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Abstract

:

Major development projects along rivers, like reservoirs and other hydraulic structures, have changed not only river discharges but also sediment transport. Thus, changes in river planforms can be observed in such rivers. In addition, river centerline migrations can be witnessed. The Mahaweli River is the longest in Sri Lanka, having the largest catchment area among the 103 major river basins in the country. The river has been subjected to many development projects over the last 50 years, causing significant changes in the river discharge and sediment transport. However, no research has been carried out to evaluate the temporal and spatial changes in planforms. The current seeks to qualitatively analyze the river planform changes of the Lower Mahaweli River (downstream to Damanewewa) over the past 30 years (from 1991 to 2021) and identify the major planform features and their spatiotemporal changes in the lower Mahaweli River. Analyzing the changes in rivers requires long-term data with high spatial resolution. Therefore, in this research, remotely sensed Landsat satellite data were used to analyze the planform changes of Lower Mahaweli River with a considerably high resolution (30 m). These Landsat satellite images were processed and analyzed using the QGIS mapping tool and a semi-automated digitizing tool. The results show that major changes in river Mahaweli occurred mainly in the most downstream sections of the selected river segment. Further, the river curvature was also comparatively high downstream of the river. An oxbow lake formation was observed over time in the most downstream part of the Mahaweli River after 2011. Centerline migration rates were also calculated with the generated river centerlines. It was found that the rates were generally lower than about 30 m per year, except for at locations where river meandering was observed. The main limitations of this study were the possible misclassifications due to the resolution of images and obstructions caused by cloud cover in the Landsat images. To achieve more accurate estimates, this study could be developed further with quantitative mathematical analysis by also considering the sediment dynamics of the Mahaweli River.
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1. Introduction


The geomorphology of rivers is highly dynamic and has to be closely monitored. Most of the large meandering rivers in the world, which carry significant sediment loads, are subjected to change over time [1]. In fact, braided rivers exhibit high variability within short periods [2]. These changes are often due to sediment movement, river hydraulic and hydrological processes, topography, and the vegetation properties of the riverine environments [3]. Studying the geomorphological changes in rivers is paramount in understanding the natural dynamics and will be helpful in predicting the patterns of future planform changes [4]. The knowledge gained through these analyses will be significant in the decision-making stage of river and floodplain management.



According to the literature, many investigations have been carried out for in recent decades on river planform changes, although these analyses represent different scales and have adopted different methods [3,4,5,6,7,8]. In many historical studies (during the 1990s and early-2000s), researchers used field data, analytical models, or numerical models to analyze river planform dynamics [9,10,11,12]. With the massive development of technology in recent years, more sophisticated computers with high computing power and satellite remote sensing data have become available. Therefore, most recent studies have taken advantage of remotely sensed satellite data (geospatial imagery) and tools such as GIS and algorithms, developed with programming languages such as MATLAB and Python [12]. In some cases, the spatial scale of river planform changes were only a few meters, while in others, there were migrations of up to a few hundred meters. Hence, the need arises for data with high spatial and temporal resolution [13]. Further, this will be crucial when analyzing highly dynamic rivers that contain large numbers of meandering bends.



To analyze the planform changes in rivers, long-term records of the river geomorphology are required. However, in many countries, there are no such databases that contain constant and long-term records of river planforms. This limitation is addressed by using remotely sensed data [14]. With the recent advancements in technology, the availability of free data has been hugely increased. Therefore, these remotely sensed data are used in many projects and research, not only in the water sector but also in many other fields. The importance of remotely sensed satellite data are their free and global availability and considerably high resolution (about 30 m). Further, some of these data are available for more than 30 years (ex: Landsat satellite data is available since 1984) [15].



Many researchers all over the world have used Landsat data to investigate the temporal variation of river meandering [16]. As it was stated, these techniques are chosen ahead of onsite surveying due to logistic and financial issues. Wray [17] has used multispectral Landsat imagery to observe the changes in Palaeochannels of the Namoi River, New South Wales, Australia. Landsat 7 ETM+ data were used in this analysis and the historical changes in Namoi River were presented. Schwenk et al. [18] have incorporated the RivMAP toolbox with Landsat images to detect the physics in meandering migrations in multi-decades for the Ucayali River (which is the headstream of the Amazon River). Therefore, the usage of Landsat data by linking them to the analyzer revealed the significance of such data for the evaluation of river meandering. In addition, Nagel et al. [19] used cloud computing with Landsat data to understand the migration of communities along the Amazon River due to the meandering course of the river. Therefore, the indirect impacts were also assessed based on Landsat data.



However, other than by Basnayaka et al. [15], these recent advances have not been applied in Sri Lanka to understand the meandering behavior of rivers. The River Mahaweli is important due to its flat bathymetry downstream. In addition, the sediment flow is obstructed by several reservoirs along the river. Therefore, assessments of the temporal variation of the river, in terms of its meandering and planform changes, are essential. However, survey data along the river section are limited. Thus, this research addresses these research gaps by analyzing Landsat images of the Mahaweli River to identify the major planform features and their spatial and temporal variation over a 30 year period from 1991 to 2021. The findings of this research will be helpful for managing the riverine environment of the Lower Mahaweli River. Additionally, the proposed method is also applicable for narrow rivers (widths of less than 100 m and greater than the spatial resolution of the imagery, i.e., 30 m) as the method considers only river centerline variations.




2. Study Area and Problem Statement


Among the 103 major river basins in Sri Lanka, Mahaweli is the largest river basin with a catchment area of about 10,448 km2 [20], which is nearly one-sixth of the country. Further, the Mahaweli River is the longest in Sri Lanka, with a length of about 335 km. The annual precipitation received by the whole basin amounts to 28 × 109 m3 and the river has an annual discharge of 8.8 × 109 m3 [20]. According to the Köppen-Geiger climate classification [21], the upper Mahaweli basin belongs to the equatorial fully humid climate zone, while the lower Mahaweli basin lies in the equatorial monsoonal climate zone. River Mahaweli has been subjected to many development projects including hydropower generation projects, supplying drinking water, and agriculture development projects since the beginning of the 1970s. The river has been subjected to many pieces of research which are mostly related to water quality, hydro-meteorological characteristics, sediments geochemistry, water demand management, etc. [22,23,24]. However, the river morphodynamics of the Mahaweli River is a subject that still needs attention.



Figure 1 clearly showcases the complex river paths of the Mahaweli River (refer to Figure 1a,c) and its meandering behavior of Mahaweli River (refer to Figure 1b). In addition, the river planforms are highly observable (refer to Figure 1c) and they are dynamic based on the flow characteristics depending on the monsoons. Therefore, these observations re-state the importance of having a scientific analysis of the temporal variation of meandering behavior and the river planforms. Thus, a segment of the Mahaweli River to perform the analysis of planform variation over time was selected in this study. The selected river segment is the lower Mahaweli River starting from Damanewewa up to the sea outfall in Trincomalee and has a total length of about 107 km (around 1/3 of the river). The selected river segment is illustrated in Figure 2. The red color box shows the region of interest (ROI) which is Lower Mahaweli River from Damanewewa to Trincomalee.




3. Data and Methods


3.1. Use of Landsat Imagery


Landsat satellite images provide the most comprehensive record (more than 35 years) for medium resolution (10–50 m) global scale Earth Observation data [25]; images are captured at approximately 16 day intervals. The Landsat mission started in 1984 and continues to today. Currently, there are four Landsat products: Landsat 1–5 MSS, Landsat 4–5 TM, Landsat 7, and Landsat 8–9. The application of Landsat data is widespread because of their free and global scale availability for a considerably long period (about 35 years). Yet, one major issue of these data is obstructions caused by the clouds. Further, in some of the L7 images, there are missing data stripes due to a failure that occurred in the scan line corrector (SLC) [18]. Therefore, in our study, these data were exempted in selecting the imagery. The current study uses only two types of Landsat data, i.e., Landsat 4–5 Thematic Mapper (TM), and Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensors (TIRS) products, to estimate the spatiotemporal variability of river planform of Mahaweli River.



There are several methods to download or access Landsat data, including the United States Geological Survey (USGS) website, other environmental data catalogues such as USGS EarthExplorer, LandsatLook Viewer, USGS GloVis, and data catalogues available in cloud-based platforms like Google Earth Engine [26]. To analyze the river planform changes in the Mahaweli River, we downloaded Landsat images from the USGS Earthexplorer website for 30 years spanning from 1991 to 2021. To have a more accurate classification, Landsat images were selected based on the cloud cover criterion. Images with the least cloud cover on the river were selected by visually inspecting the available images. Since the selected three river segments are distributed over two Landsat tiles, (path -141, row–54, 55; refer to Figure 3) both tiles were downloaded and merged using version 3.16 of QGIS software. A tile has 5000 × 5000 pixels with a resolution of 30 m. Before starting the image classification, all the data were cropped to the interested area to reduce the processing time.




3.2. Generating the River Masks


The first step in evaluating the planform changes in the Mahaweli River was to extract the river masks for each selected year using Landsat imagery. Different techniques are used in the literature [27,28,29,30,31,32,33,34] to extract surface water pixels from Landsat images. Index-based classification is one such method that is used to identify water pixels in satellite remote sensing data. Commonly used water indexes are Automated Water Extraction Index for images with shadows (AWEIshadow) [27], Tasselled Cap Wetness (TCWCrist) index [28], Normalized Difference Water Index (NDWI) [29], Modified Normalized Difference Water Index (MNDWI) [30], and Automated Water Extraction Index for images without shadows (AWEIno shadow) [31], Water Index (WI2006) [32], Water Index (WI2015) [33] and Water Index (WI2018) [34].



In the current study, first, we used three water indices to generate the water masks from Landsat images, considering the accuracy of each index in classifying the water pixels. According to Fisher et al. [31], the accuracy of classifying water pixels has slightly increased in WI2015 compared to the WI2006. The water index introduced by Raheem and Alwan (WI2018) [34] outperforms most of the previously defined water indices in the classification of water pixels and is comparable to the MNDWI. The mathematical expressions for these indices are given in literature and these are presented in Table 1.



However, the use of these indices alone did not allow us to accurately classify surface water. One major reason for these classification errors may be the presence of mixed water areas such as wetlands. Therefore, it was decided to use Modified Normalized Difference Water Index (MNDWI) together with two vegetation indices; Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), as suggested in the literature [35,36,37,38] to reduce the misclassification of water areas. The NDVI is used to identify the vegetation percentages by accounting for the greenness of each pixel, while EVI has the capability to correct the atmospheric disturbances and noise from canopy backgrounds [39]. The relationship of MNDWI > NDVI and MNDWI > EVI was used to find out the pixels where the water signals are greater than the vegetation signals and to remove the effect of mixed water and vegetation. The thresholds of EVI were selected following a trial-and-error method by comparing the water masks with Google Earth images. The reflectance values of the images can be affected by the atmospheric condition that exists at the time of acquiring the images. Therefore, the use of different thresholds for different images can be justifiable considering the above fact. These resulting raster images were then used in delineating the river centerlines with the use of the WebPlotDigitizer tool [40].




3.3. Cleaning the River Masks


Having a well-defined river centerline is necessary for the estimation of river direction, curvature, and migration rates and patterns. Therefore, the created watermasks were cleaned before digitizing the centerline to remove the misclassified pixels and have a continuous connection to the river. Further, it removes the unwanted areas such as the water pixels that are not hydraulically connected to the main river (i.e., tributaries, remainders of cut-off channels, and riverside cities).




3.4. Delineating River Centerlines


WebPlotDigitizer is a semi-automated digitizing tool that can be used to automatically digitize images, plots, or maps. In the current study, version 4.5 of WebPlotDigitizer was used [40] to delineate the centerline of the river using the binary watermask. As the first step, images of watermask map were loaded into the WebPlotDigitizer. Then the image was georeferenced using four known points (two points on the X axis and two points on the Y axis). WebPlotDigitizer software allows users to select the method of digitizing; either to digitize the plots/images automatically or manually. When digitizing, the software creates points along the river within a user-specified distance. To have a continuous connection to the river, the gaps of channel masks need to be filled manually by adding additional points for the centerline. The coordinates of these points can be then saved as a comma-separated values (.csv) file or directly copy the data to an Excel or a text file. When saving the (X, Y) coordinate data were arranged in the order from upstream to downstream.




3.5. Estimation of River Planform Geometry


Three parameters were calculated to identify the spatial and temporal variations of the river centerline in the Mahaweli River. The distance between two points of the river centerline (dsi), inflection angle (   ɵ i   ) and the curvature (   c i   ) between two successive points    (   x  i ,      y i   )    and    (   x  i + 1 ,      y  i + 1    )    along the centreline was computed by the Equations (1)–(3).


  d  s i  =      (   x  i + 1   −  x i   )   2  +    (   y  i + 1   −  y i   )   2     



(1)






   ɵ i  = a r c t a n (    y  i + 1   −  y i     x  i + 1   −  x i    )  



(2)






   c i  =    ɵ  i + 1   −  ɵ  i − 1     d  s  i + 1   − d  s  i − 1      



(3)







The two parameters, i.e., inflection angle and curvature, can be used to identify the bends of a river. The zero crossing points of the curvature represent meandering bends [8]. Therefore, the above three parameters were calculated and plotted to study the spatial variation of the Mahaweli River from upstream to downstream. A schematic diagram that illustrates the relationship between curvature and inflection points are shown in Figure 4. The points 1–8 represent the inflection points where the bends are separating.




3.6. Calculating the Centerline Migration


The centerline coordinates extracted from the WebPlotDigitizer tool were used to map the river centerlines for the selected nine years. These point data were loaded into the QGIS software to create the polylines for centerlines. Then the geometric attribute tools of QGIS were utilized in calculating the centerline migration between two adjacent years. The centerline migration distances were calculated with an interval of 200 m along the centerline, with the help of geometric attribute tools in QGIS. To compute the migration rates, these migrated distances were then divided by the number of years between the considered two scenarios and obtained the annual migration rates.




3.7. Overall Methodology


The overall methodology carried out in this research is summarized in Figure 5. The extracted Landsat images spanning from 1991 to 2021 were processed as shown in the following flow chart to understand the temporal variation of river planforms in the lower Mahaweli River.





4. Results and Discussion


4.1. River Planform


The annual river masks of the Mahaweli River were analyzed to quantify the planform variations from 1991 up to 2021. As the selected river stretch has a total length of 107 km, it was divided into four sections. The generated river masks are presented in Figure 6. Considering the availability of cloud-free images and the selected time span, nine years were selected for our analysis.



It can be seen from river masks that there are disconnections in the main river in a few places. These can occur due to the misclassifications of pixels. These disconnections are indicated in red color boxes (refer to Figure 6b). One of the major reasons for these errors is the cloud cover in the selected images. Additionally, errors can be attributed to the lowered resolution of images compared with the river width. Sometimes, the Landsat images may not be able to capture the river in narrow areas, i.e., where the width of the river is smaller or close to the pixel size (30 m). The river braiding/anabranching areas are highlighted in yellow. Along the selected river segment of the Mahaweli River, there were four clearly visible braided areas, as marked in Figure 6. According to the extracted river masks, an oxbow lake formed near Trincomalee at the most downstream point of the Mahaweli River. This lake formation is illustrated in Figure 6a with a green box.




4.2. Spatiotemporal Variation of River Centreline


The river centerlines points extracted from the watermasks were processed in QGIS to create the centerlines and compare the variations. The centerlines of the main river are presented in Figure 6. Since centerline migrations in the considered river stretch were mainly observed at the most downstream sections of Mahaweli River, here we have presented only the stretch (a) described in the previous sub-section. The figure shows the formation of an oxbow lake (highlighted in red color) over time during these 30 years. The location of the oxbow lake observed downstream of the Mahaweli River is highlighted in Figure 7.




4.3. Variation of River Curvature


The river curvature for each year was computed and plotted against the distance along the river centerline. These high curvatures represent the locations of bends along the river. As shown in Figure 8, the frequency of high curvature bends increases in the downstream direction. The high curvature of rivers drives the meandering process by causing erosion in the outer bank and accretion in the inner bank. The river curvature values are comparable with the values obtained in a similar study done for Deduru Oya in Sri Lanka [15]. However, the maximum curvature of the selected segment of the Mahaweli River is higher than that of the Deduru Oya River. According to the literature [41], the average bend curvature is related to the average migration rate of a certain river bend. Therefore, these river curvature values are indications of possible meandering bends in the selected river segment.




4.4. Variation of River Centreline Migration


To estimate the evolution of the river, centerline migration rates were computed as described in Section 3.6. The migration rates were plotted against the distance along the river centerline and are illustrated in Figure 9. The results show three major spikes in the annual migration rates during the periods 2011 to 2015 and 2015 to 2018. This can be attributed to the changes in the main river flow path that occurred with the oxbow lake formations (during 2007 and 2011) and sediment bar formations. To have a clearer estimate of these changes, a mathematical analysis needs to be carried out including the data about riverbanks and sediment bars. The spatial variation of the annual migration rates shows that the upstream areas of the selected river segment have fewer rates of centerline migrations than the downstream segments. This can be explained considering the meandering of the high curvature bend in the river (mainly the downstream of Mahaweli River).



When compared with the river migration rates of Deduru Oya, the Lower Mahaweli River exhibits minor values except for the three bends described above. The average centerline migration rates are within the limit 20–40 m/year.





5. Summary and Conclusions


This study focused on the longest river in Sri Lanka, whose catchment are accounts for approximately one-sixth of the country’s territory. Landsat satellite images were used to identify the major planform changes over thirty years from 1991 to 2021, in Lower Mahaweli River, exhibiting the dynamic nature in its geomorphology. In the selected river segment, there were four locations where river braiding could be clearly observed. During the past three decades, there were no considerable changes in the planform of the Lower Mahaweli River, although small seasonal migrations could be seen in the upstream parts. However, the downstream segments of the river exhibited significant changes over time. With the extracted watermasks, the creation of an oxbow lake near Trincomalee was identified. The migration rates were calculated for the river centerlines; it was found that the rates were generally lower than about 30 m per annum. There were three locations where the annual migrations were more than 100 m; these may be the locations where the main flow path changed due to oxbow lake formation and sediment bar depositions. The overall results of this study highlight the need for quantitative analyses, especially in the downstream areas of the Lower Mahaweli River.



The accuracy of these geospatial analyses depends strongly on the resolution of the images. Medium resolution satellite images are a good source of data for analyzing the planform changes of a river when there are no or limited field data available. However, cloud coverage in these satellite images is a major limitation. Therefore, using satellite images that are not impeded by clouds or a lack of illumination is suggested. However, currently, such satellite data are not freely available for long-term analyses, as the images obtained with active sensors (Sentinel 1) like synthetic aperture radar (SAR) are only available for very short periods (Sentinel 1 is available only after 2014).



In the current research, the major features of the Mahaweli River planform and their temporal and spatial variations were identified. However, the methodology was designed only for a qualitative analysis as an initial study, because, to the best of the authors’ knowledge, no such research has analyzed the river planform geomorphology and its variations over such a long period using remote sensing technology. The current study is therefore an introductory work for future detailed mathematical analyses.



The methodology proposed in the current study is applicable to a vast range of river planform studies, mainly for rivers which are narrower than 100 m. Nevertheless, the results of our qualitative analysis could be used to manage water resources in the downstream of the Mahaweli River. The area near the sea outlet of the Mahaweli River is interesting, as it has one of the world's most famous natural harbors.
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Figure 1. River meandering behavior: (a) Mahaweli River near its sea outfall; (b) sediment deposition along the river; (c) complex river path with river planforms (source: Google maps). 
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Figure 2. Map of the Mahaweli River basin, Sri Lanka and the selected river segment for the analysis. 
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Figure 3. Arrangement of Landsat scenes covering the study area. 
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Figure 4. Schematic diagram of bend separation using curvature of the channel: (a) Bends; (b) inflection points [8]. 
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Figure 5. Flowchart of the overall methodology of the study. 
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Figure 6. River masks generated for the Mahaweli River from Damanewewa to Trincomalee: (a) Most downstream river part of the selected Mahaweli River stretch near to Trincomalee; (b,c) middle stretches of the selected river segment; (d) most upstream part of the selected river stretch starts from Damanewewa. 
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Figure 7. Temporal variation of river centerline. 






Figure 7. Temporal variation of river centerline.



[image: Land 11 01716 g007]







[image: Land 11 01716 g008 550] 





Figure 8. Spatial and temporal variation of river curvature. 
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Figure 9. Spatial and temporal variation of river centerline migration rates. 
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Table 1. Different water indexes defined in literature for water pixel classification using multi-spectral Landsat satellite data. (Surface reflectance values ( ρ ) of the seven bands are indicated as    ρ  B 1   −  ρ  B 7     and are the inputs for the equations).
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	Index
	Equation
	Source





	NDWI
	      ρ  B 2     −    ρ  B 4      ρ  B 2     +    ρ  B 4       
	[29]



	MNDWI
	      ρ  B 2     −    ρ  B 5      ρ  B 2     +    ρ  B 5       
	[30]



	TCWCrist
	0.0315   ρ  B 1     + 0.2021   ρ  B 2     + 0.3102   ρ  B 3     + 0.1594    ρ  B 4     − 0.6806   ρ  B 5     − 0.6109   ρ  B 7    
	[28]



	AWEIshadow
	   ρ  B 1     + 2.5 ×    ρ  B 2     − 1.5 × (   ρ  B 4     +    ρ  B 5    ) − 0.25 ×    ρ  B 7    
	[27]



	AWEIno shadow
	4 × (   ρ  B 2     −    ρ  B 5    ) − (0.25 ×    ρ  B 4     + 2.75 ×    ρ  B 5    )
	[30]



	WI2015
	1.7204 + 171   ρ  B 2     + 3   ρ  B 3     − 70   ρ  B 4     − 45   ρ  B 5     − 71   ρ  B 7    
	[33]



	WI2018
	     0.12  ρ  B 1     +   0.231  ρ  B 4     0.752  ρ  B 6     +   0.223  ρ  B 5       
	[34]
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