on the ecological environment along the downstream from the TGD—bank collapse, soil erosion, and sediment deposition, among others. Thus, understanding suspended sediment distributions and their long-term changes in the downstream of the TGD would be a prerequisite to explain how the suspended-sediment changes over time and space under a changing climate and increased human activity [9,10].



Traditionally, the SSC is surveyed mainly by means of sampling method and indoor analysis. Yet, such a research based approach is a time-consuming process, and can obtain only a small number of data points, which are discrete in spatio-temporal distribution [11,12]. In recent years, as the utility of satellite remote sensing has been applied in SSC estimation [13,14,15], many studies on SSC have been conducted using different remote-sensing data sources and methods and have achieved satisfactory results. For instance, Miller et al. (2004) explored the correlation between the Moderate Resolution Imaging Spectroradiometer (MODIS) single band reflectance and SSC in an aquatic environment [16]. Volpe et al. (2011) proposed an approach to estimating SSC in lagoon/estuarine waters by using the radiative transfer model [17]. Bowers et al. (2014) used measured data to establish an exponential model between the band backscattering coefficient and SSC [18]. Guillo et al. (2017) evaluated the spatio-temporal variabilities of near-surface SSC under the combined effects of tides and waves based on numerical simulations [19].



The empirical statistical model is also widely used to conduct remote-sensing monitoring of SSC in the aquatic environment [20]. The uncertainty between aquatic information and remote-sensing information is assumed in a specific functional relationship. Thus, the uncertainty can be estimated by transforming it into multiple linear functions [21]. The process typically requires samples to satisfy the specific distribution characteristics (such as normal distribution). However, for water parameters, the widely existing spatio-temporal autocorrelation fails to satisfy the assumptions. Therefore, theoretically, the hypothesis is inadequacies, resulting to low precision, poor extension performance, and narrow application of the prediction model [22,23].



Numerous studies prefer the non-parametric model with wide applicability and high reliability. Yang (2009) used an artificial neural network (ANN) model to evaluate the transport formulas of the total sediment load [24]; Ozgur (2012) developed a support vector machine (SVM) model to accurately estimate daily SSC [25]. However, difficulties also arise in using these models. Although ANN is unnecessary to assume a functional relationship between SSC and the remote-sensing parameters in advance, “overfitting” occurs, in which the prediction ability shows a nonconforming increase as the degree of fitting increases [26]. The SVM model yields an undesirable result when the default parameter is used. Its prediction effect is unideal when experience parameters are used and the calculation is considered miscellaneous [27]. Simultaneously, these models involve complex methods, and internal operating mechanisms have yet to be determined, in which the model variables are difficult to explain. These limits reduce the prediction accuracy and restrict the applications of the non-parametric models.



In addition, the spectral response of sediment-laden water is not only dependent on SSC but also closely related to the sediment properties (color, type, and particle size), mineral composition, chlorophyll, and chromophoric dissolved organic matters in water. Therefore, the number of variables involved in the SSC retrieval model is large and complex. Random Forest (RF) [28], an algorithm based on classification trees, is flexible, robust, simple, and convenient. It can be used for classification, clustering, regression, and prediction analysis, among others. In recent years, RF has been widely used in remote-sensing and forecasting [29,30]. If the model clearly provides advantages in parameter optimization, variable ordering, subsequent variable analysis, and interpretation, RF is suitable for the remote-sensing estimation of suspended solids in the downstream from the dam.



Therefore, given the advantages of RF algorithm in SSC estimation, and the increasing need of SSC data for investigating the impacts of TGD on sediment, this study was motivated to apply RF algorithm to estimating SSC and investigated the variations of SSC during impoundment periods at the downstream sections below the TGD from Yichang to Chenglingji. The main objectives of this study are (1) to examine the feasibility of estimating SSC using the RF algorithm and to construct a RF model for a TGD of the downstream Yangtze River; (2) to investigate the spatio-temporal variations of SSC during impoundment; and (3) to analyze the possible impacts of SSC change on the bank of the downstream Yangtze River.




2. Materials and Methods


2.1. The Study Area and the Impoundment Stage of TGD


The river section from Yichang to Chenglingji in the downstream side of the TGD is located at the middle reaches of the Yangtze River, with a total length of approximately 480 km. According to the different characteristics of the river, the river section from Yichang to Chenglingji (Yi-Cheng) is divided into sub-sections of Yichang to Zhicheng (Yi-Zhi), Zhicheng to Ouchikou (upper Jingjiang), and Ouchikou to Chenglingji (lower Jingjiang) (Figure 1) [7]. The region is of high density in agricultural activities and population. Three important hydrological control stations distribute along the river in Yichang, Shashi, and Chenglingji. The geographical locations and hydrological characteristics of these stations can basically cover a typical hydrological information (e.g., runoff and sediment) over the region. Therefore, monitoring data at these stations are used as sample data for remote-sensing inversion and model validation of SSC.



The upper stream of the Yangtze River is intercepted by the TGD (2335 m long and 185 m high), which forms a 660 km long Three Gorges Reservoir (TGR) with a water surface area of 1084 km2 and a storage capacity of 39.3 billion m3 [31]. The TGD started storing water step by step from 135 m in 2003, to 156 m in 2006, and 172 m in 2008. After two years of experimental impoundment in 2008 and 2009, the TGD has been officially operated at full capacity [32]. Thus, the study period (2000–2015) is divided into five stages (before 2002; 2003–2005; 2006–2007; 2008–2009; 2010–2015) to investigate the temporal variations of SSC and the effect of the impoundment on SSC in the downstream Yangtze River.




2.2. Estimation of Suspended Sediment Concentration


The daily sediment concentration data measured at the three hydrological stations (Yichang, Shashi, and Chenglingji) were point-integrated samples collected at 0.2, 0.6, and 0.8 water depths from ten verticals in the cross-section. The water samples were treated following the national standard [33]. Statistical charts of monthly runoff and sediment discharge at the three stations from 2002 to 2015 were collected from the annual Yangtze River Sediment bulletins issued by the Changjiang Water Resources Commission. The Digitizer Module of OriginPro 9.0 [34] was used to analyze these data and calculate the monthly mean SSC (Equation (1)).


  ρ =   100 m  v     



(1)




where m is the monthly sediment discharge (106 t), v is the monthly runoff (108 m3), and ρ is the monthly mean SSC (mg/L).



A total of 504 SSC sample records (3 stations in 12 months during the 14 years) were collected. The data records were split into two sub-datasets: 80% of the records were selected randomly to train the RF algorithm and develop the estimation model, and the remaining 20% were used for validation and evaluations.




2.3. Remote Sensing Datasets Collection and Processing


2.3.1. Datasets Collection


The MODIS Terra ground reflectance products (MOD13Q1) from 2002 to 2015 were downloaded from the National Aeronautics and Space Administration (NASA) Earthdata website (http://reverb.echo.nasa.gov/reverb/). These products, which adopt sinusoidal projection with a spatial resolution of 250 m, are synthesized for 16 days by using the atmospheric corrected vegetation indices. It includes the ground reflectance in the blue, red, mid-infrared and near-infrared (NIR) bands [35]. For the study area, the following two tiles of the images are required: h27v05 and h27v06, where h and v denote the horizontal and vertical tile number, respectively.




2.3.2. MODIS Data Processing


The downloaded images are then processed as follows. Atmospheric correction, radiance calibration and geometric correction of MOD13Q1 have been performed by NASA before delivery to the user. The MOD13Q1 datasets provided in Hierarchical Data Format (HDF) were imported to the GeoTIFF format by the MODIS Reprojection Tool (MRT) 3.0a [36] and reprojected from the Integerized Sinusoidal (ISIN) projection to a geographic projection (WGS 1984 UTM Zone 49N). Then the two tiles of h27v05 and h27v06 were mosaiced into one tile, and a rectangular image covering the study area is clipped by the MRT tool.




2.3.3. Reflectance Information Extraction


The 3 × 3 regional pixel value around the three monitoring points are chosen to extract the reflectance of each hydrological area. Due to the low spatial resolution of MOD13Q1, the reflectance of the pixels can be influenced by the width of the river, the passing ships, and clouds or fog in different periods. Therefore, we need to find the most spectrally pure pixels from these, and use their values as the reflectance of the monitoring points. As a water body has a negative normalized difference vegetation index (NDVI), a lower NDVI of a certain pixel indicates a higher probability that the pixel is a pure water body. Thus, we first use NDVI MOD13Q1 data to determine the 3 × 3 pixel region of each monitoring point, then locate the position of the NDVI value that is the minimum of nine pixels, and ultimately extract the corresponding location of all bands.





2.4. Regression Model for the Estimation of Suspended Sediment Concentration


2.4.1. Data Processing and Selection of Variables


The SSC and the reflectance are arranged, and the outliers are removed using the Dixon’s Q-test [37]. To ensure that the regression parameter estimator exhibits good statistical properties and thus improves the accuracy of the model, the natural logarithm of SSC (expressed as Ln (SSC)) is calculated and then fit with other band reflectance [38]. Simultaneously, to explore the temporal variation of SSC, the datasets were divided into sub-datasets according to two hydrological regimes (wet season from May to October, dry season from November to April), and four seasons (spring from March to May, summer from June to August, autumn from September to November, winter from December to February).



One of the key tasks in SSC estimation using RF algorithm is the selection of the input variables. Numerous studies suggested that five group variables, including the band reflectance (Band(i)), enhanced vegetation index (EVI), difference vegetation index (DVI DVI(i,j)), ratio vegetation index (RVI(i,j)), and NDVI(i,j), are the most widely used variables [14,15,16], where i and j are band number. There are four bands reflectance for MOD13Q1, resulting in four band reflectance variables (Band(1), Band(2), Band(3), Band(4)), six difference vegetation index variables (NDVI(1,2), NDVI(1,3), NDVI(1,4), NDVI(2,3), NDVI(2,4), NDVI(3,4)), six difference vegetation index variables (DVI(1,2), DVI(1,3), DVI(1,4), DVI(2,3), DVI(2,4), DVI(3,4)), and 12 ratio vegetation index variables (RVI(1,2), RVI(1,3), RVI(1,4), RVI(2,3), RVI(2,4), RVI(3,4), RVI(2,1), RVI(3,1), RVI(4,1), RVI(3,2), RVI(4,2), RVI(4,3)), and EVI variable. Thus, a total of 29 potential variables were used (Table 1, where B is spectral reflectance of ground reflectance products, i and j are band number).




2.4.2. Modeling Process


Two important parameters in the RF algorithm have been identified: the number of classified regression trees (k) and the number of random variables (m) of the separated nodes. By optimizing the two parameters, the prediction accuracy of the model can be improved [23]. In the present study, k has the value 50 as the interval in the range from 10 to 1010. m has the value 1 as the interval in the range of 1 to n (n is the number of prediction variables, i.e., 29).



The scikit-learn machine learning tool [39] in Python is used to implement the algorithm and then sort the variables by their contribution rates to prediction variables and prediction accuracy. A higher rate indicates greater importance of the variables. In RF, the importance of the variables is relative and the sum of the contribution rate is always 1.



Sorted by importance, the variables are screened from the other variables to ensure that the model has less predictive variables and a better prediction effect. This process does not only simplify the model, but also help to explain the variance of the model [40]. The Backward method [41] is employed to select the variable. According to importance of size sorting, all variables (n) are firstly selected as predictive parameters of the RF algorithm. The model is then used to predict the test sample and the prediction accuracy is recorded. One variable is then reduced. The aforementioned procedure is repeated. The prediction accuracy levels of the models under different combinations of variables are compared. The combination with the highest accuracy is considered the optimal variable set. On this basis, the RF model is reconstructed to test the prediction accuracy of the model. When the model is applied to all satellite pixels covering the studying area, the spatial variation of sediment concentration can be presented.





2.5. Model Evaluations


The coefficient of determination (R2), root mean square error (RMSE, Equation (2)), and relative RMSE (rRMSE, Equation (3)) [42] are used to evaluate the predictive ability of all regression models. RMSE is the most commonly used statistic indicator for measuring the model error. Meanwhile, rRMSE uses percentages to express model errors, which is relatively intuitive and is not affected by the range of raw data.


  RMSE =       ∑  i = 1  n     (  y  i , m   −  y  i , p   )  2     n       



(2)






  RRMSE = 100 %       ∑  i = 1  n     (  y  i , m   −  y  i , p   )  2        n y   i , m          



(3)




where n, yi,m, yi,p, and yi,m represent the number of testing data, the measured value, the estimated value and the average value of the measurement, respectively.





3. Results


3.1. Spatial Variation of Suspended Sediment


3.1.1. Spatial Distribution of Annual Suspended Sediment


Relatively, suspended sediment during the first stage was evenly distributed in the downstream side of the TGD, where the average concentration was between 70 and 90 mg/L (Figure 2a). In sharp river bends, suspended sediment was relatively higher. SSC in the course of the river was significantly reduced to the concentration averagely ranging between 50 and 70 mg/L during the second stage. Also, the distribution of sediment distribution was characterized by spatial differentiation, demonstrating that the amount of sediment is the lowest at the immediate downstream of the dam and reached the highest at Chenglingji (Figure 2b). The distribution of suspended sediment remained consistent and the average concentration was approximately 50 mg/L during the third and fourth stages (Figure 2c–d). After the TGD official operation in 2010, SSC remained stable in most sections, except for some curved reaches (Figure 2e). Comparing with the other stages, suspended sediment in Shishou section shifted significantly during the fifth stage only. A general conclusion can be made that SSC along the downstream of the dam decreased significantly from 2002 to 2015.




3.1.2. Spatial Distribution of Seasonal Suspended Sediment


During the first stage (Figure 3a1–a4), higher concentration at the downstream of TGD was found in certain river bends and in the middle of Dongting Lake with the average concentration of 60 mg/L in spring. In summer, the average concentration was 50 mg/L and a higher concentration was found in the main streams of the downstream. In autumn, the SSC for the whole range was elevated to 90 mg/L. In winter, the suspended sediment gradually increased from upstream to downstream, demonstrating a gradient in distribution where the average concentration was 75 mg/L. The concentration in the Jingjiang River section exceeded 100 mg/L, indicating a high probability of siltation.



During the second stage in spring (Figure 3b1–b4), SSC concentration at downstream of the dam was quite low at averaging at 30 mg/L. Peak concentration was found at the Chenglingji section. In summer, sediment was evenly distributed as a similar pattern as that of before impoundment (50 mg/L). In autumn, the average concentration elevated to 80 mg/L and the spatial distribution was still a gradually-increasing gradient from upstream to downstream. The concentration of sediment in winter, averaged at 60 mg/L, while higher concentration of 90 mg/L were found in the lower section of the Jingjiang River.



During the third stage (Figure 3c1–c4), SSC at the downstream in spring was also relatively low. For most of the sections, the concentration was lower than 30 mg/L. Higher sediment concentration was found at the end of the Chenglingji section and the average concentration exceeded 90 mg/L. In summer, sediment concentration was slightly higher than that in spring and the average concentration for the whole range was between 30 and 60 mg/L. In autumn, sediment concentration for certain parts of the river exceeded 60 mg/L and a significant increase was detected at the end of the Chenglingji section. In winter, sediment concentration was substantially decreased at the Yizhi section. While in some river bends sediment kept silting up and the average concentration exceeded 90 mg/L. In the lower section of the Jingjiang River, sediment concentration was relatively high and the sediments showed a tendency of transporting to the downstream.



During the fourth stage (Figure 3d1–d4), SSC in spring averaged out to 30 mg/L and spatial distribution patterns were similar to those during the third stage. In summer, sediment concentration averaged at 50 mg/L, and peak concentration moved to the lower section of the Jingjiang River. In autumn, SSC at the downstream Yangtze River of the dam was slightly reduced and a relatively high concentration was found at the end of the lower Jingjiang River. In winter, sediment concentration averaged 60 mg/L and a higher concentration was observed in the river bends in the upper section of the Jingjiang River. The concentration exceeded 100 mg/L, resulting in a large amount of siltation.



After the official operation of the TGD (the fifth stage), SSC were similar to those during the fourth stage. The average concentration of suspended sediment was 30, 50, 45, and 55 mg/L for spring, summer, autumn, and winter, respectively. Overall, the spatial distribution of suspended sediment concentration in the downstream Yangtze River of the dam showed significant difference during different stages, and the most significant difference was observed between the first stage and the second stage.





3.2. Temporal Variation of Suspended Sediment Concentration


3.2.1. Seasonal Variations of Suspended Sediment Concentration


To investigate the temporal variation of SSC in different regions, the SSC in the whole Yi-Cheng river section and three sub sections (Yi-Zhi, upper Jingjiang and lower Jingjiang sections) were analyzed (Figure 4). Overall, a W-shaped seasonal variation curve could be roughly identified for the SSC at the downstream Yangtze River of the dam. The SSC of the whole Yi-Cheng river section started to drop sharply from 57 mg/L in January to 24 mg/L in March and April. Then it turned to increase and reached the maximum in September. Afterwards, SSC began to decease and arrived at the second trough in November. Except for the lower Jingjiang section, maximum SSC was found in September and minimum in March. The seasonal variations of suspended sediment were essentially consistent with that of the whole Yi-Cheng river section, while peak SSC for the lower Jingjiang section was found in December and January and trough concentration in April.




3.2.2. Annual Variations of Suspended Sediment Concentration


Annual variations of SSC at the downstream from the dam are presented (Figure 5) shows that the SSC has been in decline at the downstream areas of the dam from 2002 to 2015, indicating that the river was getting clearer along with the impoundment. The interannual rates of change of the mean SSC (as shown in Figure 5) were −1.82 mg/(L∙a), −1.51 mg/(L∙a), −1.94 mg/(L∙a) and −1.95 mg/(L∙a) for the whole Yi-Cheng section, Yi-Zhi section and the upper and lower Jingjiang sections, respectively.





3.3. Impacts of Impoundment on the Suspended Sediment at the Downstream.


Figure 6 shows the SSC distribution patterns in the whole Yi-Cheng river section and its three sub-sections. The SSC at the downstream Yangtze River of the dam has significantly decreased after the third stage of impoundment. After the official operation of the TGD in 2009, the SSC was reduced by more than 40% during the fifth stage than that during the first stage. The most significant changes were observed in the upper Jingjiang section, where the SSC dropped by 45% (Figure 7a). Out of all stages of impoundment, the water impoundment to 135 m in 2003 had the most significant impact on suspended sediment as the SSC during the second stage decreased by 20% as compared to the first stage. The most notable changes were observed in the Yi-Zhi section where the SSC dropped by 26% (Figure 7b). After the water impoundment to 156 m in 2006, the SSC of the whole Yi-Cheng section during the third stage decreased by 18% more than during the second stage, and the most significant changes were observed in the Jingjiang section. While the SSC during the fourth stage decreased by 3% compared to the third stage, this indicated that the experimental water impoundment to 172 m in 2008 had relatively less impact on suspended sediment at the downstream Yangtze River of the dam.





4. Discussions


The impacts of TGD have been discussed since the 1950s, among which the impact on hydrological regimes in the downstream has always been one of the most controversial issues [43,44]. Consequently, the Chinese government has been very cautious from the beginning, as were many scientists involved, as to the assessment of potential impacts of the TGP on climate, ecology, and environment. By 1991, The Environmental Impact Assessment (EIA) was complete, with the conclusion that TGP had little effect on the downstream of the dam. After years of monitoring since the initially impounding of TGD, the Chinese Academy of Engineering completed the Staged Assessment (SA) report for TGP, in which the government still persisted the results regarding the effect of TGP on the downstream [45]. However, our results indicate that the TGD has a significant effect on the incoming sediment from upstream. The impacts of TGP on the sediment have been studied extensively after the impoundment of the TGD in 2003 [46,47]. However, some studies indicated that sediment deposition after the operation of the TGP was different from the previous prediction [48]. Observations showed that the incoming sediment of TGD was much less than the value of preliminary design, the rate of deposition was reduced greatly; during June 2003 to December 2015, the incoming suspended sediment of TGD is 2.1152 billion t, and the flushing value is 0.5118 billion t, the flushing ratio of sediment is only 24.2% [49], suggesting that a large amount of sediment have been retained by TGD after water impoundment. Yang et al. [50] investigated the temporal variation of sediment flux of the Yangtze River, and found that 65% of the sediment flux decline since 2003 can be attributed to the TGD. Guo et al. [44] found that sediment loads in the Yangtze River have reduced progressively since 1980s, with a notably accelerated reduction since 2003. He [51] reported that sediment in the Jingjiang section has significantly changed since the impoundment of TGD, and vertical profiles of SSC have changed accordingly. Zhou et al. [52] analyzed the hydrological series and reported that sediment deposition in the Dongting Lake decreased significantly after the impoundment of TGD. Based on the current research results, SSC tends to decline further. In the meantime, the interannual rate of change of SSC has been gradually decreasing, indicating that the comprehensive effect of TGD on the incoming upstream sediment is diminishing.



As the above findings indicated, varying degrees of SSC reductions were revealed in the downstream Yangtze River channels of the TGD. The construction, impoundment, and operation of TGD altered the hydrodynamic conditions [53] and increased the sediments deposition in TGR [49]. Hydrodynamic conditions play a vital role in the distribution and transfer of pollution sources in sediments [54]. The pollution issues in the sediments of TGR have been increasingly highlighted [55,56], and the regular analytical method [57] and artificial intelligence algorithms [58] have been extensively used to identify the pollution sources. Results at 14 stations that covered the upper to the lower reaches of the TGD showed that mean concentrations of heavy metals in the sediments were higher than the geochemical background values and those in the soils after the impoundment of the TGD [59], this is consistent with the result form Bing et al. [54] who found that concentrations of heavy metal in the sediments increased after the TGD operation



River sediment is a worldwide concern because of its significant importance in shaping the physical riverscape and regulating the associated ecological systems [4,5]. Over recent decades, many rivers have experienced decreasing SSC [60]. The SSC has led to emerging risks of bank failure, aggravated erosion of water front, and aggressive down-cutting erosion along the downstream of the dam [61,62]. Zhou et al. [52] analyzed the hydrological series and observed enhanced lakebed sediment erosion in Dongting Lake induced by the operation of TGD. Guo et al. [44] reported that channel degradation occurred in downstream Yangtze River, leading to considerable river stage drop. According to the results from aerial surveys from September to December 2014 [63], a total of 138 bank collapses were detected in the Yichang-Chenglingji section. The largest length of bank collapses is 1500 m, while the minimum length is 41 m. The bank collapse width ranges from 10 to 160 m. All the collapses located at the lower Jingjiang section where water erosion occurs more frequently than the upper sections. The collapses are mostly strip-collapses that account for 68.1% of the total (94/138). The bank collapses mainly occurred at the absence or weak parts of revetment works, where cultivated lands and shore wetlands are often located.



For the Yichang-Zhicheng section of the river, where the course is straight and the bank is stable, the prediction is that no significant changes are to be expected in the near future. As for the upper Jingjiang section, which is subjected to the scouring of the river to a certain extent, the river banks are gradually stabilizing. In the lower Jingjiang section, the overall terrain is low-lying with many river bends. Under these circumstances, river continues to scour the bank for sediment recharge. As a result, bank of the river gets scoured, large amounts of sediments enter the river and the most severe erosion is likely to happen in these regions. Under the long-term influence of impoundment regulation, great changes are expected in this section. Despite the fact that the trend of change is stabilizing in the Yichang-Zhicheng section and upper Jingjiang section, some large river islands distributed in the course of the river might be significantly affected under the long-term influence of scouring. The growth and recession of siltation is likely to develop in the near future, which will surely have impacts on the water and sediment situation. Under the combined effects of above-mentioned factors, the river course is still evolving, thus issues such as seasonal water shortage (or drought), wetland ecosystem degradation, and change of relations between rivers and lakes still call for attention of relevant government departments.



Field surveys were also carried out at the Yichang-Chenglingji section during 14–20 December 2015 (Figure 8). Currently, most of the collapses have not yet been emerged as direct threats to local communities and properties. However, the risk is rising in the near future along with the trend of decreasing SSC at these river sections.



As the largest power station in terms of installed capacity, the Three Gorges Dam/Reservoir project is of great significance to China’s water conservancy development. However, since it started storing water in 2003, clear water vents to the downstream and enhanced a long-distance, long-term scouring of the downstream channels has occurred. The discharge of clear water from the reservoir erodes relatively stronger in the lower channels, which lead to the changes in riverbed sediment erosion, siltation, and bank collapses. The cases of riverbank collapses already revealed the associated ongoing and potential social-ecological impacts, including erosion and aggravation of the shoreline, a shortage of seasonal water resources, and the degradation of the wetland ecosystem in the middle and lower reaches of the Yangtze River.



The erosion effects of clearer water are most seriously threatening to the Jingjiang section at the middle and lower reaches of the Yangtze River. In recent years, the frequency of dangers of Jingjiang’s bank collapse has increased significantly, as did the length of collapses along the bank. According to research findings, the Yangtze River riverbed will undergo long-distance scouring and lateral expansion in the near future. This would have a greater impact on river control and revetment projects, and also trigger new riverbank collapses. Therefore, more farmland, docks, wetlands and even some residential areas on the shore are exposed to risks. In addition, larger scale landslides can be caused by riverbank collapses in certain cases, which may lead to unexpected waves that bring great harm to watercraft transportation and fishing activities. With the continuing operation of the Three Gorges Project, further hydro-geological changes in some river sections are in concern of researchers and practitioners. It is therefore necessary to strengthen monitoring and research in the near future, as well as pay close attention to the development of the “scouring-sedimentation process” along the downstream of the dam.




5. Conclusions


Suspended sediment in water plays an important role in the evolution of local geomorphology, water-land interaction, dredging of navigational channels, and shaping the physical riverscape. Suspended sediment concentration is an important water-quality indicator reflecting turbidity, riverine flux, and bank erosion. The Three Gorges Dam, regarded as the world’s largest hydropower project, has affected the hydrological regime at the downstream below the dam on the Yangtze River, further resulting in the changes of SSC. Thus, it is of great significance to investigate the spatio-temporal variations of SSC of the downstream to better understand the ecological and environmental impacts of the dam.



The random forest model was developed to estimate SSC using MODIS ground reflectance products. The spatio-temporal distributions of SSC of the downstream were retrieved by this model from 2002 to 2015. Relatively, SSC during the first stage was evenly distributed in downstream Yangtze River, where the average concentration was between 70 and 90 mg/L. This spatial distribution pattern has been changed since 2003 when the reservoir started storing water. The SSC generally increased from the upper section to the lower section of the downstream, and reached the highest at Chenglingji after 2003. Overall, a W-shaped seasonal variation curve could be roughly identified for the SSC at the downstream of the dam, with the peak occurred in September and two troughs in March and November. The SSC has been in decline at the downstream of the dam from 2002 to 2015. It significantly decreased after three-stage impoundment. After the official operation of the TGD in 2009, the SSC was reduced by more than 40% during the fifth stage than the first stage. The most significant changes were found in the upper Jingjiang section, where the SSC dropped by 45%. Out of all the stages of impoundment, the water impoundment to 135 m in 2003 has the most significant impact on suspended sediment as the SSC after 2003 decreased by 20% than before, and the most notable changes were observed in the Yi-Zhi section where the SSC dropped by 26%. The decreased SSC after the water impoundment suggests that the TGD has significant blocking effect on the incoming upstream sediment. Decreased SSC has led to emerging risks of bank failure, aggravated erosion of the water front, and aggressive down-cutting erosion along the downstream Yangtze River of the dam. These impacts may further cause potential issues, such as seasonal water shortage, wetland ecosystem degradation, and change of relations between rivers and lakes which calls for more attention of management agencies.
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Figure 1. Location of the Yichang-Chenglingji section in downstream of the Three Gorge Dam. 
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Figure 2. Distribution of annual suspended sediment concentration during different stages of impoundment. 
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Figure 3. Distribution of seasonal suspended sediment concentration during different stages of impoundment (YC, ZC, OCK, and CLJ represent for the Yichang, Zhicheng, Ouchikou, and Chenglingji, respectively). 
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Figure 4. Seasonal variations of suspended sediment concentration. 
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Figure 5. Interannual variations of suspended sediment concentration between 2002 and 2015. 
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Figure 6. Variations of suspended sediment concentration at different stages of impoundment. 
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Figure 7. Difference of sediment concentration between different stages of impoundment. 
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Figure 8. Cases of Riverbank collapses and the impacts along the Yichang-Chenglingji sections of the Yangtze River. Photos taken by the authors during 14–20 December 2015. (a) Riverbank collapse eroded croplands at the Ershengzhou Section (二圣洲段), left bank of the river, (b) Riverbank collapse eroded woodlands and shrubs at the Tianxinge Section (天星阁段), right bank of the river, (c) Riverbank protection project damaged due to bank collapses at the Beinianzi Section (北碾子段), left bank of the river, (d) Roads and ports facilities affected by bank collapses at the Beinianzi Section (北碾子段), left bank of the river. 
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Table 1. The potential variables of Random Forest model for the estimation of SSC.
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	Variables Group
	Equations
	Variables Number





	Band(i)
	Bi
	4



	EVI
	2.5 × (B4 − B2)/(B4 + 2.4 × B2 + 1)
	1



	NDVI(i,j)
	(Bi − Bj)/(Bi + Bj)
	6



	DVI(i,j)
	Bi − Bj
	6



	RVI(i,j)
	Bi/Bj
	12
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