

  hydrology-10-00065




hydrology-10-00065







Hydrology 2023, 10(3), 65; doi:10.3390/hydrology10030065




Article



Simulating Groundwater Potential Zones in Mountainous Indian Himalayas—A Case Study of Himachal Pradesh



Anshul Sud 1, Rahul Kanga 1, Suraj Kumar Singh 1,*[image: Orcid], Gowhar Meraj 1[image: Orcid], Shruti Kanga 2[image: Orcid], Pankaj Kumar 3,*[image: Orcid], AL. Ramanathan 4[image: Orcid], Sudhanshu 1 and Vinay Bhardwaj 5





1



Centre for Climate Change and Water Research (C3WR), Suresh Gyan Vihar University, Jaipur 302017, India






2



School of Environment and Earth Sciences, Department of Geography, Central University of Punjab, Bhatinda 151401, India






3



Institute for Global Environmental Strategies, Hayama 240-0115, Japan






4



School of Environmental Sciences, Jawaharlal Nehru University, New Delhi 110067, India






5



State Groundwater Department, Government of Rajasthan, Jaipur 302004, India









*



Correspondence: suraj.kumar@mygyanvihar.com (S.K.S.); kumar@iges.or.jp (P.K.)







Academic Editors: Amimul Ahsan and Peiyue Li



Received: 30 January 2023 / Revised: 25 February 2023 / Accepted: 7 March 2023 / Published: 10 March 2023



Abstract

:

Groundwater resources are increasingly important as the main supply of fresh water for household, industrial, and agricultural activities. However, overuse and depletion of these resources can lead to water scarcity and resource deterioration. Therefore, assessing groundwater availability is essential for sustainable water management. This study aims to identify potential groundwater zones in the Bilaspur district of Himachal Pradesh using the Multi Influencing Factor (MIF) technique, a modern decision-making method widely used in various sectors. Geospatial models were integrated with the MIF technique to evaluate prospective groundwater areas. Grid layouts of all underground water influencing variables were given a predetermined score and weight in this decision-making strategy. The potential groundwater areas were then statistically assessed using graded data maps of slope, lithology, land-use, lineament, aspect, elevation, soil, drainage, geomorphology, and rainfall. These maps were converted into raster data using the raster converter tool in ArcGIS software, utilizing Survey of India toposheets, SRTM DEM data, and Resourcesat-2A satellite imageries. The prospective groundwater zones obtained were classified into five categories: nil–very low, covering 0.34% of the total area; very low–low (51.64%); low–moderate (4.92%); moderate–high (18%) and high–very high (25%). Scholars and policymakers can collaborate to develop systematic exploration plans for future developments and implement preservative and protective strategies by identifying groundwater recharge zones to reduce groundwater levels. This study provides valuable insights for long-term planning and management of water resources in the region.
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1. Introduction


Subsurface water is a critical component of the water cycle, and it is found in rock formations, pores, and cracks beneath the Earth’s surface [1,2]. Assessing its potential and preventing water pollution are crucial for maintaining sustainable groundwater resources [3,4,5,6]. Groundwater is the largest available freshwater supply in the world, and it is essential for human and ecosystem health as well as economic development [7,8,9,10,11].



In India, groundwater is a major source of water for daily requirements of most of the population [12]. However, several factors, such as industrial growth, increased agricultural output, poor management, and uncontrolled groundwater exploitation, have led to a shortage of potable water [13]. The groundwater potential of an area depends on various factors and it fluctuates as conditions change [14,15,16]. To counteract groundwater deficits, satellite data can be used to define groundwater prospect zones and expand artificial recharge initiatives [17,18].



Remote sensing (RS) and Geographic Information System (GIS) techniques have proven to be useful in managing aquifer reserves. The reliability of these methods depends on the classification standard and average ranks enforced upon the input parameters [19,20]. Ancillary data, such as toposheets and Landsat images, have enabled the creation of thematic maps using a weighted overlay approach to define potential groundwater zones [21,22].



Various standard approaches have been used to generate statistics about groundwater potential in diverse places with varying meteorological and geographic variables. These approaches include the Analytical Hierarchy Process (AHP), Artificial Neural Network (ANN), Evidential Belief Function Model (EBFM), Electrical Resistivity (ER), Multi-Influencing Factor (MIF), and probabilistic models such as the Frequency Ratio (FR) method [23,24,25].



While some studies focused solely on lineaments for groundwater exploration, others included additional criteria, such as surface geology, rainfall, lithology, drainage density, lineament density, hydrogeology, soil type, fractional impervious surface, proximity to surface water bodies, and land use/land cover [26,27,28].



The Groundwater Potential Index (GWPI) is a dimensionless quantification index method that uses themed maps to process potential groundwater scores for distinct locations [29,30]. Using ArcGIS, the research region’s groundwater potential map (GPM) can be created by merging all thematic levels of affecting elements [31]. Groundwater prospect zoning has been conducted worldwide [32,33,34,35,36,37,38], including in various parts of India, such as Bengal, Chhattisgarh, Orissa, Maharashtra, Tamil Nadu, and others [39,40,41,42,43,44,45]. For example, a study by Singha et al., (2019) used GWPI to identify potential groundwater zones in the Chhattisgarh state. The study showed that GWPI can effectively identify groundwater potential zones, and the results were verified by comparing them with well data [46]. Similarly, a study by Dwivedi et al., (2021) used GWPI to assess the groundwater potential of the Betul–Chhindwara Region, in Madhya Pradesh. The study found that the area had a high potential for groundwater development and recommended further exploration and development of groundwater resources in the region [47]. These studies highlighted the usefulness of GWPI in assessing groundwater potential zones in India and demonstrated its potential for improving groundwater management in the country. However, very few studies have been conducted in the Himalayan region [48,49].



The objective of this study is to identify groundwater potential zones in the Bilaspur district of Himachal Pradesh by incorporating MIF, RS, and GIS techniques. The study aims to analyze various influencing factors that affect groundwater potential, including lithology, geomorphology, land use/land cover, slope, and drainage density. Additionally, the study seeks to create a groundwater potential map of the study area by merging all thematic levels of affecting elements using ArcGIS.



The findings of this study can guide policymakers and water resource managers in developing sustainable groundwater management practices and promoting artificial recharge initiatives to counteract groundwater deficits. Previous studies in India have shown the usefulness of GWPI in assessing groundwater potential zones and improving groundwater management practices. This study’s results can contribute to the body of knowledge on groundwater management in India and assist policymakers in making informed decisions regarding water resource management.




2. Study Area


Himachal Pradesh, is one of the northernmost states of India, nestled in the lap of the Western Himalayas. Himachal Pradesh is a diverse state with a variety of geographical areas and subregions, each with its own climate, vegetation, and fauna. On account of its location and topography, the state has a wide range of climates. The state’s climate ranges from warm temperatures in the lower Shivalik plains to semi-arctic cold temperatures in the Kullu and Chamba valleys, with temperate climate conditions in Kinnaur and the Lahaul–Spiti alpine regions [50]. This study has been carried out in the Bilaspur district. The Shivalik range in the lower Himalayas encompasses this district, which covers 2.1 per cent of the state’s land, around 1167 km2 (Figure 1). The district is primarily traversed by the Satluj River, which deposits alluvial materials. The study area is located at an average elevation of 610 m between latitude 31°18′ N and 31°55′ N and longitude 75°55′ E and 76°28′ E. The rural citizenry of the study region comprises around 93 per cent of the population, with a density of 327 people per square kilometre. With more than 70% of the population involved in agriculture and allied businesses, agriculture is the most popular occupation in the area. The climate in the study region is characterized by warm summers and chilly winters. However, its location in a valley protects it from the temperature extremes of the surrounding mountains. May and June are the hottest months, with temperatures occasionally reaching 40 °C. December and January are the coldest, with temperatures sometimes falling below 0 °C [51]. In addition, the economy of the region is heavily dependent on agriculture and groundwater plays a vital role in supporting agricultural activities [52]. Therefore, assessing the availability and potential of groundwater in the area is not only important for ensuring a sustainable water supply, but also for supporting the economic viability of the region [53].



The Bilaspur district receives an average of 1100 mm precipitation annually, with the monsoon season being the primary contributor. The area is predominantly covered with sedimentary rocks, and the soil profile on river terraces along the Satluj ranges from 1 to 3 m, with mostly alluvial and loamy soil except for clayey patches. In the Bilaspur district of Himachal Pradesh, India, Govind Sagar Lake is a significant attraction [54]. The lake is a vast artificial reservoir formed by the Bhakra Dam, which is one of the largest dams in India, constructed across the Sutlej River in the mid-20th century [55]. The lake spans an area of approximately 170 km2 and has a storage capacity of 9.34 billion cubic meters. The economic and social development of the Bilaspur district and the surrounding areas has been significantly influenced by the Govind Sagar Lake, and it continues to be an essential resource for the local community and a popular tourist destination.




3. Materials and Methods


3.1. Dataset Used and Preparation of Thematic Maps


The datasets and methods used in this study are shown in Figure 2. Toposheets obtained from the Survey of India (SOI) at a scale of 1:50,000 were used to demarcate the administrative boundary of the study area. Datasets for deciphering groundwater potential zones are divided into satellite, meteorological, and ancillary data. Resourcesat-2, Linear Imaging Self-Scanning Sensors (LISS)—III imagery with a spatial resolution of 23.5 m, downloaded from the Bhuvan portal (http://bhuvan.nrsc.gov.in/ accessed on 31 February 2021) for this investigation was used to prepare land use/landcover, and geomorphology. We used a supervised classification approach to map land use and land cover (LULC) and visual image interpretation for geomorphological mapping of the study area [56,57,58,59,60,61,62]. For lineament mapping, we employed an integrated approach that involved both automated algorithms, such as edge detection, lineament extraction, or curvature analysis, and visual interpretation of the Landsat image and digital elevation model (DEM) data [63,64]. This approach helped us identify and map linear features in the study area with greater accuracy.



We prepared aspect, slope, drainage density, and elevation maps using Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) data with a global resolution of 1 arc-second, acquired from USGS EarthExplorer. Standard GIS methods were used to prepare these datasets, and the spatial analyst tool of the ArcGIS suite was used to generate the aspect, slope, drainage density, and elevation maps. The SRTM DEM data provided the necessary information to compute the terrain characteristics, such as aspect and slope, while the drainage density and elevation maps were derived from the computed terrain characteristics [58,65]. The aspect map shows the direction of the terrain slope, while the slope map shows the steepness of the terrain [58]. The drainage density map shows the concentration of stream channels in the area, and the elevation map shows the height of the terrain above sea level [62]. The atlases of NBSS and LUP (National Bureau of Soil Surveying and Land Use Planning) were used to construct the soil map [62]. Geological Survey of India’s (GSI) data was used to construct the lithology map [66], and the rainfall map was created with data from the India Meteorological Department (IMD), Pune, by employing the inverse distribution weighted (IDW) approach.




3.2. Calculation of Weightage of MI Factors for Zonation of Groundwater Potential


Multi-influencing parameters have been recognized to decipher potential groundwater zones, such as lineament density, drainage density, land-use/landcover, aspect, slope, elevation, soil, rainfall, lithology, and geomorphology [22,30,40,42,43,44,45]. Depending on the circumstances, each influencing factor’s effect may contribute to identifying potential groundwater zones. More crucially, these elements are intertwined, and their effect is shown in Figure 3.



In the MIF technique, data layers are set and each primary and secondary factor is assigned an influence of m times and 0.5 m times, respectively. The total weights from the respective component make up a factor’s representative weight in the potential zone. Each influencing factor’s grade is then determined using the following algorithm and later integrated using weighted overlay analysis.


(G + H) × 100/Σ(G + H),



(1)




where G is the major nexus among two parameters and H is the minor interdependence between two factors. As shown in Table 1, a roughly equivalent share of the pertinent score was awarded to individual reclassified parameters [42,43,44,45]. Each influential contributor received an equal amount of the associated score for each reclassified parameter (Table 2).





4. Results and Discussion


The data for multi-criteria decision-making analysis were obtained from the satellite imageries, climatic, and conventional data acquisition methods, and several thematic layers were created using ArcGIS software. Different thematic layers are described and illustrated below.



4.1. Analysing Drainage Density


The ratio of a stream’s entire length (l) to the total area of the basin is known as drainage density and is represented by Dd. It is a measure of a drainage basin’s hydrograph form and is an important statistic for determining subsurface water potential areas [24]. A lower Dd indicates lower surface runoff as well as strong water infiltration, signifying great vegetation coverage and increased groundwater recharge, whereas a higher Dd suggests the opposite [65,66,67]. Undulating hilly terrain with canyons and passes covers the entire region.



Along with numerous seasonal streams, the study region is also home to about four perpetual streams (Figure 4a). Five groups have been created from the drainage density values (km/km2) of the study area. The areas are categorized as nil–very low (>2.0), indicating 0.14% area, very low–low (1.5–2.0) representing 1.3% area, low–moderate (1.0–1.5) representing 3.8% area, moderate–high (0.5–1.0) representing 30% area, and high–very high (<0.5), accounting for 65% of the overall study area (Figure 4b).




4.2. Lineament Density Analysis


Lineaments have an important role in recharging groundwater in mountainous territories. Since the existence of lineaments usually shows signs of a pervious zone, lineament density in a region may indirectly indicate the potential for groundwater [26]. Groundwater potential zones benefit from high lineament density [63]. The majority of lineament has been discovered at various angles along the NW direction, with only a few along North-South and East-West directions (Figure 5a).



High–very high (>1.2) and moderate–high (0.9–1.2) are those classifications (out of five) for lineament density levels (km/km2) that have no significant impact. The low–moderate group ranges from 0.6 to 0.9 represents 10.5% area, while very low–low (0.3–0.6) and nil–very low (<0.3) jointly account for more than 88% of the overall study area [Figure 5b].




4.3. Land Use and Land Cover Analysis


The groundwater potential in a given location is heavily impacted by land use/land cover (LULC). The maximum likelihood algorithm technique was used to classify the land use/land cover map (Figure 6a) created from a LISS III sensor multispectral image. Waterbody, scrubland, ravenous land (barren), grazing land, built-up land, cropland, forest scrub, forest evergreen, and forest deciduous are among the nine categories of LU/LC found in the research region.



Suitable weighting was awarded to different land use/land cover classes on the basis of their water requirements. By serving as aquifer recharge zones, waterbodies such as lakes, rivers, and ponds can increase the groundwater potential [62]. Waterbodies serve as a direct supply of groundwater in regions with shallow groundwater tables. Consequently, this category was given the HVH index (Figure 6b). Depending on the sort of irrigation technique utilized, croplands may have an impact on groundwater potential. Irrigation may recharge the groundwater if water is applied in the proper quantity and at the right time. Hence, this category was assigned an HVH index. By boosting infiltration and reducing the rate of surface runoff, forests can improve the groundwater potential. Trees in forests can absorb a substantial amount of water from the soil and transpire it back into the atmosphere, slowing the rate of groundwater recharge [24,62]. As a result, the MH index was given to this group. Pastures are a common feature of grazing areas, and they help speed up infiltration and improve groundwater potential [62,66]. As a result, this category was given the MH index. Deep-rooted plants found in scrublands can improve infiltration and rehydrate the groundwater [62,66]. As a result, this category was given an LM index. Limited vegetation coverage and rainfall in ravenous land (barren) environments, such as deserts and arid areas, result in low groundwater potential [24,62,66]. As a result, this category was given a VLL index. Cities and other densely populated regions have the potential to lower groundwater levels by accelerating surface runoff and stifling infiltration. Roads, walkways, and parking lots with paved surfaces can stop precipitation from accessing the soil, limiting recharge [56]. As a result, this category was given a VLL index.



Forests and cropland account for 50.2% of the total land area, grazing land covers 6.9%, and scrubland represents 15%. Due to the lack of vegetation and impermeable nature, ravenous land and built-up areas constitute 5% of the research region (Figure 6b).




4.4. Aspect Analysis


Local climate is strongly influenced by aspect, a significant influencing characteristic that impacts an area’s groundwater recharge potential. This is due to the sun’s angle being less than 90 degrees in both hemispheres (North and South) or directly overhead. An aspect map was prepared from SRTM DEM (Figure 7a). A west-facing hill will typically be warmer than a protected east-facing slope because sun rays are in the west during the hottest part of the day (unless heavy precipitation influences dictate otherwise) [68].



With relatively high levels of evapotranspiration, a south-facing slope in the northern hemisphere (more susceptible to sunlight and warm winds) will be significantly hotter than a north-facing slope. Flat terrains are given less weight, whereas those heading north are given the most [69]. All regions of the study area have almost equal groundwater potential (Figure 7b).




4.5. Slope Analysis


The availability of groundwater can be reflected by the slope angle; a higher slope portion generates rapid runoff from the terrain and so provides little water for groundwater recharging, while rainfall infiltration and percolation are allowed in lower slope sections of flat terrain, making it suitable for groundwater recharge [24,62,66]. The slope map is created using a digital elevation model (Figure 8a). About 1.44% of the study area comes in >40°, with 91.63% of the area being moderate–high, 3.8% low–moderate, and 3.1% high–very high groundwater potential (Figure 8b).




4.6. Elevation Analysis


The water level of any research area is influenced by elevation, which is a topographical feature. SRTM DEM was used to construct the elevation map. Due to the infiltration rate, surface runoff, and other factors, higher elevations (>1350 m) receive a lower score, whereas lower altitudes (<550 m) receive a higher rank [Figure 9a]. This is justified by the fact that the topography of the land affects the infiltration rate and surface runoff [24,62,66]. Slopes are often steeper at higher elevations, increasing surface runoff and decreasing infiltration rates. As a result, there is less water available for groundwater recharge, which increases the risk of dangers such as landslides and erosion [25,26,70]. Lower elevations, on the other hand, frequently have kinder slopes and are better suited for infiltration and groundwater recharge. Therefore, they are awarded a better ranking in terms of groundwater potential [70].



The research area’s elevation is classified into six classes. Only 5.3% of the area comes in very high–high, 30.2% area high–moderate, 28.3% moderate–low and 36% low–very low groundwater potential [Figure 9b].




4.7. Soil Analysis


Soil types determine the quantity of water that can seep into subterranean formations and thus impact groundwater recharge [24]. Four soil types were identified and analysed based on their groundwater expectations: coarse-loamy, fine-loamy, loamy, and sandy soil (Figure 10a). Coarse-textured soil types are better suited for infiltration into surface soils because they transport water quickly, but fine-textured soils have limited permeability and small pores that clog quickly [65,66].



Sandy soils are very permeable, light-grained, and well-drained, have excellent infiltration rates, and offer the best prospects for groundwater, hence they receive maximum weight [58]. Due to its coarse texture, coarse clay soil is given the second highest weight, followed by clay soil and, finally, fine clay soil, which is assigned the lowest weight due to its fine texture. The results revealed that 16.1% of the study area has a high–very high groundwater potential. The study region’s south-western (33.8%) part is classified as moderate–high, 22.5% as low–moderate, and 27.6% as very low–low groundwater potential (Figure 10b).




4.8. Rainfall Analysis


In terms of groundwater recharge, rainfall is one of the most prominent contributors. The south-east portion of the study area receives less than 1350 mm of rain [Figure 11a]. As we get closer to the district’s northern reaches, rainfall intensifies. The penetration rate of runoff water is directly influenced by rainfall distribution and slope gradient, which increases the possibility of groundwater potential zones arising as a result [71].



The rainfall map was constructed by employing the inverse distance weighted (IDW) interpolation method in ArcGIS, utilising estimates of mean total yearly rainfall on the basis of various station data [72]. Nil–very low (<1350), very low–low (1350–1450), low–moderate (1450–1550), moderate–high (1550–1650), and high–very high (>1650) are the five categories of rainfall based on upper and lower limits [Figure 11b].




4.9. Lithology Analysis


Lithology plays an essential role in both the porosity and permeability of aquifer materials [73]. The lithology map ranged from very low–low to high–very high, depending on the type of formation, viz., Upper Siwalik, undifferentiated Subathu group, Shali formation, Middle Siwalik, Lower Siwalik, Kakara series, Dagshai formation, and Alluvium deposits (Figure 12a). Sand, silt, clay, gravel, pebbles, and cobbles with high porosity and thus high permeability make up alluvium deposits, which are given the highest weight [66]. Soft sandstone, brownish clay, shale, poorly sorted and crudely bedded conglomerate, and extremely permeable boulder beds make up the Upper Siwalik formations, which are accorded the second greatest weight [66].



Due to the presence of well-connected pore spaces, the Lower Siwalik formation is renowned for having a high permeability, which is advantageous for groundwater movement and storage [74]. However, it is also important to take into account any potential contamination brought on by anthropogenic and natural pollutants. Cherty dolomite, quartzite, and limestone make up the Shali formation, and these materials are generally more resistive to groundwater movement due to their lower porosity and permeability [75]. However, groundwater transport and storage may be facilitated by cracks and joints in the formation. Due to the existence of impermeable clay layers, the Dagshai formation has limited permeability [76], which makes it less suited for groundwater movement and storage. However, in places where the shale strata are weaker or fractured, localised groundwater recharge and storage can take place [77]. According to the lithology map, the southern half of the district’s alluvial deposits and Lower Siwalik formation have high to very high groundwater potential. However, the Dagshai formation has relatively lower potential because of its lower permeability. The lithology map reveals that 5% of the area containing alluvial deposits in the district’s southern part has very high–high, and 27% of the Lower Siwalik area has high–moderate groundwater potential, respectively (Figure 12b).




4.10. Geomorpology Analysis


Different sub-types of geomorphic formations have varying capacities to hold onto water. Structured hills, denudational hills, valley fills, and reservoirs are some of the classifications seen in the study region [78] (Figure 13a). These classes were given varying weights based on their significance in groundwater recharge. Valley fill received the maximum weight because it is close to a reservoir and thus has great potential for recharge, while the least weight was given to structural hills because they primarily produce runoff, as opposed to denudational hills, which produce recharge-cum-runoff, although the recharge is very small.



In the thematic mapping, the geomorphology of our study area has been divided into three categories: the central portion (high very–high), which occupied 42.9% of the total area; low–moderate, which occupied 50.6% of the total area; and moderate–high, which occupied 6.4% of the total area [Figure 13b].




4.11. Delineation of Groundwater Potential Zones


The prospective recharge zones for the study area have been created by combining several thematic maps, such as aspect, geomorphology, drainage density, elevation, soil, slope, lithology, rainfall, lineament density, land use, and land cover, into a single map using RS-GIS techniques [79,80,81,82]. Groundwater potential zones have been delineated for the research region by grouping the interpreted layers based on weighted multi-influencing criteria and then allocating different potential zones to each group of interpreted layers. Ultimately, the overall effect of the graded multi-influencing elements was quantified using an overlay analysis on a GIS environment, resulting in the mapping of subsurface water potential zones in the research region [83,84]. There are five separate groundwater potential zones within this study area: high–very high, moderate–high, low–moderate, very low–low, and nil–very low [Figure 14].



The maximum groundwater potential zone is located in the north-western sections of the research area where there is a large percentage of cropland with strong percolation capacity. This demonstrates that the texture of the soil and gradient have a substantial impact on groundwater enrichment. Furthermore, the concentration of drainage network, lithology and lineaments improves the groundwater system’s capacity to fully infiltrate water. Of the overall study area, 0.33% is in the “nil–very low” zone, 51.64% is in the “very low–low” zone, 4.92% is in the “low–moderate” zone, 18.0% is in the “moderate–high” zone, and 25.0% is in the “high–very high” groundwater potential zone.




4.12. Validation


A model was used in the study to develop an output map that shows locations with a high potential for groundwater. By comparing it with information from field surveys and the CGWB report from 2020, the ground water potential map was verified (Figure 15).



The validation process employed in this study is a widely used technique for validating models that include success rates and predictions [85,86]. This method is useful for determining a model’s statistical robustness and determining how well it predicts future events. To assess the model’s capacity to predict outcomes based on the data it was trained on, we split the data in this study into two sets: one for modelling and the other for validation. To evaluate the model’s predictive efficacy, 20% of the total data were randomly chosen from the validation set. The prospective index values were split into 100 classes, each with a cumulative interval of 1%, and plotted on a graph to create the success rate curve (SRC) and prediction rate curve (PRC) [87,88,89,90] (Figure 16). The PRC assesses the model’s accuracy in making future predictions, whereas the SRC displays the percentage of prospective areas that were accurately identified by the model [90,91,92,93]. The SRCs and PRCs generated can be compared and evaluated using the AUC as a useful statistic [85]. The accuracy of the model’s capacity to forecast the groundwater potential in the training dataset is shown by the AUC for the success rate curve, with a value of 1 denoting a perfect model and 0.5 denoting a model with no predictive power [88]. The success rate curve’s AUC value in this study is 84.05 per cent, which shows that the model is highly accurate at predicting the groundwater potential in the training dataset. A higher AUC value indicates better predictive accuracy. The AUC for the prediction rate curve reflects the model’s ability to forecast the groundwater potential in the test dataset [88]. The prediction rate curve’s AUC value in this study is 79 per cent, which indicates that the model has respectable accuracy in forecasting the groundwater potential in the test dataset. It is crucial to remember that a variety of factors, including the calibre of the input data and the intricacy of the model, influence how accurate the forecasts are. Given that the study only employed data from readily accessible locations and time periods, the model’s predicted accuracy may be constrained in this study by the quality of the input data. The model’s intricacy may also make it harder to generalise to areas with differing hydrogeological conditions. Future research should consider utilising more varied and substantial datasets and evaluating the model’s correctness in various hydrogeological contexts [89,90,91,92,93]. Overall, even though the validation process utilised in this study offers a reliable way to assess how well the model predicts the future, care should be used when interpreting the AUC values and other metrics [94,95,96,97].





5. Conclusions


An effective tool for determining the availability of groundwater in the Himachal Pradesh region’s Bilaspur region was the integration of GIS and remote sensing with the MIF approach. It is crucial to recognise the limits of this study, though. One drawback is the possibility of errors or flaws in the input data, which might affect how accurate the outcomes are. Another drawback is that the MIF technique only takes into account static parameters, neglecting dynamic elements such as groundwater recharge rates. It also depends on subjective judgments of the relative weights of different factors. Despite these drawbacks, the MIF strategy for determining groundwater availability proved to be more precise and effective than conventional expert-based strategies. Groundwater potential zones could be located utilising the thematic maps of the 10 influencing parameters made using satellite, meteorological, and auxiliary data. Additionally, the identification of suitable locations for subsurface water recharge structures was made possible by the classification of the groundwater potential zones into five categories based on the created output map. In order to validate the study, the accuracy of the model’s predictions was tested using the success rate curve (SRC) and prediction rate curve (PRC) methodologies. The success rate curve’s AUC value was discovered to be 84.05%, demonstrating a high degree of accuracy in forecasting groundwater potential in the training dataset. The prediction rate curve’s AUC value was discovered to be 79 per cent, indicating a respectable level of accuracy in forecasting the groundwater potential in the test dataset. These findings offer additional proof of the validity and dependability of the suggested MIF approach for determining groundwater potential in the Himachal Pradesh region of Bilaspur. In light of this, it can be said that the integration of GIS and remote sensing with the MIF approach can be a useful tool for finding and prioritising suitable places for groundwater recharge structures, which can aid in the long-term planning and management of water resources in the area. A quick and effective way to carry out MCDM in order to ascertain the availability of groundwater in a specific area is to use the MIF methodology in conjunction with GIS and remote sensing. Although this study has limitations, the approach offers promise for future studies and can contribute to the long-term planning and management of water resources.
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Figure 1. Location of the study area. (a) India, (b) Himachal Pradesh, and (c) Bilaspur District. Map coordinates are in UTM Zone 43. 
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Figure 2. Methodology flowchart used in the study. 
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Figure 3. Diagram showing multi-influence factors for potential groundwater zones. 
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Figure 4. (a) Drainage map of Bilaspur district; (b) Drainage density map of Bilaspur district. 
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Figure 5. (a) Structure map of Bilaspur district; (b) Lineament density map of Bilaspur district. 
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Figure 6. (a) Land use/land cover map of Bilaspur district; (b) LU/LC index map of Bilaspur district. 
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Figure 7. (a) Aspect map of Bilaspur district; (b) Aspect index map of Bilaspur district. 
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Figure 8. (a) Slope map of Bilaspur district; (b) Slope index map of Bilaspur district. 
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Figure 9. (a) Contour map of Bilaspur district; (b) Elevation index map of Bilaspur district. 
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Figure 10. (a) Soil map of Bilaspur district; (b) Soil index map of Bilaspur district. 
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Figure 11. (a) Rainfall map of Bilaspur district; (b) Rainfall index map of Bilaspur district. 
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Figure 12. (a) Lithology map of Bilaspur district; (b) Lithology index map of Bilaspur district. 
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Figure 13. (a) Geomorphology map of Bilaspur district; (b) Geomorphology index map of Bilaspur district. 
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Figure 14. Groundwater potential zone map of study area, Bilaspur. 
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Figure 15. Groundwater potential zone map of study area, Bilaspur overlaid by the well location data. 
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Figure 16. Groundwater potential zone map of study area, Bilaspur. 
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Table 1. Impact of influencing factor, proposed score, and each potential factor’s relative rates.
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	Factor
	Major Effect (G)
	Minor Effect (H)
	Proposed Relative Rates (G + H)
	Proposed Score of Each Influencing Factor





	Drainage Density
	2
	1
	3
	13



	Lineament Density
	2
	0.5
	2.5
	11



	LULC
	1
	0.5
	1.5
	6



	Aspect
	1
	0
	1
	4



	Slope
	1
	1
	2
	9



	Elevation
	2
	0.5
	2.5
	11



	Soil
	1
	0.5
	1.5
	7



	Rainfall
	2
	0.5
	2.5
	11



	Lithology
	2
	1
	3
	13



	Geomorphology
	3
	0.5
	3.5
	15



	Total
	
	
	23
	100
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Table 2. Weight factors’ categorisation of influencing zones of potential groundwater.
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Factor

	
Descriptive

Scale

	
Weight

(a) 1–10

	
Domain of

Effect

	
Rate

(b)

1–4

	
Weighted

Rating (a × b)

	
Total

	
Average Weight

(a × b/∑a × b) × 100






	
Drainage density

	
<0.5

	
9

	
HVH

	
3

	
27

	
75

	
11




	
0.5–1.0

	
7

	
MH

	
21




	
1.0–1.5

	
5

	
LM

	
15




	
1.5–2.0

	
3

	
VLL

	
9




	
>2.0

	
1

	
NVL

	
3




	
Lineament density

	
<0.3

	
1

	
NVL

	
2.5

	
2.5

	
62.5

	
9




	
0.3–0.6

	
3

	
VLL

	
7.5




	
0.6–0.9

	
5

	
LM

	
12.5




	
0.9–1.2

	
7

	
MH

	
17.5




	
>1.2

	
9

	
HVH

	
22.5




	
LU/LC

	
Waterbody

	
9

	
HVH

	
1.5

	
13.5

	
81

	
11




	
Cropland

	
9

	
HVH

	
13.5




	
Forest Evergreen

	
7

	
MH

	
10.5




	
Forest Scrub

	
7

	
MH

	
10.5




	
Forest Deciduous

	
7

	
MH

	
10.5




	
Grazing land

	
6

	
MH

	
9




	
Scrubland

	
4

	
LM

	
6




	
Ravenous land

	
3

	
VLL

	
4.5




	
Built-up Land

	
2

	
VLL

	
3




	
Aspect

	
North

	
9

	
HVH

	
1

	
9

	
44

	
6




	
North-east

	
8

	
HVH

	
8




	
East

	
7

	
MH

	
7




	
North-west

	
6

	
MH

	
6




	
West

	
4

	
LM

	
4




	
South-east

	
5

	
LM

	
5




	
South-west

	
3

	
VLL

	
3




	
South

	
2

	
VLL

	
2




	
Flat

	
1

	
NVL

	
1




	
Slope (degree)

	
<10

	
9

	
HVH

	
2

	
18

	
62

	
9




	
10–20

	
7

	
MH

	
14




	
20–30

	
6

	
MH

	
12




	
30–40

	
5

	
LM

	
10




	
40–50

	
3

	
VLL

	
6




	
>50

	
1

	
NVL

	
2




	
Elevation (meters)

	
<550

	
9

	
HVH

	
2.5

	
22.5

	
75

	
11




	
550–750

	
7

	
MH

	
17.5




	
750–950

	
6

	
MH

	
15




	
950–1150

	
5

	
LM

	
10




	
1150–1350

	
3

	
LLV

	
7.5




	
>1350

	
1

	
NVL

	
2.5




	
Soil

	
Sandy

	
9

	
HVH

	
1.5

	
13.5

	
34.5

	
5




	

	
Coarse loamy

	
7

	
MH

	

	
10.5

	

	




	

	
Loamy

	
5

	
LM

	

	
7.5

	

	




	

	
Fine loamy

	
2

	
VLL

	

	
3

	

	




	
Rainfall (mm)

	
<1350

	
2

	
NVL

	
2.5

	
5

	
64.5

	
9




	
1350–1450

	
3

	
VLL

	
7.5




	
1450–1550

	
5

	
LM

	
12




	
1550–1650

	
7

	
MH

	
17.5




	
>1650

	
9

	
HVH

	
22.5




	
Lithology

	
Alluvium deposit

	
9

	
HVH

	
3

	
27

	
114

	
16




	
Upper Shiwalik

	
7

	
MH

	
21




	
Lower Shiwalik

	
5

	
LM

	
15




	
Shali

	
5

	
LM

	
15




	
UndifferentialSubathu

	
3

	
VLL

	
9




	
Middle Shiwalik

	
3

	
VLL

	
9




	
Dagshai formation

	
3

	
VLL

	
9




	
Kakara formation

	
3

	
VLL

	
9




	
Geomorphology

	
Structural hills

	
3

	
VLL

	
3.5

	
10.5

	
92.5

	
13




	
Denudational hill

	
6

	
LM

	
19




	
Valley fill

	
9

	
HVH

	
31.5




	
Reservoir

	
9

	
HVH

	
31.5








NVL Nil Very-Low, VLL Very Low-Low, LM Low-Moderate, MH Moderate-High, HVH High-Very High.
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