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Abstract

:

The Ganges–Brahmaputra estuary, located in the northern Bay of Bengal, is situated within the largest delta in the world. This river basin features a complex river system, a dense population, and significant variation in watershed vegetation cover. Human activities have significantly impacted the concentration of total suspended matter (TSM) in the estuary and the ecological environment of the adjacent bay. In this study, we utilised the Landsat series of satellite remote sensing data from 1990 to 2020 for TSM retrieval. We applied an atmospheric correction algorithm based on the general purpose exact Rayleigh scattering look-up-table (LUT) and the shortwave-infrared (SWIR) bands extrapolation to Landsat L1 products to obtain high-precision remote sensing reflectance. In conjunction with the normalised difference vegetation index (NDVI), precipitation, and discharge data, we analysed the variation and influencing mechanisms of TSM in the Ganges–Brahmaputra estuary and its surrounding areas. We revealed notable seasonal variation in TSM in the estuary, with higher concentrations during the wet season (May–October) compared to the dry season (the rest of the year). Over the period from 1990 to 2020, the NDVI in the watershed exhibited a significant upward trend. The outer estuarine regions of the Hooghly River and Meghna River displayed significant decreases in TSM, whereas the Baleswar River, which flows through mangrove areas, showed no significant trend in TSM. The declining trend in TSM was mainly attributed to land-use changes and anthropogenic activities, including the construction of embankments, dams, and mangrove conservation efforts, rather than to runoff and precipitation. Surface sediment concentration and chlorophyll in the northern Bay of Bengal exhibited slight increases, which means the limited influence of terrestrial inputs on long-term change in surface sediment concentration and chlorophyll in the northern Bay of Bengal. This study emphasises the impact of human activities on the river–estuary–coast continuum and sheds light on future sustainable management.
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1. Introduction


The Ganges–Brahmaputra River system, located in the northern Bay of Bengal, is one of the most significant river systems in the world. It encompasses a total drainage area of approximately 1.7 million square kilometres [1,2,3]. The annual average discharge of the Ganges and Brahmaputra rivers into the northern Bay of Bengal is around 1350 km3 [4,5]. These rivers transport approximately 1 × 109 t yr−1 of sediment to the Ganges–Brahmaputra delta [6], making it one of the largest river sediment delivery systems in the world. The delta is characterised by an intricate network of rivers, including the major systems like the Hooghly River, Meghna River, and tributary channels represented by the Baleswar River [7,8,9]. The sediments carried by these rivers continuously deposit in the estuary, resulting in the formation of a fertile and densely populated delta and wetland system [10]. The population of the basin is approximately 150 million [11], making it one of the most densely populated deltas in the world [12]. Due to the influence of global warming, the rising sea level threatens the coasts of the Ganges–Brahmaputra delta [13]. Therefore, the substantial amount of sediment transported by the river system plays a critical role in mitigating land erosion. Additionally, in the downstream part of the Ganges–Brahmaputra delta, the world’s largest mangrove system, the Sundarbans [14], covers an area of approximately 10,000 km2 [15]. The supplies of fresh water and sediment in the mangroves significantly impact the health of the regional mangrove ecosystem [16]. The interaction between river discharge and tides results in the unique and complex ecological environment of the coastal waters in the northern Bay of Bengal [17].



The concentration of total suspended matter (TSM) reflects the content of suspended particles in water and is one of the key parameters for studying suspended sediment transport and for studying water quality and ecological environment in rivers and coastal waters [18]. TSM is an important parameter of the transports of carbon, nutrients, pollutants, and other substances [19,20,21]. In estuarine regions, TSM concentration is typically high due to land inputs and sediment resuspension. As a result, the potential impacts of suspended sediments on marine ecosystems in such regions have gained increasing scientific attention [10,22,23,24,25]. Under the combined pressure of human activities and climate change, TSM serves as an indicator of erosion, land-use changes, and sediment transport. More importantly, TSM is crucial for understanding the stability of delta coastlines and its impact on the coastal ecological environment.



Some early studies based on in situ measurements provided valuable insights into the suspended sediment load and flux of different rivers in the Ganges basin [26,27,28]. Abbas and Subramanian (1984) [26] calculated the annual suspended sediment input to the Hooghly estuary, which could reach 328 × 106 t yr−1. The authors suggested that variation in sediment concentration in the water were primarily due to dilution by low sediment from tributaries upstream and the regulation of river flow and sediment by dams. Jha et al. (1988) [27] conducted seasonal measurements of sediment concentration in the Yamuna River (upstream of the Hooghly River) and found that the highest sediment transport occurred during the monsoon season (June–September), which corresponds to the wet season in the Ganges–Brahmaputra delta [29]. Sediment load constituted 58–86% of the total load carried by the Ganges–Brahmaputra River, depending on the location. Barua (1990) [28] measured the suspended sediment concentration in turbidity maximum at the mouth of the Ganges–Brahmaputra–Meghna river system in Bangladesh. The author found that suspended sediments were net input via flood channels and net output through ebb channels in the river channels. These early studies provided important data on sediment dynamics in the Ganges basin, shedding light on the seasonal and tidal variation in sediment transport.



Although some achievements have been obtained based on in situ measurements, these measurements are limited by the scarcity of sampling sites and can hardly reflect the situation of the entire region. Moreover, estimating TSM in coastal waters using traditional field sampling methods is time-consuming and costly, and it is difficult to acquire long-term, large-scale data. In contrast, satellite remote sensing offers a more convenient alternative [30,31] due to its easy acquisition and wide coverage [32]. A close relationship between suspended sediments and spectral band ratios (e.g., between near-infrared and blue, between red and green, between near-infrared and red) is reported [33,34,35,36], as well as of the TSM with the red band [37]. These relationships can be used for the retrieval of suspended sediment concentration [38]. Examples of relevant satellite bands include Landsat band 3, Landsat 8 band 4, and MODIS band 1 [37,39,40,41,42,43].



Islam et al. (2001) [37] established a linear algorithm for suspended sediment concentration based on the Landsat Thematic Mapper (TM) red band reflectance in the Ganges–Brahmaputra River basin and the Ganges–Brahmaputra estuary region. This algorithm was developed using in situ measurements conducted by the Bangladesh Water Development Board (BWDB) at locations in the Ganges and Brahmaputra Rivers, specifically at Hardinge Bridge and Bahadurabad Ghat. The authors analysed the suspended sediment concentration of the Ganges and Brahmaputra rivers during high and low flow periods. They found that during high-flow periods, the Ganges had a higher suspended sediment concentration, and, during low-flow periods, the Brahmaputra exhibited a higher concentration. Islam et al. (2002) [44] extended the research to estimate the suspended sediment concentration in the Bay of Bengal. They discovered that during low-flow periods, the outermost region of turbidity maximum was closer to the coast. However, during high-flow periods, the turbidity maximum extended into coastal waters, resulting in significant seasonal variation in suspended sediment concentration in the coastal area (between 5 m and 10 m isobaths). Yan and Tang (2009) [10] used MODIS data to investigate the spatiotemporal change in suspended sediment concentration in the Bay of Bengal following the Sumatra tsunami in 2004. Their findings revealed a short-term increase in the suspended sediment concentration at major river mouths along the coast, particularly along the northwest coast of Indonesia, the southeast coast of Myanmar, and the northern coast of the Bay of Bengal. Based on MODIS and Landsat satellite data, and in situ TSM measurements from multiple monitoring stations during 2016–2019, Sahoo et al. (2022) [45] developed a single-band algorithm for estimating TSM in the urban section of the Hooghly River, a tributary of the Ganges. This algorithm enables the wide-scale acquisition of water quality parameters in urban river sections. While these studies provided insights into sediment distribution patterns during dry and wet seasons and the influence of episodic weather events on TSM, the long-term change in suspended sediment transport in the region has not yet been investigated due to the lack of continuous, long-term data. Furthermore, many of these studies predominantly focused on meteorological and hydrological conditions, such as precipitation and river flow, with few taking human activities into account.



The northern Bay of Bengal receives a substantial inflow of freshwater and sediment from the Ganges–Brahmaputra River system. This region is characterised by extensive water–sediment transport, and is strongly influenced by monsoons, making it a unique and interconnected system involving oceanography, biology, and sedimentary processes [18]. The area holds significant economic importance for coastal and marine fisheries [46]. However, due to its low elevation, it is also susceptible to impacts of natural disasters [47]. So far, research on the co-evolution of the marine ecosystem in the northern Bay of Bengal and the sediment transport from the Ganges–Brahmaputra River system is limited, particularly regarding the impact of river-borne suspended sediment transport on the ecological environment in the bay.



In the study, we investigated seasonal and interannual variation in TSM in the Ganges–Brahmaputra basin, estuary, and nearshore regions. First, we utilised 30 m spatial resolution Landsat data and a novel high spatiotemporal resolution atmospheric correction algorithm to obtain accurate remote sensing radiance information of water bodies. This information was then used for the retrieval of estuarine TSM from 1990 to 2020. We also analysed the time series data of the basin normalised difference vegetation index (NDVI), basin precipitation, and discharge. In the northern Bay of Bengal, we examined the temporal variation in chlorophyll concentration and surface sediment concentration using MODIS satellite products from 2010 to 2020. Finally, we discussed the changes and interrelated mechanisms within the entire river–estuary–coast continuum.




2. Materials and Methods


2.1. Study Area


The study area encompasses the Ganges–Brahmaputra delta, Ganges–Brahmaputra estuary, and the northern Bay of Bengal, namely within the region of 87.5–91.5°E, 20–23.5°N (as depicted in Figure 1). The Ganges–Brahmaputra River basin comprises three major river systems, namely the Ganges River, Brahmaputra River, and Meghna River, which are strongly influenced by monsoons [48]. These three river systems converge within the Ganges–Brahmaputra delta before entering the northern Bay of Bengal, collectively forming one of the world’s largest river discharge systems, with an annual discharge of approximately 1350 km3 [5,49].



The predominant climate type in this region is tropical monsoon climate, characterised by distinct wet and dry seasons. The wet season spans from May to October, while the dry season encompasses November to April of the following year [29]. The annual average precipitation in this area is approximately 1809.4 mm [47]. The monsoon season, occurring from June to September is marked by the heaviest and most concentrated precipitation, contributing to 60–90% of the annual precipitation [48]; it exceeds 1200 mm month−1. In contrast, the winter season experiences much lower precipitation, typically less than 50 mm month−1. The monsoonal rainfall pattern profoundly influences the river discharge in the Ganges–Brahmaputra delta. Generally, the peak flow is in July and August, with occasional flood events occurring in September in some river segments [49,50].




2.2. Landsat Data


In this study, we use the Landsat series, including Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) Level 1 (L1) products, as well as the Landsat 5 Thematic Mapper (TM) Level 1 products. The data from 1990 to 2020 (not including 2002 and 2012 due to unavailability) were obtained from the U.S. Geological Survey (USGS) at https://earthexplorer.usgs.gov/ (accessed on 4 September 2022) [51]. We selected the Collection 2 Tier 1 dataset, which were placed with the highest quality Landsat scenes and suitable for time series analysis [52].



The specific Landsat World Reference System (WRS) paths and row chosen for analysis are 136–138 and 45, respectively, as depicted in Figure 1c. To ensure data quality, only images with cloud cover less than 20% were selected for further analysis, resulting in a total of 854 images. The number of valid data in each pixel varied, as illustrated in Figure 1c. The images used for the retrieval of TSM exhibited consistent validity, with more than 220 valid values observed over the 31-year period. Images from path/row 138/45 had the highest count of valid data points, followed by those from path/row 136/45, and those from path/row 137/45 were lowest. Because there are offsets in image positions during each capture, fewer valid data counts were observed at the edges of the images, especially in the southeast corner of each image. Therefore, when selecting the region of interest (ROI) for analysing the temporal variation in TSM, we chose the ROI in areas with a higher count of valid data, marked by the red boxes in Figure 1a.



The numbers of available satellite images during the dry season (January–April and November–December) and the wet season (May–October) were counted (Figure 2). Over the three decades, a gradual increase in the volume of available data can been seen. It is evident that more data were acquired during the dry season compared to the wet season. This difference is likely due to frequent cloudy and rainy days in the wet season. However, even during the wet season when data acquisition was less frequent, it was still feasible to secure a minimum of nine images for analysis.




2.3. MODIS Data


We obtained monthly surface sediment concentration and chlorophyll products from the Western Pacific–Indian Ocean dataset provided by the Marine Satellite Data Online Analysis Platform SatCO2 (https://www.satco2.com/ (accessed on 30 August 2023)) [53]). They covered the period from May 2010 to December 2020. This dataset is a fusion of data from EOS/MODIS and China’s HY-1B satellite. The estimate of chlorophyll concentration in the dataset was based on an empirical algorithm using the blue–green band ratio [54,55], while surface sediment concentration was estimated using an empirical model [54,55,56]. A specific ROI labelled as “MODIS-ROI” (see Figure 1b), from 87.5–91.5°E and 20–21°N, was selected to represent the primary productivity and suspended sediment condition within the continental shelf of the northern Bay of Bengal.




2.4. Hydrological Data


We utilised river discharge data from the Global Flood Awareness System (GloFAS) 4.0 dataset, available from the Climate Data Store by the ECMWF [57]. This dataset was generated using ERA5 meteorological reanalysis data and the open-source LISFLOOD hydrological model, with interpolation to a 24 h time step. The dataset is organised on a regular latitude–longitude grid with a spatial resolution of 0.05° × 0.05°. We focused on a specific geographical area defined by the coordinates from 87.3°E to 92.7°E and from 22.7°N to 20.7°N. As shown in Figure 1b, we used the analysis of river discharge data at four distinct cross-sections, spanning three significant river estuaries: the Hooghly River, Baleswar River loop structure, and Meghna River. These four sections are referred to as S1 (87.975–88.175°E, 21.875°N), S2 (88.175–89.825°E, 21.975°N), S3 (89.825–90.725°E, 22.175°N), and S4 (90.725°E, 22.475°N to 90.975°E, 22.725°N), respectively.



Precipitation data were sourced from the Global Precipitation Climatology Project (GPCP) Monthly product, namely GPCP Version 3.2 Satellite-Gauge (SG) Combined Precipitation Data Set [58]. The product combines measurements from microwave, infrared, and ground-based rain gauge observations. The monthly averaged data with a spatial resolution of 0.5° × 0.5° from 1990 to 2020 was downloaded from the Earth Data Search platform (https://search.earthdata.nasa.gov/search (accessed on accessed on 30 August 2023) [59]). As illustrated in Figure 1b, the study focused on the land area within 87.5–91.5°E and 21.5–23.5°N for precipitation analysis, denoted as Pr.




2.5. Atmospheric Correction of Landsat Data


The atmospheric correction algorithm for remote sensing products plays a pivotal role in the accurate computation of high-precision radiometric information over water bodies and is a significant limiting factor in aquatic remote sensing [60]. Coastal waters are often highly turbid due to sediment input and resuspension [61], which challenges the precision of atmospheric correction in remote sensing imagery [62]. High spatial resolution remote sensing images differ from traditional ocean colour satellites in terms of band settings. Due to factors such as wide spectral bandwidth and low signal-to-noise ratios, the official Landsat atmospheric correction algorithm is usually assumed to be noneffective in highly turbid waters, resulting in decreased accuracy for water applications [63].



We employed the atmospheric correction algorithm used by Zhang et al. (2023) [64]. This algorithm utilises a general exact Rayleigh scattering look-up-table (LUT) provided by He et al. (2006, 2010) [65,66] to calculate Rayleigh scattering, while neglecting the water-leaving radiance at the shortwave-infrared bands (SWIR) [67,68]. For the visible light and near-infrared (NIR) bands, it employs an extrapolation method with the SWIR bands (Band 5 and Band 7 for Landsat 5, and Band 6 and Band 7 for Landsat 8) to calculate aerosol reflectance.



Additionally, we utilised TSM data generated using the Landsat Collection 2 Surface Reflectance (SR) dataset, whose atmospheric correction algorithm is based on the 6S model [69,70]. We found that the atmospheric correction algorithm employed in this study exhibited better performance than that of the 6S model. For more detail, readers are referred to Section 2.6 and Section 3.1.




2.6. TSM Inversion Model


We retrieved TSM using a universal multi-sensor algorithm proposed by Nechad et al. (2010) [71]. This algorithm establishes a nonlinear empirical model based on the red band water-leaving reflectance and introduces corresponding empirical coefficients for different wavelengths. The algorithm was developed and calibrated based on two independent datasets [72,73] and is applicable to various sensors and wavelengths [74]. It has been applied in the Ganges River basin [42,75]. C. Jayaram et al. (2021) [75] validated this algorithm using field measurements and reported a root-mean-square error (RMSE) of 10.89 mg L–1, indicating a favourable level of regional applicability and accuracy. Hence, we employed this algorithm to retrieve TSM concentration in this study.



The calculation is as follows:


    ρ   w     λ   = π   R   r s     λ   ,  



(1)






  T S M =     A   ρ     ρ   w     1 −   ρ   w   /   C   ρ           m g ⋅   L   − 1     ,  



(2)




where     ρ   w     is water-leaving reflectance and Rrs is the remote sensing reflectance at wavelength λ. For Landsat-5,     ρ   w     is at 560 nm,     A   ρ     = 327.84, and     C   ρ     = 0.1708; for Landsat-8,     ρ   w     is at 655 nm,     A   ρ     = 289.29, and     C   ρ     = 0.1686.




2.7. Normalised Difference Vegetation Index (NDVI)


The NDVI is a commonly used parameter for characterising vegetation cover [76]. It is calculated using the reflectance values in the near-infrared and red bands of remote sensing imagery, as expressed by the following formula [77]:


  N D V I =   ( N I R − R )   ( N I R + R )   ,  



(3)




where NIR represents the reflectance in the near-infrared band and R represents the reflectance in the red band. For Landsat 5 imagery, NIR corresponds to band 4 and R corresponds to band 3. For Landsat 8 imagery, NIR corresponds to band 5 and R corresponds to band 4.



The range of NDVI is [−1, 1]. Negative NDVI indicates surfaces with high reflectance in the visible spectrum, such as water bodies or clouds. Positive NDVI represents vegetated surfaces, with values increasing with higher vegetation cover. NDVI = 0 corresponds to non-vegetated, bare soil surface. NDVI is closely associated with numerous vegetation parameters and serves as a critical indicator for monitoring changes in ground-level vegetation [78].



Unlike water parameter retrievals, the NDVI is less affected by atmospheric correction. To facilitate statistical calculations, we utilised the Landsat Collection 2 L2 Surface Reflectance (SR) dataset within the Google Earth Engine (GEE) platform. We selected images with cloud cover less than 20% and focused on two specific regions (indicated in Figure 1b: the upstream area of the Ganges–Brahmaputra delta (box N1: 87.5–91.5°E, 22.5–23.5°N) and the Sundarbans mangrove reserve area (box N2: 88.4–89.9°E, 21.5–22.5°N). Monthly average NDVI was calculated for these regions.



The spatial distribution of the number of valid NDVI pixels is shown in Figure 1c. The images used for the NDVI calculation generally had more than 160 valid values, and the distribution of valid pixel counts was relatively uniform, with a slight increase in the west and a slight decrease in the east. Since the calculation of NDVI required the mosaicking of multiple images for each region, we took the monthly average NDVI value for each region as a representative value to reduce NDVI biases caused by different image coverages.





3. Results


3.1. Temporal-Spatial Variation in TSM in the Ganges–Brahmaputra Estuary


Seasonal climatology of TSM concentration was obtained by averaging all available data of corresponding seasons (Figure 3). Seasons are defined as winter (December, January, February), spring (March to May), summer (June to August), and autumn (September to November) in this study. The TSM in the Ganges–Brahmaputra estuary exhibits a decreasing trend from the river mouth towards the open ocean, and a high–low–high pattern from the east to west. The turbidity maximum at the Hooghly River appears at its river mouth, while the turbidity maximum in other areas extends to the sea, with TSM concentration exceeding 120 mg L−1. The observation indicates varying levels of resuspended terrestrial sediments originating from upstream regions as carried by river inflow.



The TSM concentration exhibits seasonal variation with lower values during winter and spring and higher values during summer and autumn. In winter, there is relatively low discharge and precipitation, resulting in lower suspended sediment loads in the water, except for the turbidity maximum where suspended sediments distribute more evenly, ranging from 60 mg to 80 mg L−1. In spring, the downstream regions of the Ganges–Brahmaputra River basin and the Ganges–Brahmaputra estuary experience their lowest suspended sediment concentration of the year, typically falling below 70 mg L−1. During summer, when discharge and precipitation sharply increase, the maximum turbidity zone with TSM concentration exceeding 150 mg L−1 is observed in the Hooghly River estuary and the Meghna River mouth, while the TSM load in the nearshore area ranges from 70 to 90 mg L−1. In autumn, the area of the most turbid water expands, and regions with high TSM waters extend downstream, with TSM exceeding 150 mg L−1 covering almost the entire bay head.



To analyse the impact of discharge input sediment on TSM in offshore bays, we selected three areas that are all in the outer part of the Ganges–Brahmaputra estuary (as indicated in Figure 3a). In these areas, TSM decreases due to sediment settlement in comparison with the maximum turbidity zones (as shown in Figure 4). A significant decreasing trend (p < 0.01) in TSM can be observed for the downstream areas of the Hooghly River and Meghna River (Zone 1 and Zone 3). Downstream of the Baleswar River (Zone 2) does not show a significant trend in TSM, which may be closely related to the sediment retention effect of mangroves. Zone 1, situated at the mouth of the Hooghly River, has a moderate average TSM among the three regions, approximately 50 mg L−1. Zone 2, facing the Baleswar River and being located in the transition zone between mangrove and non-mangrove areas, exhibits the lowest TSM (~40 mg L−1) among the three regions, but experienced higher values in 1998 and 2015, exceeding 100 mg L−1. Zone 3 at the mouth of the Meghna River, which is the most significant river in the area, has the highest average TSM (~80 mg L−1) among the three regions, and shows significant temporal fluctuations.




3.2. Temporal-Spatial Variation in NDVI


Using the GEE, we obtained Landsat Collection 2 Tier 1 L2 Surface Reflectance data for the upper reaches of the Ganges–Brahmaputra delta and the Sundarbans mangrove forest conservation area. The NDVI was calculated for these regions (ROIs indicated in Figure 1b as N1 and N2), and the seasonal average spatial distribution is depicted in Figure 5. In winter, the upstream areas exhibit lower NDVI values, depicted by darker colours in the figure, while the Sundarbans areas show significantly higher NDVI with a distinct boundary. In spring, the high NDVI values in the upstream areas increase, and a noticeable boundary still remains in the Sundarbans mangrove region. In summer, the boundary between the mangrove region and its surrounding areas becomes less distinct as NDVI values converge. In autumn, which marks the end of the rainy season, the NDVI in the study area reaches its annual peak, and NDVI values in most areas are above 0.5, indicating the highest vegetation cover and vigorous plant growth, reaching their peaks in the year.



Monthly NDVI data from 1990 to 2020 were computed for the specified regions (N1 and N2) as shown in Figure 1b. Water areas (NDVI < 0) and regions with cloud cover were excluded from the analysis. The arithmetic means of monthly NDVI values for the land portions of N1 and N2 were calculated to obtain a representative NDVI value for the entire area (shown in Figure 5). Comparing the upstream delta region to the mangrove conservation area, the average NDVI values for the former are smaller. Typically, the largest NDVI values occurred from October to November, corresponding to the late stages of the rainy season. Both regions show significant increasing trends (p < 0.01) in NDVI values from 1990 to 2020, indicating an overall improvement in vegetation cover in both the mangrove conservation area and the upstream delta.




3.3. Chlorophyll and Surface Sediment Concentration in the Northern Bay of Bengal


The northern Bay of Bengal is usually regarded as an oligotrophic region, characterised by relatively low chlorophyll and surface sediment concentration. As shown in Figure 6, there is a noticeable increasing trend in chlorophyll (p = 0.10), with the highest value occurring in October 2019, reaching 1.8 mg m−3. Similarly, surface sediment concentration shows an increasing trend (p = 0.09), with its peak appearing in August at 3.1 mg L−1. Both environmental parameters exhibit seasonal variation, generally reaching their highest values in the summer months, and the timings of their peak values are close.





4. Discussion


4.1. Satellite-Derived TSM in the Ganges–Brahmaputra Estuary


For high-turbidity coastal waters, the choice of an appropriate atmospheric correction algorithm can significantly impact data stability and retrieval accuracy. In a field study, Tilstone et al. (2011) [18] conducted TSM measurements at 68 sampling sites in the Ganges–Brahmaputra estuary (approximately 87–89°E, 21–21.5°N) between January 2000 and March 2002. They observed TSM values ranging from 10 to 260 mg L−1, with the majority falling within 25–30 mg L−1. Das et al. (2017) [79] conducted measurements at nine sites in the region of approximately 88.1–88.3°E, 21.1–21.5°N from February 2015 to January 2016, reporting average TSM values ranging from 10 to 50 mg L−1, decreasing from north to south. Patel et al. (2023) [80] conducted TSM sampling at 53 sites within 80.2–81.0°E, 13.0–15.75°N in October 2022, showing TSM values ranging 0–12 mg L−1. Chacko and Jayaram (2017) [81] utilised the MERIS-TSM product spanning from 2002 to 2011; they found that TSM decreased from nearshore waters (>25 mg L−1) to offshore waters (<10 mg L−1), with a substantial spread of high TSM concentration water in the Meghna River estuary. The outcomes obtained through the atmospheric correction algorithm employed in this study align with the results from those aforementioned studies.



The TSM remote sensing inversion results were validated with the in situ measurements. Due to the scarcity of in situ measurements, only 122 sample points from 2009 to 2019 reported from the previous literature [75,82,83,84,85,86,87,88] were selected. As the TSM measurements were often not conducted for satellite validation purposes, the transit times of satellites and the times of in situ observations used for comparison cannot be perfectly matched. Data measured within the same month were selected for validation. The inversion results are generally consistent with the field measurements (see Figure 7). The RMSE between the two datasets is 51.42 mg L–1, the median absolute error (MedianAE) is 22.34 mg L–1, and the determination coefficient (R2) is 0.46 (p < 0.0001). The error in TSM remote sensing inversion falls within an acceptable range, and 30 m resolution Landsat data allow for better characterisation of the spatial distribution of TSM. Therefore, the atmospheric correction algorithm utilised in this study is suitable for high-turbidity waters in the vicinity of the Ganges–Brahmaputra estuary. At the boundaries of the images, the distortion of images arises from the large angle and weak signals received by the sensor, which is reflected in the edges of TSM inversion results. With higher image resolution, signals received by individual photosensitive elements become weaker, making this feature more pronounced, especially for high-resolution sensors. If remote sensing images undergo image mosaicking, it alters the spectral values at the image overlap, adversely affecting TSM inversion. Therefore, we refrain from image mosaicking, presenting the inversion results for each path and row separately.



To further validate the accuracy of our results, we compared the TSM values obtained using the atmospheric correction algorithm with the TSM products created by Landsat official atmospheric correction algorithms. We utilised Landsat satellite Collection 2 Tier 1 L2 Surface Reflectance data from the GEE and applied the same inversion algorithm to calculate TSM (see Figure 8). Landsat 5 data were processed using the LEDAPS algorithm [69], while Landsat 8 data were processed using the LaSRC algorithm [70], both of which are based on the 6S model (6S-AC) atmospheric correction algorithm. However, these algorithms primarily rely on the visible and near-infrared (VIR/NIR) spectral bands. Due to the strong scattering effect of suspended particles, the water-leaving radiance in VIR/NIR bands is significantly affected [67,68]. We computed monthly averaged TSM for the three zones (indicated in Figure 3a) and generated corresponding images (Figure 8). The TSM values calculated using the GEE often exhibit extremely high values, ranging from 1000 to 10,000 mg L−1, significantly deviating from the truth. Even when excluding these extremely high outliers, we still find that the GEE TSM results are consistently overestimated across all marine areas and do not exhibit distinct spatial variation, which is not in line with the actual conditions in the study area. This discrepancy can be attributed to the strong reflectance of VIR/NIR bands caused by the high turbidity of the water bodies. As depicted in Figure 8, the GEE provides fewer image points and yields fewer valid data points in comparison with the atmospheric correction used in this study. Additionally, the available data are limited before 2012 (Landsat 5 era), while there was an increase in the volume of available data after 2013 when Landsat 8 was in orbit. The atmospheric correction method employed in this study allowed for more satellite data to be retrieved, offering a more even temporal data distribution and demonstrating superior stability and reliability.




4.2. Effects of Hydrology on TSM in the Ganges–Brahmaputra Estuary


We assessed the changes in river discharge along the estuarine sections of the main inflowing rivers of the Ganges–Brahmaputra delta using the GloFAS discharge data. Annual average discharge variation in the wet season and dry season are shown in Figure 9a–d. In the downstream region of the Ganges River, the primary tributaries exhibit significantly different magnitudes of discharge, ranging from 103 to 105 m3 s−1. The order of discharge magnitude from the smallest to the largest is the Baleswar River, Hooghly River, and Meghna River. Section S1 (Figure 9a) spans the Hooghly River, and exhibits a higher discharge with an annual average of approximately 1500 m3 s−1. Section S2 and S3 span the Baleswar River (Figure 9b,c), which flows through the mangrove areas where the presence of vegetation leads to reduced discharge, resulting in annual average discharge below 1000 m3 s−1. Section S4 (Figure 9d), spanning the Meghna River, represents the largest tributary in terms of discharge, with an annual average of about 50,000 m3 s−1. The Ganges–Brahmaputra delta experiences distinct dry and wet seasons, with the wet season typically starting in May or June and extending through October or November. The discharge trends of most sections are not significant, except for a slight decrease in the wet season in S3 (p < 0.05).



Using monthly average precipitation data from the GPCP, we calculated the mean precipitation for the downstream Ganges–Brahmaputra delta (refer to Pr in Figure 1b) to represent the precipitation characteristics of the entire study area (see Figure 9e). The annual mean precipitation in the study area fluctuates between 4.79 and 6.80 mm day−1, with the maximum and minimum annual precipitation occurring in 2007 and 2010, respectively. Similar to the seasonal variation in discharge, the precipitation in the Ganges–Brahmaputra delta exhibits distinct seasonal patterns, with more precipitation occurring from May to October, and less precipitation for the rest of the year. Examining the time series, we see no significant trend in precipitation over time.



The precipitation and river discharge of the basin can influence estuary TSM from erosion and resuspension perspectives. The magnitude of precipitation and river discharge reflects the strength of hydrodynamic conditions, thus affecting land erosion. When hydrodynamics is strong, rivers have a higher capacity for land erosion, leading to increased TSM as they transport additional sediment. Conversely, when the hydrodynamics are weak, rivers have a lower sediment-carrying capacity, which is not conducive to sediment transport. Halder and Chowdhury (2023) [89] used long-term remote sensing data to study the morphological changes of the Padma River in central Bangladesh, and found a strong linear relationship between erosion and discharge during high-flow periods (R2 = 0.9989). Rivers bring freshwater to the bay, and the larger the river discharge, the lower the salinity in the bay. This condition is unfavourable for the sediment coagulation process [37], leading to a broader dispersion of regions with higher TSM concentration. Both of these processes have the same directional effect on TSM. Therefore, TSM concentration is notably increased during the summer and autumn when river discharge and precipitation are higher, and areas with high TSM have a broader water coverage.



Both precipitation and river discharge exhibit interannual fluctuations. However, no significant trend was found during the study period for either one. According to Li et al. (2020) [16], the hydrological characteristics of the Ganges–Brahmaputra River system can be classified as Pattern II (S-D), where river discharge remains relatively stable while the output of suspended sediment decreases. In this context, river discharge could not be the dominant factor influencing the TSM long-term trend. Zheng et al. (2021) [90] conducted a long-term analysis of discharge and suspended sediment concentration in the Padma River (the upper reach of the Meghna River) from 1990 to 2019, and found that the suspended sediment flux in this area was significantly reduced (p < 0.01). They also found a certain correlation between discharge change and suspended sediment export (R = 0.44, p < 0.05). Since the suspended sediment output flux is the product of flow and TSM, it can be inferred that TSM decreased where river discharge did not change significantly. Rahman et al. (2018) [6] used hydrological models to investigate changes in the total water and suspended sediment flux in the Ganges–Brahmaputra River basin from 1958 to 2008. They observed that, for the Ganges, the rate of decrease in sediment load significantly exceeded that of water discharge, whereas for the Brahmaputra, its total water volume did not change significantly, but its sediment load decreased. In summary, changes in hydrological elements are crucial factors affecting the seasonal distribution pattern of TSM. However, long-term changes in river discharge and precipitation cannot explain the gradual decrease in TSM over the recent three decades in this paper.



The spatial distribution of TSM in the study area is influenced not only by river discharge but also by tidal currents and wave action [91,92]. In the nearshore regions of the northern Bay of Bengal, tides exert a significant influence during a considerable portion of the period [44]. However, during the monsoon season (a period of high flow rates), the impact of tides noticeably diminishes [93]. Furthermore, wind waves may contribute to the resuspension of TSM [94]. During the monsoon season from June to September, the prevailing southwest monsoon in the region often gives rise to intense storm events [44]. This phenomenon affects a substantial part of the Indian subcontinent, with wave activities superimposed on tidal currents. The combined effect is capable of resuspending bottom sediments in water depths less than 10 m [95]. Consequently, this resuspension makes it more challenging for suspended sediments to settle, resulting in higher concentration of nearshore TSM during summer and autumn. The southwest monsoon also drives water from the open sea toward the land, causing the turbidity maximum to concentrate more toward the shore. This tendency is particularly evident in the summer TSM distribution in the Hooghly River estuary. The turbidity maximum in the Hooghly River estuary is predominantly confined to the river channel, aligning with the MERIS-TSM inversion of Chacko and Jayaram (2017) [81].



Phenomena such as the El Niño–Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) can influence sea surface temperatures in this region, impacting the pattern and intensity of the monsoon [96]. These events significantly affect precipitation and discharge in the northern Bay of Bengal and its coastal area, leading to major floods in some years such as 1998, 2007, and 2011 [97]. Intense seasonal or event-scale precipitation can increase river sediment discharge [98], thereby elevating nearshore TSM. Some studies at the geological scale, based on sedimentary records [99,100,101], also suggested that stronger monsoons result in increased sediment supply from rivers to the northern Bay of Bengal. However, it is difficult to distinguish TSM interannual variation caused by monsoonal variation as the relationship among monsoon, precipitation, and river discharge are linked. Therefore, for a more accurate understanding and discussion of the relationship between monsoonal interannual variation and TSM, it is more suitable to integrate numerical models.




4.3. Land-Use Change and Its Effects on TSM in Estuaries


TSM in water is a primary factor in maintaining sedimentation rates in deltas [102]. Prolonged and excessive reductions in water sediment concentration may have potential negative effects on local ecosystem functions. Changes in land use can affect a river’s erosion capacity on soil, thus altering the concentration of suspended particles in the water. Figure 4 shows that TSM in Zone 2 has no clear trend over the 31 years and had relatively low fluctuations. In contrast, the other two areas experience significant decreases in TSM. Goswami et al. (2023) [103] analysed a 15 km buffer zone of the Hooghly River and found that the predominant land-use type was agricultural land, constituting 56.7–67% (without water bodies), and the downstream of the Hooghly River exhibit strong hydraulic conditions due to the meandering nature of the riverbanks and tidal effects. Hoque et al. (2020) [104] conducted a similar study on land use downstream of the Meghna River, where agricultural land accounted for 38.07–48.68% of the total land use (including water bodies, ranging from 26.44% to 26.15%). This region also experienced high-intensity hydraulic activities and had a high rate of erosion [105]. Consequently, these factors contribute to the elevated and fluctuating TSM concentration in these two river estuaries. In contrast, the Sundarbans mangrove forest has maintained a consistent area from 1980 to 2020, covering over 50% (including water bodies, ranging from 26.48% to 32.93%) [106]. Furthermore, mangroves have evolved strong root systems to adapt to the complexities of coastal environments [107]. These roots enhance friction and reduce tidal flow velocities, allowing them to capture and aggregate sediments [108], which helps stabilise TSM concentration downstream in the bay. Dunn et al. (2018) [109] conducted a study by introducing upstream dam construction into a global hydrological model to analyse the factors influencing suspended sediment flux in the Ganges–Brahmaputra River system since the 21st century. They employed various scenario simulations (including scenarios with no anthropogenic disturbances, current conditions, and potential future changes, among 12 possible scenarios). They found that in the absence of anthropogenic disturbances, the annual suspended sediment flux is the highest, whereas introducing anthropogenic factors resulted in the lowest suspended sediment flux. This suggests that the primary reason for reduced sediment flux is direct anthropogenic interference within the river basin rather than global climate change.



In practical research, the NDVI has been widely used as a representative of land vegetation productivity and as an indicator of overall mangrove health [110]. In this study, we calculated the monthly average NDVI of the entire Ganges–Brahmaputra delta upstream area and the monthly average NDVI of the Sundarbans mangrove reserve area. The NDVI of the two areas showed a significant upward trend (p < 0.01), indicating that the watershed vegetation and mangroves are well maintained.



Previous studies showed that the mangrove area increased in the recent years [111,112,113], which can be attributed to a series of environmental protection agreements signed by India and Bangladesh in 2014 [113] and initiated collaborations in the blue economy, implementing environmental conservation measures. These efforts included the construction of the Farakka Barrage on the Ganges to ensure a fresh water supply to the Sundarbans region [114]. The implementation of these measures has played a role in enhancing the NDVI of the Ganges–Brahmaputra delta and preserving its ecosystems. Zheng et al. (2021) [90] used the MODIS global monthly NDVI product and Landsat data to obtain monthly average NDVI images for the Padma River basin, which includes the ROI used for the NDVI in this study, covering the period from 2000 to 2019. They found an upward trend in NDVI, indicating an increase in vegetation cover in the Ganges–Brahmaputra basin. This increase in vegetation cover enhances the land’s resistance to runoff erosion, slowing down soil erosion, and consequently reducing the concentration of TSM in the water. Urbanisation in the Ganges–Brahmaputra delta is ongoing. Inevitably, protective measures are being implemented along the shoreline (e.g., Crawford et al. (2020) [115]), and in various projects such as embankment reinforcement taking place in parts of India [116], reducing erosion of the riverbanks. These actions contribute to a decreasing trend in TSM, aligning with our results in this study.




4.4. Chlorophyll and Surface Sediment Concentration Variation in the Northern Bay of Bengal


Owing to the inflow of the Ganges–Brahmaputra River system of freshwater and terrestrial materials, the northern Bay of Bengal constitutes a river–estuary–coastal sea continuum system. Researchers have regarded this region as an excellent area for the study of marine environments [117,118]. Due to the interaction of various factors, such as the reversal of monsoon winds and the superimposition of planetary waves [119], the northern Bay of Bengal has developed a unique circulation system. It exhibits cyclonic circulation characteristics during winter and anticyclonic circulation characteristics during summer. The seasonally reversing monsoons and resulting circulation patterns have profound impacts on the biogeochemical characteristics of this region [120]. Under the combined influence of these factors, the water quality parameters in the northern bay also exhibit distinct seasonal variation. The combined effect of these factors leads to significant seasonal variation in water quality parameters.



Surface sediment concentration and chlorophyll are two important water quality parameters and are known to interact with each other. On the one hand, the input of suspended sediments provides nutrients and attachment sites for marine microorganisms, promoting local primary productivity [121]. On the other hand, marine organisms in their life cycles produce a substantial amount of suspended matter [18], which can be resuspend into the water. Surface sediment concentration and chlorophyll in the northern Bay of Bengal (20–21°N), both peaks in summer, as shown in Figure 6. Chacko and Jayaram (2017) [81] analysed monthly MERIS data for the region between 87°E and 92°E and between 17°N and 23°N (partially overlapping our study area, as shown in Figure 1b); also of note are that areas with high TSM concentration were typically situated north of 21.5°N, but during the summer monsoon period, high TSM water extended southward to 20°N. Tilstone et al. (2011) [18] used monthly SeaWiFS chlorophyll data from 1998 to 2007 and found that chlorophyll along the coastal regions of the Bay of Bengal peaked 1–2 months after the peak river flow periods. This phenomenon results from a combination of factors, including river nutrient enrichment, tidal mixing, and eddy interactions [122].



From 1990 to 2020, the river discharge in the area did not exhibit a significant trend, indicating that the input of freshwater into the northern bay had not changed dramatically over this extended period. However, the TSM levels had been consistently decreasing. Interestingly, the trends in chlorophyll and surface sediment concentration of the northern Bay of Bengal during 2010–2020 both show slight increases. Some studies [123,124] suggested that due to the narrow continental shelf in the northern Bay of Bengal, nutrients brought by rivers are transported by ocean currents into deeper areas of the water column, where they may not be fully accessible to surface marine biota. The long-term influence of the river system on the northern Bay of Bengal is primarily related to the input of freshwater and dissolved nutrients. However, the sediment reduction weakened this impact, attributed to improvements in local land management, coastal protection measures, dam construction, and an increase in vegetation cover. In summary, because the summer monsoon brings the majority of annual river discharge, the land-sourced input significantly influences the water quality in the Bay of Bengal on a seasonal time scale. However, it seems that the long-term changes of surface sediment concentration and chlorophyll in the northern Bay of Bengal are not dominated by terrestrial inputs. A possible reason may be related to the change in wind stress, mesoscale processes, etc., but those are out the scope of this study.





5. Conclusions


In this study, we utilised an atmospheric correction algorithm based on the general exact Rayleigh scattering look-up-table and SWIR band extrapolation to obtain accurate Landsat 8 (OLI/TIRS) L1 products and Landsat 5 (TM) L1 radiance information for the Ganges–Brahmaputra estuary region from 1990 to 2020. Then, we conducted inversion to derive a long-term, high-precision time series of TSM for the study area. We analysed seasonal and interannual variation in water TSM in the Ganges–Brahmaputra estuary by considering local parameters such as vegetation cover, discharge, and precipitation. We also investigated the impact of terrestrial input on the marine ecosystem by integrating data from the northern Bay of Bengal, specifically the surface sediment concentration and chlorophyll products. We examined the environmental changes across the entire river–estuary–coast continuum and provided valuable insights into the long-term environmental dynamics of this area.



We obtained the 30-year time series of sediment concentration in the Ganges–Brahmaputra estuary. In terms of spatial distribution, TSM in the Ganges–Brahmaputra estuary decreases from the river mouth toward the open sea, with the maximum turbidity zone appearing either at the river mouth or at the bay head depending on the intensity of the discharge and monsoon. TSM concentration in these areas typically exceed 100 mg L−1. The TSM displays prominent seasonal variation; the TSM in summer and autumn during the wet season is significantly higher than that in winter and spring. Such variation is closely linked to seasonal changes in precipitation and river discharge. Over the long-term scale of more than 30 years, the TSM in the estuary exhibits a fluctuating decreasing trend, which is mainly attributed to land-use changes and anthropogenic activities rather than river discharge and precipitation.



Using data from surface sediment concentration and chlorophyll products from 2010 to 2020 in the northern Bay of Bengal, we examined the impact of terrestrial inputs on the local marine ecosystem. Surface sediment concentration and chlorophyll data exhibit similar trends over the 10 years, showing slight increases with noticeable seasonal fluctuations. Due to the major influx of discharge during the summer monsoon, terrestrial inputs have a relatively more significant impact on the seasonal-scale water quality in the northern bay. However, the long-term influence of terrestrial inputs on surface sediment concentration and chlorophyll in the northern bay is limited.



The results of this study underscore the environmental challenges faced by the Ganges–Brahmaputra estuary, particularly the reduced supply of delta sediments due to human activities. Sustainable management in the future will need to take these factors into account to ensure the environmental health and socio-economic development of the region. In developing countries such as Bangladesh, while there are some flow monitoring and sediment sampling stations, many sites operate only for limited periods during the year [109], resulting in poor data quality and a lack of temporal continuity in water–sediment data. This study provides a reference example for developing countries lacking in situ data for research on sediment transport.
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Figure 1. Study area, regions of interest (ROIs), and the number of valid values of satellite data. (a) The study area includes the downstream Ganges–Brahmaputra delta, Ganges–Brahmaputra estuary, and the northern Bay of Bengal. The red boxes, Zone 1 (87.9–89°E, 21.2–21.5°N), Zone 2 (89.8–90.9°E, 21.4–21.7°N), and Zone 3 (91.3–91.7°E, 21.6–22.2°N), indicate the ROIs for the TSM time series statistics. (b) The purple box (“Pr”, 87.5–91.5°E, 21.5–23.5°N) represents the area for precipitation statistics. The blue lines denote the three major river channels of the Ganges–Brahmaputra delta: Baleswar River, Hooghly River, and Meghna River, with the four sections in the estuaries for discharge data statistics (red lines), labelled as S1 (87.975–88.175°E, 21.875°N), S2 (88.175–89.825°E, 21.975°N), S3 (89.825–90.725°E, 22.175°N), and S4 (90.725°E, 22.475°N to 90.975°E, 22.725°N), respectively. The green box represents the region for NDVI calculation, where N1 corresponds to the upstream delta region (87.5–91.5°E, 22.5–23.5°N) and N2 corresponds to the Sundarbans mangrove reserve (88.4–89.9°E, 21.5–22.5°N). The orange box (MODIS-ROI) is the ROI statistical area of the northern Bay of Bengal (87.5–91.5°E, 20–21°N). (c) The number of valid values in each pixel. The number of valid values on land and in the ocean are separately counted. The land area statistics cover the valid value count within the “N1” and “N2” mentioned in (a), while the ocean area statistics include the valid value count for the three Landsat scenes shown in (b). The WRS path/row of each Landsat satellite scenes used for TSM inversion is marked in red. 
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Figure 2. Number of Landsat scenes in each month during 1990–2020, as indicated in Figure 1a. The red and the blue colour bars represent the valid number of scenes captured during the dry and wet seasons, respectively. 
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Figure 3. Seasonal spatial distribution of TSM and NDVI in (a) winter (December to February); (b) spring (March to May); (c) summer (June to August); (d) autumn (September to November). The red boxes in (a) are the same as those in Figure 1a. 
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Figure 4. Interannual variation in TSM concentration during 1990–2020. (a) is for Zone 1 (specific location indicated in Figure 3a, showing a decreasing trend (p < 0.01)); (b) is for Zone 2 (specific location indicated in Figure 3a, showing no apparent linear trend); and (c) is for Zone 3 (specific location indicated in Figure 3a, revealing a decreasing trend (p < 0.01)). Trend analysis is measured in months, with the first month as the starting point. The green lines represent the linear trend. 
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Figure 5. Temporal distribution of monthly NDVI computed using GEE in the period of 1990–2020. (a) NDVI changes in the upstream delta, with specific locations indicated in Figure 1b N1; (b) NDVI changes in the Sundarbans mangrove reserve area, with specific locations indicated in Figure 1b N2. Both regions exhibit increasing trends (p < 0.01) in NDVI. Trend analysis is measured in months, with the first month as the starting point. The red lines represent the linear trend. 
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Figure 6. Monthly variation in MODIS Multi-Sensor Merged Ocean Environmental Parameters from 2010 to 2020. The ROI for the product is detailed in Figure 1b MODIS-ROI. The blue line represents the temporal change in chlorophyll concentration (Chl), showing an increasing trend (p = 0.10); the red line depicts the temporal change in suspended sediment concentration (SSC), which also exhibits an increasing trend (p = 0.09). Trend analysis is measured in months, with the first month as the starting point. 
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Figure 7. Comparation of TSM remote sensing inversion (TSMRS) and in situ measurement [75,82,83,84,85,86,87,88] (TSMin-situ). The red line represents the 1:1 relation. 
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Figure 8. Interannual variation in TSM concentration from GEE (only displaying values 0–10,000) during 1990–2020. (a) is for Zone 1 (specific location indicated in Figure 3a); (b) is for Zone 2 (specific location indicated in Figure 3a); and (c) is for Zone 3 (specific location indicated in Figure 3a). All show decreasing trends (p < 0.01) in TSM. 
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Figure 9. Time series of discharge and precipitation in the period 1990–2020. (a–d) Interannual variation in discharge for sections S1–S4 (locations detailed in Figure 1b). (e) Interannual variation in precipitation, covering the region outlined in Figure 1b. The black line represents annual average data; the red line, wet season data; and the blue line, dry season data. 






Figure 9. Time series of discharge and precipitation in the period 1990–2020. (a–d) Interannual variation in discharge for sections S1–S4 (locations detailed in Figure 1b). (e) Interannual variation in precipitation, covering the region outlined in Figure 1b. The black line represents annual average data; the red line, wet season data; and the blue line, dry season data.



[image: Remotesensing 16 00396 g009]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
300

y = 0.41x + 32.80

R? = 0.46, p<0.0001

2501 MedianAE = 22.34 (mg L")
RMSE = 51.42 (mg L")
n=122

300






media/file4.png
(uoseas j1oM) s9|I} JO JaquiNN
O o < ™ (Q\

o To) o To) o To) o
AN ~— — o o » (@))
=) o o o o o)) o)}
N N N N N -— -~
Jeah
© To) <t ™ N

(uoseas Aip) so|3 JO JaquinN

12

11

10

month





nav.xhtml


  remotesensing-16-00396


  
    		
      remotesensing-16-00396
    


  




  





media/file18.png
Discharge (m3 3'1)

Precipitation (mm day'1)

4000

3000 -

2000 ;

1000 1

1000

800
600 |
400 1
200

15

10

1990 ==1.995==2000 = 26005-==2010 ==20.1.5. - 2020

year

12000

(b)

' - 1000

- 1500

.x104

W

- 10

[ 2.5

. | . . | . By
1990 1995 2000 2005 2010 2015 2020

year

——annual mean
——Wwet-season mean
——dry-season mean

Discharge (m3 3'1)





media/file16.png
10,000
8000
6000
4000 1
2000 1

01—
1990

1995

2000

2005

year

2010

2015

2020





media/file2.png
e\ WA )
1  § Y 3 ES
e § & ¢

e

-Brahmaputra Estuary

Northern Bay of Bengal

MODIS-ROI

km
100 150

o n \ \
- e
SECETERITIRII Path-Row: 138-45 ,Path-Row: 137-45 Path-Row: 136-45 \}
87°E 88°E 89°E 90° E 91°E
Number of valid values in each pixel (water)

200

92° E

220 240 260

Number of valid values in each pixel (land)

120

- .
140

160 180 200





media/file5.jpg





media/file3.jpg
(uoseas jom) sayn Jo Jequiny

2020
2015
2010

$ 2005
2000
1995
1990

E

]

(uoseas Kip) som 10 oquiny

2

1"

10

‘month





media/file1.jpg
‘Gariges Brafifnaputra dita

Zono 3

Northorn Bay of Bengal

MODIS-ROI

02550 100180

e we wE we e e

Number of valid values in each pixel (water)
I

200 20 200 260

Number of valid values in each pixel (land)
|

120 140 160 180






media/file7.jpg
"SM-monthly SM-trend|

y=-0.0391x +485,
R?=0.0843, p<0.01

100

300
250
200
150
100

50

1990 1995 2000 2005 2010 2015 2020
year





media/file10.png
NDVI value NDVI value
o o o © o o o
LN (@)} oo o N AN (@)} oo

o
N

0

I(a)

il H“A :
'l“lhl““”, ’V‘”r"”u ;uw

y = -0.000503x + 0.351,
R? = 0.196, p<0.01

by

Ll MR
MY HIIBZTR S a i

y = -0.000265x + 0.449,
R2 0.0583, p<0.01

1990 1992 1995 1997 2000 2002 2005 2007 2010 2012 2015 2017 2020
year





media/file12.png
| —— Chl-monthly —— SSC-monthly |

2 T T T I T T T T T T I T
y = 0.0135x + 0.0592, R? = 0.021, p = 0.1
1.5F
| M /\ A i I
05 \¥J \J' \JU \\w/
=
g 0f 13
=
O
y = 0.000207x + 0.054, R% = 0.0225, p = 0.09 s
2010 2011 2012 2013 2014 2015 2016 2017 2013 2019 2020 2021

year

SSC (mg L")





media/file9.jpg
s o
5 &

°
=

NDVI value

°
s

y =-0.000503x + 0.351,
R?=0.196, p<0.01

°

°
&

o
&

°
=

NDVI value

°
s

y =-0.000265x + 0.449,
R?=0.0583, p<0.01

1990 1992 1995 1997 2000 2002 2005 2007 2010 2012 2015 2017 2020






media/file0.png





media/file14.png
300 ' '

y = 0.41x + 32.80

R? = 0.46, p<0.0001

250 { MedianAE = 22.34 (mg L)
RMSE = 51.42 (mg L")

n =122

Z %)
100 ; O

=" gO@ %Q %
O

50 1

O

0 50 100 150 200 250 300
TSM. . (mg L™

in-situ






media/file8.png
100

300

250 1
200 1
150 1
100 -
50 |

|—— TSM-monthly =——TSM-trend|

(a) | | | | | y = 20.0391x + 48.5,
R? = 0.0843, p<0.01
1 ‘ I ‘ i
1t _
A\ '1. lm o |!V Hn,.r
_(5) | | Iy = -0.00841x + 29.8,

R? = 0.00416, p=0.377

(c) y = -0.0875x + 101,
R? = 0.0495, p<0.01
1990 1995 2000 2005 2010 2015 202