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Abstract

:

Rivers are crucial components of human civilization, as they provide water for domestic, agricultural, and industrial use. Additionally, they transport domestic and industrial waste to the sea. The Ganga River is a major river in India, originating from Gangotri in the north, flowing through five provinces, and discharging into the Bay of Bengal. This study examined the impact of land use and land cover changes (LULC) on water quality along the River Hooghly in India. The research involved collecting water samples from different locations and analyzing them in the laboratory to estimate various parameters. The findings indicate that the expansion of built-up and agricultural lands is causing a reduction in tree cover and water bodies, leading to deteriorating water quality. The study highlights the need for sustainable land use practices and improved water management to preserve the river’s ecosystem and maintain water quality. Specifically, the study identified localities in the vicinity of Dakshineshwar, Shibpur, and Garden Reach as particularly vulnerable to water quality deterioration due to LULC changes and population growth. The study’s results provide valuable insights for policymakers and stakeholders in implementing strategies to address the challenges posed by land use changes and population growth.
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1. Introduction


Land use and land cover (LULC) change has a significant impact on rivers, affecting the amount and quality of water that flows through them. Changes in land use patterns such as deforestation, urbanization, and agricultural intensification can alter the natural balance of water flow in river systems, leading to increased sedimentation, erosion, and runoff, which can degrade water quality and reduce the amount of water available for river flow. LULC changes can also have harmful impacts on aquatic life and human health by altering the temperature, pH, and nutrient levels of the water. Additionally, these changes can increase the risk of flooding and droughts. Therefore, it is crucial to consider the impacts of LULC changes on rivers when planning and managing land use to ensure sustainable and healthy river ecosystems [1,2,3].



The Hooghly River provides a constant water supply to the nearby regions for domestic, agricultural, industrial, and transportation purposes [4]. However, the river water gets severely polluted during monsoon and post-monsoon periods, which is a significant concern [5]. The cause of this problem can be attributed to changes in LULC due to urbanization, agricultural intensification, and demographic shifts. These changes have a direct impact on the water quality of the Hooghly River, especially in the vicinity of Kolkata. The alteration in water quality and the increase in sediment load can disturb the water supply for various uses, including domestic. Therefore, a study is required to understand the relationship between LULC changes, demographic shifts, and water quality in the Hooghly River. Such a study would help in devising strategies to mitigate the adverse effects of LULC changes and demographic shifts on the water quality of the Hooghly River.



The significance of this study goes beyond the local region of the Hooghly River and has implications for an international standard. Water pollution caused by changes in LULC and demographic shifts is a global problem that affects water bodies worldwide. By understanding the relationship between LULC changes, demographic shifts, and water quality in the Hooghly River, the findings can be extrapolated to other regions facing similar challenges. This study can provide insights and solutions to other parts of the world that are dealing with similar issues related to water quality, making it a valuable contribution to the global scientific community. Moreover, the study can also help in formulating policies and guidelines to prevent and mitigate water pollution, which can have a far-reaching impact on improving the quality of life for people globally. Thus, this study has significant international significance as it can help in addressing the problem of water pollution caused by LULC changes and demographic shifts in various parts of the world.



An extensive literature survey from available sources indicates several past contributions in relevant study areas. Over-exploitation of natural resources due to rapid industrialization and other man-made activities, including improper waste disposal, has led to significant and progressive degradation of water quality throughout the river Hooghly [6]. The assessment of LULC and water quality in the study area has been conducted by numerous researchers through field-based analysis [7,8,9], theoretical and/or statistical modeling [10,11], and design and future prediction recommendations [12,13]. Similar studies for other Indian rivers are also evidenced [14,15]. Since the southern deltaic portion of the river Hooghly is located close to the Bay of Bengal, intrusion of saltwater is common and its occurrence alters the characteristics of sediment and riverbed materials [16,17,18,19,20,21,22]. Several studies have investigated the impact of land use and land cover (LULC) changes on hydrological responses and urban floods in Iraq. Mustafa et al. [23] analyzed extreme rainfall events and their effects on flash floods in the Erbil-Kurdistan region. Furthermore, Mustafa and Szydłowski [24] found that an increase in built-up areas and a decrease in agricultural land resulted in a significant increase in peak discharge and runoff volume in the same basin. Noori et al. [25] estimated rainfall distribution in the Duhok sub-basin using the IDW method and identified optimal parameters for spatial interpolation. Quraishi and Negm [26] reported that urban growth in the same basin led to larger surface runoff volumes in urban areas. These studies offer valuable insights into hydrological events in the region and can assist in the development of effective flood management strategies.



Despite the fact that extensive work has been undertaken in recent years on the water characteristics of the river Hooghly, as indicated by the literature review above, there is still plenty of scope for in-depth and precise systematic investigation. The current research aims to address the need for further investigation into the water characteristics of the Hooghly River by utilizing GIS and remote sensing techniques to observe changes in LULC, followed by a field-based assessment. Specifically, the research seeks to examine modifications in LULC along the river, analyze demographic alterations in the river’s vicinity, and evaluate water quality at designated sites. By achieving these objectives, the study aims to provide valuable insights into the impact of LULC and demography on water quality in the Hooghly River.




2. Materials and Method


2.1. Study Area


There are numerous rivers in India primarily classified as Himalayan, Deccan, and coastal from the viewpoint of origin [27,28]. The river Ganges is Himalayan, originating from the Gangotri Glacier in form of river Bhagirathi, which joins the river Alaknanda to initiate the river Ganges. Having a total length of 2725 km, the river flows through northern and eastern India towards the south and east directions through the provinces of Uttarakhand, Uttar Pradesh, Bihar, Jharkhand, and West Bengal. Half of the river flow is diverted through a tributary canal (Farakka) at the Murshidabad district in West Bengal to join the river Hooghly, while the remaining portion enters Bangladesh in the name of Padma [29]. The river Hooghly flows towards the deltaic regions of West Bengal and ultimately discharges to the Bay of Bengal [30]. The major cities located on the western and eastern banks of the river Hooghly are, respectively, Bandel, Chandannagar, Srirampur, Rishra, Uttarpara, Howrah, etc., and Barrackpur, Titagarh, Kamarhati, Agarpara, Baranagar, Kolkata, etc. Sketches portraying more details of the rivers Ganges and Hooghly are given in Figure 1.




2.2. Satellite Images Acquisition


In this study, Landsat-5 thematic mapper (TM) and Landsat-8 operational land imager (OLI) data were used to prepare the LULC layer. The study used two-time frames, 1988 and 2022, to analyze LULC changes. The dataset was obtained from the Google Earth Engine (GEE) platform. The Landsat TM and OLI data have a spatial resolution of 30 m and include visible, near-infrared (NIR), and short-wave infrared (SWIR) bands, which were primarily used to prepare the LULC. Further details about the dataset used are provided in Table 1.




2.3. Preparation of LULC


LULC map of the study area was prepared on the GEE cloud-based platform. GEE enables access to all the freely available satellite datasets, including Landsat-5 TM and Landsat-OLI. Collection 2, Level-2, and Tier 1 data were chosen since they were pre-processed with a good RMSE error (less than 12 m) with minimum cloud cover and converted to surface reflectance [31]. A total of five scenes were required to cover the study area. All five scenes were mosaiced to get a uniform dataset for an area and clipped with our area of interest (AOI). The clipped dataset was then used to prepare the LULC layer. The clipped mosaic of Landsat-5 TM and Landsat-8 OLI is shown in Figure 2. The supervised classification was performed with a machine learning classifier (support vector machine) in the GEE platform. The support vector machine (SVM) works on the principle of the hyperplane, which is generated by the support vectors, and it can classify the dataset based on that hyperplane [32,33]. SVM works well with non-linear problems such as the classification of satellite data [34]. It can project the dataset into the higher dimension to classify it more accurately with the help of a kernel [35]. In this study, radial basis function (RBF) was chosen for dimensionality enhancement. To make an accurate classification of satellite data, it is necessary to acquire a good-quality training sample. The training sample was prepared in the GEE platform itself with appropriate labels. The description of the LULC classes used in this study is given in Table 2.




2.4. Accuracy Assessment of LULC


Validation of the LULC was carried out by performing an accuracy assessment using a cross-tabulation matrix [36]. To generate the cross-tabulation matrix and perform an accuracy assessment, the collection of ground truth points was required. The ground truth points were collected from the partial field survey, high-resolution Google Earth images, and FCC Landsat data. The total geographical area for which the LULC was prepared was 11,756.07 sq. km, and 480 ground truth points were selected for the specified area to carry out the accuracy assessment of LULC. The number of ground truth points required for the assessment was calculated using the formula mentioned in Equation (1) [37]. User’s accuracy, producer’s accuracy, overall accuracy, and kappa coefficient were calculated to observe the accuracy.


  N =    Z 2   ( p )   ( q )     E 2     



(1)




where p is the expected percentage accuracy, set at 95%; q is the complement of p, which is equal to (100 − p). The allowable error is denoted by E, with a value of 0.05. Z represents the standard normal deviation for the 95% two-sided confidence level, which is 1.96. Based on these values, the required sample size was calculated to be 475, which was then rounded up to 480.




2.5. Extraction of River Edges


River edges are defined by the left and right banks of the river. The river edges were required to generate the buffer zone from the river, which is extracted from the Landsat-5 Tm dataset of 1988 with the help of the modified normalized difference water index (MNDWI). MNDWI was introduced by Xu [38] and it can effectively be used for the extraction of water features. The formula of MNDWI is given in Equation (2).


MNDWI = (Green − SWIR)/(Green + SWIR)



(2)








2.6. Buffer Zones of the River


The extracted river edges were converted into polygons within the ArcGIS environment. In this study, four buffer zones were considered to investigate the change in LULC patterns, such as 1 km, 5 km, 10 km, and 15 km. Buffer zones were considered from the river edges of 1988 and the same buffer zones were considered for 2022. These different buffer zones were used to calculate the LULC changes for both time frames.




2.7. Sampling and Analyses


Collecting water samples from a river is a crucial step in testing the quality of water. To ensure accurate results, water samples were collected following the guidelines provided by ASTM [39]. The sampling locations were chosen based on a preliminary analysis of land use and land cover (LULC) changes to identify areas at a high risk of having poor water quality in and around Kolkata and nearby areas. Six locations were strategically chosen to capture any variations in water quality parameters along the stretch of the River Hooghly (Table 3). Sampling was conducted on a bright, sunny day, and important information, including the date, was carefully noted for accuracy. The grab sampling method was employed to collect all samples from the river water surface near the center of the river cross-section, using a boat. Each 100 L sample was collected in clean containers that were thoroughly rinsed several times with water from the sampling location to ensure uncontaminated samples. The samples were then carefully stored in a cool and dry place to maintain their integrity during transport to the environmental laboratory of Elitte College of Engineering, Sodepur, Kolkata, India for testing. A total of seven parameters were tested, including pH, TDS, alkalinity, dissolved oxygen, BOD, COD, and total coliform. The test parameters and their specifications are presented in Table 4. For comparison of present water quality with past water quality, datasets from 2000 and 2008 were acquired from the central pollution control board [40].




2.8. Adopted Methodology


To achieve this goal, a detailed methodology was developed, which is presented in the flowchart diagram in Figure 3. The specific study area is depicted in Figure 3. Water samples were collected from the designated locations and subjected to laboratory testing to determine various parameters, as outlined in Table 1 and Table 2. By examining the results of these tests, we can gain a better understanding of the relationship between LULC, demography, and water quality in the Hooghly River.





3. Results and Discussion


3.1. Land Use and Land Cover of Buffer Zones of Hoogly River


LULC of different buffer zones (1 km, 5 km, 10 km, and 15 km) were prepared using the SVM classifier. Four LULC classes were considered for preparing LULC of the study area, i.e., Waterbody, Built-up, Tree cover, and Agriculture. The accuracy assessment of the LULC layers are presented in Table 5 and Table 6. The overall accuracy of 1988 and 2022 was estimated as 91% and 92%, with a kappa coefficient of 0.85 and 0.87, respectively.




3.2. LULC Change Analysis


The area near Hoogly River is dominated by agricultural activities since earlier days. It can be seen in the 1988 dataset that agricultural land occupied 56.7% of the total area (11,324 km2) from river edges to 15 km buffer area and it increased to 67% of the area (13,360.1 km2) in 2022. On the other hand, the built-up area of the study region also increased (almost doubled) in the timeframe from 1988 to 2022. It was observed that the built-up area occupied 7.7% of the area in 1988, which increased by 14.6% in 2022. The drastic increment in these LULC classes (Agriculture and Built-up) impacted largely upon tree cover and water bodies. It was estimated that the tree cover area and waterbody were decreased by a significant amount. The LULC map generated using GEE of the study area for 1988 and 2022 is shown in Figure 4.



LULC area under different buffer zones for both the time frames (1988 and 2022) are plotted with a line graph and presented in Figure 5. It can be observed that the agriculture and built-up area increase in all the buffer zones from 1988 to 2022, whereas tree cover and waterbody decrease in all the buffer zones within the specified time frame. The increase in built-up area with a decrease in wetland and tree cover results in the generation of more sewage and overland flow, which may degrade surface water quality by carrying harmful chemicals into the river. Further, an increase in agricultural activity to satisfy the supply of food demand of the increasing population may also increase chemical discharge into the surface water. Moreover, it is also observed that the buffer zone of 10 to 15 km is facing more disturbances due to an increase in built-up and agriculture activity by reducing the tree cover and water bodies.




3.3. Population Density


Population density can have a significant impact on LULC, eventually influencing the water quality of locations, particularly in areas where water resources are limited. An increase in population density leads to an increase in water pollution. This can originate from industrial and agricultural activities, as well as human waste and litter [47]. Secondly, an increase in population density also leads to the overuse of water resources, eventually dropping the water levels and affecting the quality of the remaining water [48]. Further, there is a greater need for sewage and wastewater treatment facilities with increasing population density. If these facilities are not properly maintained or are overloaded, they can release untreated or partially treated wastewater into nearby water sources [49]. Lastly, an increase in population density results in habitat loss, disturbance of biodiversity, and ecological imbalance, leading to various forms of pollution that can harm the quality of water. Therefore, it is important to carefully manage and monitor water resources in densely populated areas to ensure that water quality remains high and that aquatic ecosystems and human health are not put at risk [50]. In the study area, the population density of selected localities were found to be exponentially increasing (Figure 6), threatening the environment. The results validate the LULC change analysis. Moreover, the water quality of the river passing through these locations was also found to be deteriorating.




3.4. Water Quality Assessment


The results of the assessment indicate that the pH and alkalinity of the water at Garden Reach in 2022 are the highest among the six locations studied (Figure 7 and Figure 8). Furthermore, both parameters have been observed to increase over time. This increase could be attributed to agricultural activities such as irrigation and the use of fertilizers, which lead to a rise in the concentration of dissolved salts in surface water bodies, subsequently causing an increase in pH and alkalinity [51]. Figure 9 shows a drastic increase in TDS for the year 2022 when compared to 2000 and 2008. Serampore has one of the most densely populated areas, with a sharp increase in built-up areas and a decrease in tree covers and wetlands, this can be one of the prime reasons for showing the highest TDS in the sampling location. Further, Dakshineshwar and Uluberia also have a significant rise in TDS levels compared to the past time frame. The variation of dissolved oxygen is not significant in the localities, as shown in Figure 10.



BOD is directly correlated with changes in LULC as well as population. Dakshineshwar, Shibpur, and Uluberia show a significant level of BOD (Figure 11), resulting from an increase in overland flow from stormwater due to an increase in the imperviousness of the locality, whereas Serampore shows a significant level of COD (Figure 12), which can lead to a matter of concern in the future. This may relate to the presence of an industrial area upstream of Serampore. Total coliform is also an important indicator of water quality parameters. In this study, it is found that the Shibpur and Serampur have high levels of Total coliform, which sharply increased in 2022 when compared with the past (Figure 13). The increase in total coliform can result from an increase in population that leads to an increase in settlements, which influences the overland flow into the river.



In summary, it is observed that LULC and an increase in population can have significant impacts on the flow of surface water and its quality, depending on the specific changes and the natural processes involved.





4. Conclusions


The river Hooghly is a significant water resource for West Bengal, India, providing water for consumption and navigation. As Kolkata city continues to expand, there are concerns about the impact on the quality of water in the river and surrounding areas. To address these concerns, the water quality has been assessed at various specific locations in the vicinity of Kolkata. The quality of water in the river is primarily influenced by LULC and population. In particular, the LULC within 15 km of the river’s left and right banks has been evaluated. The findings indicate that there is a notable change in LULC across all buffer zones, with the degree of change increasing gradually towards the outer buffer zones.



The water quality parameters have been assessed and compared with historical values, revealing an upward trend. Although the current values are not yet alarming, the continued deterioration could result in hazardous conditions, especially in densely populated areas with increasing built-up areas and high freshwater demands. Analysis showed that all parameters were present at high levels in all sampling locations, with the trend being more pronounced in and around Kolkata city. Localities in the vicinity of Dakshineshwar, Shibpur, and Garden Reach are particularly vulnerable to water quality deterioration due to LULC changes and increasing population density [52,53]. Urgent measures are necessary to prevent further deterioration.



Analysis of land use and land cover change has shown a growing trend in the built-up area surrounding the Hooghly River, which is attributed to an increase in population and demand for food production. Additionally, there has been an expansion of agricultural areas at the expense of water bodies, leading to concerns about the impact of chemical fertilizers on the water quality of the river Hooghly.



This study has demonstrated the impact of changes in land use and land cover (LULC) and population growth on water quality. The results reveal that areas experiencing significant LULC changes and population growth exhibit poorer water quality [54]. To mitigate this issue, it is recommended that strict measures be implemented to manage population density through the development of sustainable management plans. Furthermore, effective LULC management is essential for maintaining the health and quality of surface water resources and their dependent ecosystems.
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Figure 1. Schematic diagrams of the rivers Ganges and Hooghly with Sampling locations. 
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Figure 2. Landsat-5 TM and Landsat-8 OLI for 1988 and 2022. 
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Figure 3. Flowchart of the methodology. 
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Figure 4. LULC map of the study area for 1988 and 2022. 
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Figure 5. Change in LULC classes under different buffer zone from 1988 to 2022: (a) Agriculture, (b) Built-up, (c) Tree cover, (d) Waterbody. 
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Figure 6. Bar chart for population density (Census data [44]). 
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Figure 7. Variation of pH in different locations. 






Figure 7. Variation of pH in different locations.



[image: Hydrology 10 00071 g007]







[image: Hydrology 10 00071 g008 550] 





Figure 8. Variation of Alkalinity in different locations. 
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Figure 9. Variation of TDS in different locations. 
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Figure 10. Variation of Dissolve Oxygen in different locations. 
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Figure 11. Variation of BOD in different locations. 
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Figure 12. Variation of COD in different locations. 
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Figure 13. Variation of Total Coliform in different locations. 
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Table 1. Details of the dataset used.
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LULC Year

	
Satellite/Sensor

	
Path/Row

	
Acquisition Date

	
Resolution (m)






	
1988

	
Landsat 5 TM C 2 Level 2 Tier 1

	
138/43

	
17 December 1988

	
30




	
138/44

	
17 December 1988

	
30




	
138/45

	
26 December 1988

	
30




	
139/43

	
26 December 1988

	
30




	
139/44

	
26 December 1988

	
30




	
2022

	
Landsat 8 OLI C 2 Level 2 Tier 1

	
138/43

	
13 November 2022

	
30




	
138/44

	
13 November 2022

	
30




	
138/45

	
14 November 2022

	
30




	
139/43

	
14 November 2022

	
30




	
139/44

	
14 November 2022

	
30
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Table 2. Description of LULC classes.
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	LULC Classes
	Description





	Waterbodies
	River, inland natural and manmade wetlands, and waterbodies



	Tree cover
	Dense forest, open forest, and urban forest



	Built up
	Settlement areas of major cities and towns



	Agriculture
	Land used for the production of agriculture produce
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Table 3. Sampling locations.






Table 3. Sampling locations.





	Locality
	Distance from Farakka (km)





	Palta, 24 Parganas (N)
	267



	Serampore, Hooghly
	272



	Dakshineshwar, 24 Parganas (N)
	284



	Shibpur, Howrah
	296



	Garden Reach, 24 Parganas (S)
	300



	Uluberia, Howrah
	324







Notes: The water samples were collected during September 2021 which was a post-monsoon period in the year.
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Table 4. Test specifications.
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	Parameter
	Test Specifications





	Total solids
	ASTM D5907-18 [41]



	pH
	ASTM D1293-18 [42]



	Alkalinity
	ASTM D1067-16 [43]



	Dissolved oxygen
	ASTM D888-18 [44]



	BOD * and COD #
	ASTM D6238-98 [45]



	Total coliform
	IS 1622 [46]







Note: Each test was conducted thrice to minimize the error and the average value is considered. * Biochemical Oxygen Demand; # Chemical Oxygen Demand.
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Table 5. Accuracy assessment of LULC of 1988.
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LULC Classes

	
WB

	
BU

	
TC

	
AG

	
Total

	
User’s Accuracy






	
Waterbody

	
28

	
4

	
0

	
0

	
32

	
0.88




	
Built-up

	
3

	
33

	
0

	
0

	
36

	
0.92




	
Tree Cover

	
0

	
0

	
120

	
13

	
133

	
0.90




	
Agriculture

	
6

	
5

	
10

	
258

	
279

	
0.92




	
Total

	
37

	
42

	
130

	
271

	
480

	




	
Producer’s Accuracy

	
0.76

	
0.79

	
0.92

	
0.95

	

	




	
Overall Accuracy

	
0.91




	
Kappa

	
0.85
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Table 6. Accuracy assessment of LULC of 2022.
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	LULC Classes
	WB
	BU
	TC
	AG
	Total
	User’s Accuracy





	Waterbody
	29
	3
	0
	0
	32
	0.91



	Built-up
	2
	34
	0
	0
	36
	0.94



	Tree Cover
	1
	0
	120
	12
	133
	0.90



	Agriculture
	6
	5
	8
	260
	279
	0.93



	Total
	38
	42
	128
	272
	480
	0.00



	Producer’s Accuracy
	0.76
	0.81
	0.94
	0.96
	0.00
	



	
	
	
	
	
	Overall Accuracy
	0.92



	
	
	
	
	
	Kappa
	0.87
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