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Abstract

:

This study was undertaken in the Himalayan basin, in the river Lohawati, Uttarakhand, to study its hydro-morphological characteristics and prioritise the watersheds using geospatial tools. Advanced Spaceborne Thermal Emission and Reflection (ASTER-30 m) data and the Survey of India’s topographic sheets were used to analyse the study area comprehensively. Nine watersheds were identified within the basin in order to calculate the hydro-morphological characteristics in terms of basic, shape, texture, and relief aspects. The basin was identified as being elongated, with a total drainage area of 337.48 km2. The interaction between the terrain, rock formations, and precipitation levels produced a branching structure in the areas drainage system that ranged from dendritic to sub-dendritic. The basin had been classified as a fifth-order basin, comprising a network of 500 stream segments spanning a total length of 492.41 km. In each of the watersheds, the primary streams are of the first order, followed by those of the second order, and so forth. The physiography and lithology of the basin have a significant influence on this pattern. The calculated elongation ratio, circulatory ratio, form factor, shape index, and shape factor ranged from 0.57 to 0.80, 0.35 to 0.64, 0.26 to 0.50, 1.98 to 3.89, and 0.57 to 1.77, respectively. These values indicate that watersheds are elongated, suggesting moderate lag times. The parameters, including drainage density (0.98 to 1.62), stream frequency (1.07 to 1.59), infiltration number (1.04 to 2.59), drainage texture (0.67 to 2.82), and drainage intensity (0.93 to 1.12), pointed towards the coarser drainage texture, higher infiltration, and minimal runoff characteristics of the basin. In light of the relief characteristics of the basin, a higher basin relief, relief ratio, and relative relief were observed for the watersheds, indicating the possibility of higher erosion and deforestation rates. Using the Weighted Sum Analysis (WSA) method, the computed factors were utilised to rank the watersheds based on their potential for erosion. Based on the WSA approach, watersheds were classified into high-, moderate-, and low-prioritisation zones. This further indicates that 36.14% (121.95 km2) of watersheds are in the high-priority zone, and that 48.84% (164.91 km2) and 15.00% (50.62 km2) of watersheds are in the moderate- and low-priority zones, respectively. The WSA is a practical strategy to prioritise watersheds when making appropriate decisions.
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1. Introduction


Anthropogenic pressures and climatic changes seriously threaten global freshwater flows. Surface runoff from rain is produced using a watershed [1], which degrades the natural resources in a watershed by causing soil erosion, thereby reducing productivity and depleting groundwater levels [2]. Streams, rivers, lakes, and oceans are all affected by this discharge [3]. When managing water resources, the runoff quality and timing are extremely important. A watershed’s morphometry involves the lithological, geological, hydrological, and climatic factors that determine when runoff occurs during its regulation process. To record basin characteristics, it is imperative to employ well-established morphometric techniques, which have remained in use since the 1800s [4]. Altaf et al. [5] extensively evaluated hydrological responses using morphometric analysis, which examines surface runoff, infiltration capacity, and groundwater potential. This approach may be helpful in watersheds that are data deficient with regard to hydrology, geology, geomorphology, and soil, in accordance with [6]. Additionally, Altaf et al. [5] demonstrated that a morphometric analysis could forecast travel time, peak time, and erosional process severity. The method can be used to assess river basins to preserve their natural resources [7].



The quantification of catchment morphometry has been documented in landmark studies that have been conducted by several researchers [8,9,10,11,12,13,14]. Most of these investigations used conventional techniques, including topographic map interpretations and field observations. These characteristics are perfect for drainage studies because of their accessibility, simplicity, and low cost. Although extracting channels and catchments from topographic maps is possible, it is time-consuming because the data are not digital. Recently, it has been shown that topography-based analysis techniques and remotely sensed data are very efficient instruments for understanding and managing natural resources [15,16,17,18,19,20,21,22,23,24,25].



Sustainable development places the utmost importance on actively planning and efficiently maintaining natural resources. To manage land and water resources effectively, drainage basins, catchments, and sub-catchments should be incorporated as fundamental units [26]. Moreover, the conservation and judicious use of all relevant resources are prioritised by watershed management in order to maximise output while minimising environmental effects [27]. The effective management of watersheds can help mitigate the impact of natural disasters, such as floods and droughts, and it addresses issues like excessive runoff, increased soil erosion, and insufficient infiltration [28]. Unfortunately, many mountain watersheds face catastrophic situations due to human activities, such as deforestation, urbanisation, shifting cultivation, and other land uses that do not support sustainability. Thorough management plans are required to develop these watersheds sustainably by implementing effective strategies for resource conservation, pollution control, ecosystem restoration, and community engagement.



The prioritisation of sub-watersheds is made possible through morphometric analysis, even when a soil map is not available [29]. Sub-watershed prioritisation significantly depends on the morphological characteristics of each watershed. It is used to identify hotspots that threaten the natural ecological system in both overt and covert ways, as well as for management objectives [14]. The use of linear, areal, and relief parameters makes it possible to uncover the various geographical and geomorphological aspects of a river basin. These parameters also determine direct or indirect connections between these features, surface runoff, and soil erosion susceptibility.



Consequently, it is possible to locate and prioritise soil-erosion-prone areas within a watershed [30,31]. As part of watershed management, it is necessary to prioritise watersheds in terms of cost, project type, and development programs. When prioritising sub-watersheds, we may consider their impact on runoff, as well as the frequency and severity of flooding, the creation rate of groundwater resources, and the rate of soil erosion. Mustak et al. [32] suggests a technique for prioritising sub-watersheds by assessing and ranking them in accordance with the extent of soil erosion and the significance of their drainage areas. Various factors, including soil loss, land utilisation, land cover, morphometric features, and the socioeconomic status of the population, among other relevant considerations, can be employed for sub-watershed prioritisation.



Geospatial statistical techniques have been employed in various endeavours to analyse and prioritise sub-watersheds across different scales, such as Multicriteria Decision Analysis [33,34,35,36,37,38,39], Weighted Sum Analysis [40,41,42], as well as the Sediment Yield Index [43,44,45,46,47,48,49,50,51], Principal Component Analysis [52,53,54], and Compound Factor analysis [55,56,57,58]. Previous studies have demonstrated that the Weighted Sum Analysis (WSA) technique [40] is highly effective in prioritising sub-watersheds, especially regions with limited data or lacking stream gauges. The method’s strength lies in its ability to ensure consistency during the prioritisation process when criteria and weights are defined objectively, based on reliable data and expert knowledge, thus reducing the subjectivity commonly found in other methods [40]. Further, the WSA method offers adaptability to different contexts and decision-making scenarios. By analysing various morphometric parameters, such as linear, areal, and relief, aspects, and utilising digital elevation models (DEM), the WSA method streamlines the sub-watershed prioritisation process. The present study showcases the practical application of the Weighted Sum Analysis (WSA) technique for the efficient prioritisation of sub-watersheds, even in regions with limited data and that are inaccessible.



To date, there has been a noticeable absence of comprehensive research on the analysis and prioritisation of watersheds in the Lohawati basin. This noticeable gap in knowledge creates a crucial need to address the issues of prioritising watersheds based on their stability regarding land erosion, which is of the utmost importance for adequate soil and watershed management. Consequently, undertaking a focused study on prioritising watersheds within the study area becomes essential. This research aims to fill the void resulting from the lack of any investigation and is poised to become a fundamental cornerstone for making informed decisions regarding the allocation of watershed management and conservation resources. The primary objective of this study was to conduct a morphometric analysis of the Himalayan basin. This study also aimed to employ geospatial and statistical methods, along with remote sensing and GIS techniques, to prioritise sub-watersheds based on the derived variables. Despite challenges in recording critical variables due to the study area’s location at the Indo-Nepal border, this research emphasises the importance of using alternative methods while adhering to scientific principles. WSA, based on digital elevation models, effectively analysed morphometric parameters, like shape, texture, and relief, to guide watershed management planning without complex models. When the direct measurement of variables, like sediment yield, are complicated, this study highlights the value of employing indirect indicators and proxy data for assessing erosion susceptibility and guiding conservation efforts. This research proposes alternative ways to approximate essential variables by employing scientific principles and statistical techniques, providing valuable insights for watershed management decision making and resource allocation. Moreover, this research aims to set a foundation for geomorphometric parameters and their association with the vulnerability of watersheds to erosion risks. This information serves as a guide for conservation projects and programs in sub-watersheds with limited financial resources.




2. Materials and Methods


2.1. Description of Study Site


The study area spans from 29°26′30′′ N; 80°3′30′′ E to 29°15′30′′ N 80°20′0′′ E in the Kumaon district of eastern Uttarakhand, India (Figure 1a,b). The Lohawati, a major river that cuts across the basin, is responsible for the basin’s appellation. The river flows from Bansaur Kila in the west to the east for about 10 km before reaching Lohaghat. Valleys and hills are dotted over the exceedingly rugged environment all along its length. A prevalent evergreen forest particularly characterises the middle and lower sections of the basin. Agriculture is practiced irregularly in the basin’s upper section, i.e., near the source. Lohaghat, the largest settlement along the river’s edge, has the maximum inhabitation. The residents frequently perform religious rituals along the riverbanks, close to the city. Water for both human and agricultural use is drawn from the river. Many tributaries flow into the river at various spots. The water level in the river has been dropping for multiple reasons, including continuing water withdrawals for domestic and agricultural use, insufficient recharge from precipitation, and others. The river begins its long journey through the Himalayas, passing through picturesque valleys, narrow gorges, villages, and finally, the Indo-Nepal border at Tamli, where it joins the River Mahakali.



The geological configuration of the area is highly intricate, resulting from numerous tectonic disturbances, caused by different orogenic cycles [59]. The exposed rock succession in the region belongs to the Almora group of rocks, which includes formations like Salla, Gorakhnath, Gumalikheth, and the Champawat granodiorite. The prominent rock types found in this group comprise pale-green-to-cream-colored quartzite, along with chlorite schist, phyllite, metabasitic rocks, and garnetiferous biotite mica schist, often interspersed with quartzite layers [60].



The sub-tropical highland climate is the Koppen-Geiger description for this area (Cwb). The warmest months are April, May, and June, while the coldest are December and January. Factors like elevation, latitude, and sunshine hours majorly shape the local climate. The warmest month is June (avg temp 21.8 °C), and the coldest is December (avg temp 9.1 °C), with an annual average temperature of 16.6 °C. The degree of fluctuation in the yearly temperature is approximately 12.7 °C. Sometimes, heavy precipitation during the harsh winters (December to March) is characterised by snowfall. From June to October, the monsoon season brings a wide range of precipitation, with the average being 3752 mm annually. July receives the highest rainfall (avg 965 mm), while November gets the least rainfall (avg 21 mm). More significant amounts of precipitation are typically seen during summer than winter. The time before the annual monsoon rains begin is the driest [61] (https://mausam.imd.gov.in accessed on 25 September 2022).




2.2. Data Used and Methodology


In this study, we evaluated the region’s morphology by dividing the study area into sub-watersheds to identify and prioritise areas prone to soil erosion. To conduct a quantitative morphometric analysis, we utilised ASTER GDEM-30 m. Additionally, we employed the Survey of India topographic maps (1:50,000) to verify and analyse the drainage network. Various morphometric metrics, including basic, shape, texture, and relief elements of the study area, were identified from the analysed DEM. These measurements were subsequently validated by comparing them to the topographical maps from the Survey of India (1:50,000), specifically the 62C3, 62C4, and 62C7 maps. The detailed information about the data utilised in the research is documented in Table 1.




2.3. ASTER-30 m


The National Aeronautics and Space Administration (NASA) of the United States and Japan’s Ministry of Economy, Trade, and Industry (METI) have worked together to create the ASTER GDEM. The ASTER sensor, installed on the Terra satellite, was disconnected in December 1999. It consists of nadir- and backward-viewing telescopes that can record stereo images with a base-to-height ratio of 0.6 at a viewing angle of 27.7 degrees (3B) in the near-infrared spectral band 3N. The GDEM output is generated by automatically processing 1.5 million stereo pairs using stereo correlation methodology. While the computed DEM has a resolution of 30 m, bands 3N and 3B have a higher resolution of 15 m. The GDEM covers the entire area between 83 degrees north and 83 degrees south latitude [62]. Each ASTER scene measures 4100 by 4200 pixels or approximately 60 by 60 km on the Earth’s surface in the visible or near-infrared range. It has a spatial resolution of 1 arc-second for latitude and longitude (~30 m) and a vertical accuracy of around 10 m [62]. In this study, ASTER GDEM version-2 was obtained from the http://demex.cr.usgs.gov/DEMEX/ (accessed on 5 July 2022) (Figure 2).




2.4. Extraction of Drainage Network


After careful examination of the DEM data, we reproject it onto a Universal Transverse Mercator (zone 43) projection, ensuring the usage of uniform measurement units across all axes. Subsequently, we utilised a void-filling algorithm, powered by the Map Algebra tool of the Spatial Analyst extension of ArcGIS 10.8, to address the gaps existing in the downstream segment of the Lohawati basin. We successfully extracted the drainage networks and the basin boundary from the ASTER DEM by leveraging the hydrological capabilities in the Spatial Analyst add-on for ArcGIS 10.8.



In this study, we utilised the D8 methodology to organise the drainage network hierarchically. This method involves using a hydrological tool in ArcGIS and working with a high-resolution dataset (30 m) [63,64]. We performed several steps to create the drainage network, including pixel filling, estimating flow direction and accumulation, and identifying the area where water flows into an output grid cell. We used a “cell threshold” setting to decide how many raster cells are needed in a drainage network to start a stream grid (Figure 3). For this study, we set the threshold to 200 pixels to create the stream network. Then, we converted the raster data into a feature representation to reconstruct the drainage layer. The stream segments were then ordered using the Strahler (1964) stream ordering method [14]. To verify the accuracy of the drainage network derived from the dataset, we compared it to the information from the SOI toposheets. The boundary of the watershed was determined based on the point where all the water in the entire watershed flows into the river. The length and area of the watershed were calculated by using the geometric properties of the generated polygons.




2.5. Calculation of Morphometric Characteristics


The morphometric features of the study area were analysed using the mathematical equations outlined in Table 2. These metrics provide valuable insight into the basin’s physiographic features and can aid in prioritising watersheds for management and conservation purposes.




2.6. Prioritisation of Sub-Watersheds


The Weighted Sum Analysis (WSA) method was utilised for the analysis. This technique, developed by [40], uses geospatial technology in combination with statistical methods to determine the relative significance of each parameter and provide appropriate weights. The method avoids the biases commonly present in many watershed prioritisation methods.



The WSA method is a precise statistical technique that employs geospatial technology to determine which parameter should be considered in the final analysis. The method determines the relative importance of each parameter using statistical correlation and assigns weights to each parameter accordingly (Equation (1)) [40]. The method provides a comprehensive and unbiased approach to prioritising watersheds, ensuring that all critical factors are considered.


  Prioritization =   ∑  i = 1   n      W   i     ×   X   i    



(1)




where Wi is the weighted average of each morphometric parameter, and Xi is the value of morphometric parameters determined using the WSA technique. The strategy mentioned above can identify the components’ effectiveness and consider each impact separately.



A preliminary ranking of the selected morphometric characteristics was performed to prioritise the Lohawati basin’s watersheds. The linear and relief factors directly correlate with soil erosion, whereas the aerial parameters have an inverse correlation. Consequently, morphometric parameters with greater values, such as linear and relief factors, are assigned higher ranks, indicating an increased susceptibility to erosion. Conversely, areal parameters with higher values receive lower ranks, suggesting a reduced risk of soil erosion. The ranking system reflects the significance of morphometric factors in influencing erosion susceptibility, with higher ranks indicating a more significant risk and vice versa [49,69,70].



First, a correlation matrix was created to examine the relationship between selected morphometric variables. Then, the total correlation for each selected variable was calculated. To determine the final weights for each parameter, the sum of correlation coefficients for each parameter was divided by the overall correlation total. Next, a model (Equation (1)) was developed to assess the priority of each parameter by assigning calculated weights to them. The prioritisation values for all the sub-watersheds were computed based on the weighted averages of the selected morphometric components. The detailed methodology followed for prioritising watersheds is given in Figure 4.





3. Results and Discussion


The current study’s investigation parameters were computed by employing various techniques suggested by different researchers, with their corresponding formulae listed in the appropriate sections. The computed morphometric variables are presented in Table 3, Table 4 and Table 5. The drainage area of the Lohawati basin encompasses a vast expanse of 337.48 km2, with its drainage pattern being dendritic to sub-dendritic (Figure 5). The region’s terrain features, geomorphology, and precipitation conditions are critical in shaping the basin’s drainage pattern. Additionally, the Lohawati River is categorised as a basin ranging from first to fifth order, which is determined by the order of its streams.



3.1. Basic Morphometric Parameters


The basic morphometric parameters, estimated for the study area, are given in Table 3. The basin length is the longest dimension running parallel to the primary drainage [11] and was found to be the highest in WS7 (13 km), and the lowest in WS8 (6 km). The basin length of other watersheds lies between these two extremes, with lengths indicating that the basins are smaller. The size of the basin area plays a crucial role in defining the basin’s overall geometry. WS2 had the largest basin area, measuring 62.08 km2, while WS8 had the smallest basin area, covering only 9.26 km2. The basin perimeter gives information about the extent and form of the basin. The largest perimeter was obtained for WS7 (39.87 km), and the smallest was obtained for WS8 (16.38 km). Stream order, which indicates the basin’s size and scale, was calculated according to [13] (Figure 6). The Lohawati basin was categorised as a 5th-order basin with 500 stream segments. The largest number of stream segments was found in WS2 (99), while the lowest was found in WS8 (11).



Moreover, across all the watersheds, maximum stream segments were observed to be in the first order, followed by the second order, and so forth (Table 3). This observation aligns with Horton’s law [9,65]. The stream numbers further indicated that WS1 and WS2 were relatively more permeable than the remaining watersheds. According to [71], increasing discharge and velocity are related to increased stream order. We can infer that the differences in the physical characteristics of the watersheds lead to varying sediment loads and water flow contributions. As mentioned by [25], any deviation from Horton’s rule suggested that the basin had a rugged terrain with gentle slopes, diverse rock types, and possibly experienced uplift events. This implies that the Lohawati basin’s subsurface landscape was lithologically uniform throughout and showed no signs of geological uplift because no such divergence was found in our study.



The total stream length obtained for the Lohawati basin was 492.41 km, ranging from 11.58 km in WS8 to 100.78 km in WS2 (Table 3). According to the Horton’s Law of stream length, each stream order’s mean length increases geometrically with increasing stream order. An analogous trend was seen in the Lohawati basin’s watersheds (Table 3), indicating the basin’s homogeneous development. The stream length ratio (Rl) was determined by dividing the length of a stream segment for a specific order (Lu) by the length of the stream segment for the previous order (Lu-1). The “Rl” increased from lower to higher stream orders, as indicated by the “Rl” between various sub-watersheds, and this indicates that streams are at a developed geomorphic stage (Table 3). In WS1, the third- to second-order stream length ratio was 0.27, while in WS8, the second- to first-order stream length ratio was 1.72. The “Rl” between consecutive stream orders changes due to differences in slope and topographic conditions. Moreover, this ratio is strongly linked to the basin’s surface flow discharge and erosional stage [72].




3.2. Shape Morphometric Parameters


Area (A), perimeter (P), and basin length (Lb) are three of the most essential morphometric variables used to represent the basin’s shape [10,11,65]. Forecasting the hydrological behaviour of a basin requires knowledge of its shape, which can be expressed in terms of the form factor (Ff), elongation ratio (Re), circulatory ratio (Rc), shape index (Si), and shape factor (Sf) [65,73].



The elongation ratio (Re) is used to assess the shape of a watershed. It represents how stretched or elongated the watershed is, which is computed by dividing the longest length of the watershed by the diameter of a circle with the same area. This ratio helps categorise the different slopes of watersheds or basins. The Lohawati basin’s elongation ratio, given in Table 4, varied from 0.57 in WS7 and WS8 to 0.80 in WS2. According to [11], an elongation ratio of 0.9–1.0 represents a circular shape, 0.8–0.9 represents an oval shape, 0.7–0.8 represents less elongated shapes, 0.5–0.7 represents elongated shapes, and a value below 0.5 represents more elongated shapes. The watersheds WS4, WS7, WS8, and WS9 had elongated shapes with an Re between 0.5 and 0.7, while WS1, WS2, WS3, WS5, and WS6 had less elongated shapes, with an Re between 0.7 and 0.8. The “Re” value tends to approach 1.0 when the basin shape is closer to a circle. It typically ranges from 0.6 to 1.0 under various geological and climatological conditions [14]. According to Dar et al. [74], values closer to 1.0 are associated with gentle terrain, limited or insignificant structural effects, intense infiltration, and runoff. On the other hand, [14] pointed out that values between 0.8 and 0.6 are linked to steep gradients and high relief. Since the “Re” values of the watersheds fall between 0.6 and 0.8, it suggests that they have steep slopes and high relief. This makes them more susceptible to soil erosion [75].



The circulatory ratio (Rc) is a metric used to evaluate the shape of a basin quantitatively. The computation involves dividing the basin’s area by the diameter of a circle that has the same perimeter as the basin [10,14]. Among the watersheds, WS7 had the lowest “Rc” value (0.35), while WS1 had the highest “Rc” value (0.64) (Table 4). Various basin characteristics, such as stream length and frequency, geological structures, land use/cover, climate, relief, and basin slope, can influence this measurement [76]. Findings from [77] demonstrated a robust correlation between “Rc” and structural disturbances, suggesting that basins with low “Rc” values generally experienced minimal structural disruptions, while higher “Rc” values were associated with more significant disturbances. The “Rc” values of the watersheds suggested that WS1 and WS2 had moderate structural disturbances, while the remaining watersheds are subject to low structural disturbances (Table 4).



Horton [65] states that a form factor is employed to evaluate the flow intensity in basins of a specific size. The form factor of the Lohawati basin’s sub-watersheds ranged from 0.26 in WS7 and WS8 to 0.50 in WS2 (Table 4). As per [9,10], the form factor indicates the basin shape, with a smaller value indicating a more elongated shape and a larger value indicating a tendency towards circularity. The Lohawati basin’s watersheds have relatively smaller “Ff” values, suggesting that they are elongated in shape. As a result, these watersheds tend to experience flatter hydrographs for more extended periods, making them easier to manage compared to circular basins.



The shape index (Si) is obtained by squaring the basin’s length and dividing it by the basin’s area, serving as the inverse of the form factor [65]. In the watersheds of the Lohawati basin, the “Si” values ranged from 1.98 in WS2 to 3.89 in WS8 (Table 4). The shape of the basin significantly impacts the water and sediment yield rate along the relief and length of the drainage basin. Additionally, the “Si” value can indicate the level of tectonic activity in the basin. A higher “Si” value corresponds to an elongated basin with substantial tectonic activity, while a lower “Si” value corresponds to a circular basin with low tectonic activity [78]. Based on the “Si” values of the watersheds (Table 4), it could be inferred that the watersheds in the Lohawati basin range from relatively less elongated to elongated, with moderate tectonic activity.



The shape factor, which conveys the circular shape of the basin, was found to be the lowest for WS7 (0.57) and the highest for WS2 (1.77) (Table 4). The degree of circularity of a basin influences the watershed’s response after a storm, as indicated by [79]. Altaf et al. [5] compared this measure to other metrics, like the circulatory ratio, elongation ratio, and shape factor. The values obtained for the Lohawati basin suggest that watersheds were elongated in shape, indicating moderate lag times.




3.3. Texture Morphometric Parameters


The arrangement of surface features is primarily represented by texture, which also offers quantitative assessments of those features’ spatial distribution. These elements explain the physical makeup of a watershed and its influence on hydrological processes, like runoff, erosion, and infiltration.



To understand the basin’s climate, the likelihood of runoff, vegetation, and other factors, it is possible to use the drainage density of the area [14,65]. The drainage density (Dd) is determined by dividing the total length of all streams in the basin by the basin’s area. This gives a numerical value of the basin’s average stream channel length and calculates the streams’ spacing [9,14]. A lower “Dd” value typically presents extensive vegetation cover and little relief on highly permeable sub-surface earth conditions. A high “Dd” value, however, is found in areas with scarce flora, steepslopes, and impervious subsurface materials [80]. The “Dd” values of Lohawati basin watersheds are given in Table 5 and range from 0.98 km km−2 in WS5 to 1.62 km km−2 in WS2. Based on the “Dd” values, which indicate a lower relief and higher infiltration capacity, the watersheds of the Lohawati basin can be classified as having a coarse drainage texture.



The drainage network’s texture is shown by stream frequency, which is influenced mainly by the basin’s physical characteristics. Stream frequency (Fs), as described by [8], is the ratio of the total count of stream segments within a watershed to its entire area. “Fs” is a metric used to assess the texture of the drainage network, and the physical characteristics of the basin mainly influence it. The watersheds’ “Fs” values ranged from 1.07 streams km−2 in WS5 to 1.59 streams km−2 in WS1 and WS2. Melton [81] examined the direct connection between runoff processes, drainage density, and stream frequency. The “Fs” values suggest that all the watersheds of the Lohawati basin produce less runoff (Table 5).



The infiltration number (If) characterises the infiltration properties of the basin; higher numbers indicate reduced infiltration and increased runoff, and vice versa [67,82]. The infiltration number is a crucial metric for analysing the basin’s infiltration characteristics. It is determined for a watershed by multiplying the stream frequency (Fs) with the drainage density (Dd). The “If” values obtained for the watersheds of the Lohawati basin provided additional support for the findings of the two parameters mentioned above, i.e., the basin’s infiltration and runoff characteristics (Table 5). The constant of channel maintenance (C) is a way to measure how easily a watershed can erode. It tells us how much drainage area is needed to support the certain length of a channel. The pattern of “C” is different from “Dd,” “Fs,” and “If”. In the watersheds of the Lohawati basin, the “C” values varied from 0.62 in WS2 to 1.02 in WS5 (Table 5). When “C” is low, it usually means the watershed has a higher drainage density, consists of rock types that are resistant to erosion, and has dense vegetation cover [83]. The “C” values confirmed the high surface permeability and substantial vegetation of the Lohawati basin watersheds.



The bifurcation ratio (Rb), as described by [84], measures the degree to which a drainage network branches off and, hence, the magnitude of runoff [85]. The mean “Rb” values for watersheds of the Lohawati basin are summarised (Table 5), ranging from 2.06 in WS9 to 4.73 in WS4. For drainage basins, the values of the bifurcation ratio typically vary between 3.0 and 5.0 [14], whereas structurally controlled networks have values of more than 10 [86]. Furthermore, a higher “Rb” value suggests high structural complexity and low terrain permeability, whereas a lower value shows minimal structural disturbances and no distortion of the drainage patterns [14]. Thus, it can be inferred that no geological interference is evident in the watersheds of the Lohawati basin for influencing drainage patterns [80].



The length of the overland flow (Lg) measures the time it takes for rainwater to accumulate in particular stream courses [65]. The slope and land cover conditions typically determine it [40]. In the research area, “Lg” values ranged from 0.49 km in WS5 to 0.81 km in WS2 (Table 5). The period is shorter for smaller values and longer for higher values. All the watersheds in the Lohawati basin had significantly low “Lg” values, indicating that rainwater would reach the stream relatively quickly during heavy rainfall. This suggests that flash floods are more likely to occur in these watersheds during intense rain due to the shorter lag time.



Drainage intensity (Di) gauges the impact of denudation agents on the land surface, taking into account both drainage density and stream frequency [67]. Table 5 presents the “Di” values for the watersheds of the Lohawati basin, with values ranging from 0.93 in WS6 to 1.12 in WS9. The basin’s poor “Di,” “Fs,” and “Dd” values suggest that surface runoff does not flow away quickly, making it prone to flooding and gully erosion. The texture ratio (Rt) measures a drainage network’s composition connected to drainage density and stream frequency [65]. Table 5 presents the “Rt” values of the study area, with WS8 having the lowest “Rt” value (0.55) and WS2 having the highest (2.11). The underlying lithology, infiltration capacity, and terrain relief significantly shape the basin’s texture ratios [5,87]. The results indicate that the watersheds in the basin possess a high infiltration capacity and experience moderate to longer basin lag durations. Based on the drainage texture values, ranging from 0.67 in WS8 to 2.82 in WS2 (Table 5), the watersheds in the study area can be classified as having a very coarse to coarse drainage texture. Consequently, it can be inferred that all nine (9) watersheds within the Lohawati basin will require more time to reach their peak flows [88].



The widely used index in this context is the compactness coefficient, introduced by Gravelius. It is the ratio of the watershed’s perimeter to a circle with an area equal to the specified drainage basin. The obtained compactness coefficient (Cc) values of the watersheds of the Lohawati basin are presented in Table 5, which range from 0.56 in WS2 to 1.77 in WS8. Circular-shaped basins are characterised by a faster peak flow occurrence compared to elongated basins. The basin’s behaviour resembles a perfectly circular basin when “Cc” equals one but deviates further from a circular shape when “Cc” is greater than one [5]. The collected data reveals that the basin does not exhibit a circular pattern, implying that it will take a longer time for peak flow to happen [89].




3.4. Relief Morphometric Parameters


The relief of the basin, which refers to the difference between the highest and the lowest points within it, has a significant impact on denudational processes. This geomorphic factor is essential for understanding the erosion and mass movement processes in the basin. In addition, “H” regulates the stream gradient, the flood pattern, and the amount of silt that can be conveyed [90]. The basin relief values of the watersheds are shown in Table 6 and Figure 7, with values ranging from 0.694 km in WS1 to 1.516 km in WS5. The average pace of deforestation has been determined to be closely proportional to the average watershed relief [74,91]. The “H” values indicate that all other watersheds of the Lohawati basin are prone to rapid deforestation, barring WS1.



Relative relief (Rr) refers to the ratio between the relief (the difference in elevation between the highest and the lowest points) and the perimeter of the watershed [82]. Its primary purpose is to analyse the basins’ topographic and geological properties [92]. The relative relief of the watersheds of the Lohawati basin is presented in Table 6, which ranges from 2.019 in WS1 to 8.156 in WS8. The values infer the “Rr” to be high, thus suggesting that the watersheds of the Lohawati basin will experience high soil erosion.



The overall steepness of a drainage basin can be measured using the relief ratio (Rh), which also provides insights into the degree of erosion occurring on the basin’s slope. Also, “Rh” is a commonly used gauge of a watershed’s gradient characteristics [11]. Table 6 shows the watersheds’ “Rh” values, ranging from 0.058 in WS1 to 0.223 in WS8. According to Gottschalk [93], a drainage basin’s “Rh” value has an inverse relationship with its shape parameters. When the drainage area and size of sub-watersheds decrease, the “Rh” value increases. Additionally, the “Rh” value indicates the erosion intensity in the watershed [40]. All the watersheds had a high relief ratio, thus, suggesting that watersheds would experience higher erosion intensity rates.



Strahler [14] introduced the concept of the ruggedness number, which is calculated by multiplying the basin relief by the drainage density [14]. This metric effectively combines the steepness of the slopes with their respective lengths, providing a comprehensive measure of the terrain’s ruggedness. The ruggedness number (Rn) indicates the terrain’s structural complexity and susceptibility to erosion [94]. Additionally, it determines the degree of surface irregularity and the smoothness or roughness of the basin topography [95]. The calculation of the ruggedness number, as proposed by [13], involves considering the drainage density, basin relief, slope steepness, and length. Table 6 shows that watersheds have different “Rn” values, ranging from 1.095 to 2.217. Furthermore, Strahler [13] observed that when drainage density and relief values are exceptionally high, the ruggedness number increases, resulting in a steep and lengthy slope. The “Rn” values of the watersheds (Table 6) suggest that peak discharges of all the watersheds will be higher [96].




3.5. Prioritisation of the Watersheds


Watersheds exhibit diverse behaviour depending on their morphometric attributes, and identifying the critical watersheds is indispensable for cohesive planning and management. The present research has divided the Lohawati basin into nine sub-watersheds, which have been considered for prioritisation. The parameters; such as linear morphometric parameters, like mean bifurcation ratio and the length of overland flow; areal morphometric parameters, like basin area, form factor, elongation ratio, circularity ratio, shape factor, and shape index; texture parameters, like drainage density, drainage texture, texture ratio, and stream frequency; and relief morphometric parameters, like relief ratio and the ruggedness number have been taken into account for preliminary prioritisation ranking. Geomorphometric variables under linear, texture, and relief aspects are directly related to runoff and soil erosion, so a higher order was assigned to the parameters with higher values and vice versa. Similarly, variables under areal aspects are inversely related to runoff and soil erosion, so a higher ranking was given to the variable with a lower value and vice versa [49,55,97]. The ranking of morphometric variables considered for priority is shown in Table 7.



Once the erosion assessment parameters were evaluated and ranked, a correlation matrix was built using the WSA method (Table 8). The morphometric parameters were then assigned weights. It can be seen from Table 8 that most parameters, such as the basin area, form factor, elongation ratio, circularity ratio, shape factor, and shape index, showed a negative correlation with most of the other parameters. The matrix also showed that the form factor and elongation ratio, drainage density and length of overland flow, and drainage texture and texture ratios exhibited the highest positive correlation of one (1). The shape index and form factor and the shape index and elongation ratio showed the highest negative correlation of −1 (Table 8). The WSA method yielded a total of 9.833 from the sum of correlations. To determine the final weights for each parameter, the sum of the correlation coefficients of each parameter was divided by the total number of correlations. These weights were then assigned to the parameters in the prioritisation model to assess priority, as depicted in Equation (2).


Prioritization = (−0.131 × A) + (0.076 × Re) + (0.054 × Rc) + (0.076 × Ff) + (−0.076 × Si) + (−0.119 × Sf) + (0.171 × Fs) + (0.159 × Dd) + (0.247 × Rb) + (0.159 × Lg) + (0.134 × Rt) + (0.134 × Dt) + (−0.125 × Rh) + (0.239 × Rn)



(2)







The weights of each morphometric component were used to determine the prioritisation values for all the watersheds in the Lohawati basin (Table 9).



The prioritisation rating system ranked the hydrological units based on their prioritisation values, with the watershed having the smallest value being assigned top priority (one). The units were then ranked in ascending order of their values to determine their respective rankings. The WS2 received the highest priority ranking of one due to its lowest prioritisation value (−5.8231), WS1 was assigned second rank, with a prioritisation value of (−5.7876), and accordingly, the ranking was given to the other watersheds based on their corresponding prioritisation values (Table 9). The results suggest that WS2 is the most threatened watershed and is in immediate need of attention regarding soil, water, and vegetation resource management. Figure 8 displays the final map, indicating the priority ranking of the watersheds in the Lohawati basin. Further, the watersheds of the study area were categorised into high-, moderate-, and low-prioritisation zones based on the prioritisation values (Figure 9 and Table 10). As such, a 121.95 km2 (36.14%) area of the basin is in a high-priority zone, 164.91 km2 (48.87%) of the area is in the moderate-priority zone, and 50.62 km2 (15%) of the area is in the low-prioritisation zone.



Identifying critical watersheds holds significant importance in natural resource management, especially to formulate watershed management strategies. This is because each watershed exhibits distinct hydrological behaviour based on its specific morphometric and topo-hydrological features [98,99]. Several watershed prioritisation methods are available, such as Principal Component Analysis, Multicriteria Decision Analysis, Sediment Yield Index, and Compound Factor [33,39,43,44,48,51,53,56,58,100]. In the past, sub-watershed prioritisation has predominantly relied on evaluating single categories of data, such as hydrology, land use, or soil texture, as observed in the aforementioned approaches [40]. However, this limited approach can overlook the complex interactions and interdependencies between various factors, potentially leading to suboptimal prioritisation outcomes.



Moreover, Multi-Criteria Decision Making (MCDM)-based approaches, which involve expert judgment, may face declining accuracy when confronted with new uncertainties [101,102]. This decrease in accuracy poses a challenge, especially in the absence of experts with in-depth knowledge of watershed dynamics [103]. On the other hand, sediment yield and erosion (SYE)-based methods demand specific soil erosion and sediment data [31], which might not be readily available in many countries. As a result, accurately estimating silt transport in watersheds with limited data has proven to be challenging [43], hindering the development of effective sediment yield management strategies.



To address these uncertainties and limitations, there is a pressing need to devise innovative methods to overcome these challenges and to provide valuable insights into the complex process of sediment yield in watershed management research [101]. One such effort to tackle these issues is the proposed Weighted Sum Analysis (WSA) model introduced by [40]. The WSA model offers a promising solution by incorporating multiple criteria and effectively dealing with uncertainties in data, thereby providing a more comprehensive and reliable approach to prioritise sub-watersheds.



By adopting the WSA model, researchers can consider the combined influence of various factors on watershed dynamics and prioritise sub-watersheds more accurately, even when faced with limited data availability or uncertainties for expert judgment. Developing and utilising such novel methods are essential for enhancing our understanding of sediment yield and improving watershed management strategies to ensure sustainable and effective conservation practices. Also, the data used are readily available for prioritisation studies. The approach introduced by [40] was employed for this study, and specific extra morphometric parameters were incorporated to improve the outcomes. The prioritisation ratings, obtained through the WSA technique, suggest that the morphometric characterisation tool serves as an efficient alternative to resource-intensive conventional soil and water risk assessment methods, mainly when data is limited or unavailable.





4. Conclusions


There are many different methods for performing river basin prioritisation, but some of them require a lot of data, some are arduous and time-consuming, and some are location-specific. In the current work, the morphometric variables and sub-watersheds of the Lohawati basin were extracted from ASTER satellite data, and a Weighted Sum Analysis (WSA) approach was used to prioritise the watersheds. The basic, shape, texture, and relief morphometric factors were estimated. The observed variation in the stream length ratio is attributed to the diverse slope gradients and topographic features present in the area. The varying slopes influence the flow patterns of streams, leading to different stream lengths across the basin.



Moreover, the lower drainage density (Dd) value of the Lohawati basin suggests the presence of impermeable rocks and moderate relief, creating favourable conditions for infiltration and enhancing groundwater prospects. This can have significant implications on overall water availability and sustainability in the region. The analysis of the watershed drainage texture revealed an extremely granular roughness, which further influences the flow paths and water movement within the basin. Additionally, the watershed relief indicated a mild to moderate slope, facilitating slow runoff and allowing for intense infiltration. These hydrological features can play a crucial role in regulating water flow, minimising the risk of flooding, and sustaining water resources in the Lohawati basin.



According to the risk of soil erosion, the watersheds in the Lohawati basin were ranked, with WS2 being the most susceptible and WS8 being the least susceptible. Additionally, watersheds were divided into high-, moderate-, and low-priority zones based on the prioritisation rank ranges. Because of the greater risk of runoff and soil erosion, the high-priority zones require urgent planning and the implementation of watershed management methods. As a result of combining geospatial and statistical methods, WSA has shown to be a substantial and valuable prioritisation approach, especially in data-deficient regions. The WSA method is a dynamic, efficient, and sustainable alternative to traditional prioritisation strategies that treat all characterisation parameters equally and in a complex manner. Decision makers, water resource managers, and conservation plan developers can all benefit from using the WSA method for sub-watershed prioritisation.



Nevertheless, given the ever-changing nature of hydrological systems, it would be advantageous to investigate how the WSA method adapts to varying environmental conditions and to evaluate its effectiveness over extended periods. Furthermore, integrating higher-resolution satellite images could be advantageous, leading to more promising outcomes for improved planning and management. Such investigations would offer valuable insights into the method’s durability and dependability amidst the continuous evolution of climate and land-use patterns.
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Figure 1. (a) Location map of the study area indicating the location of the Uttarakhand and the positioning of the Lohawati basin. (b) Field photographs showcasing different sections of the Lohawati basin. 
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Figure 2. (a) ASTER data used for the study with Lohawati basin highlighted. (b) Lohawati basin. 
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Figure 3. Extraction of drainage network of Lohawati basin. 
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Figure 4. The flowchart outlining the methodology used to prioritise the watersheds of the Lohawati basin using the Weighted Sum Analysis approach. 
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Figure 5. The drainage pattern of Lohawati basin. 
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Figure 6. Watershed maps of the Lohawati basin. 
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Figure 7. Relief of the Lohawati basin. 
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Figure 8. Sub-watershed prioritisation ranking map based on WSA values of the Lohawati basin. 






Figure 8. Sub-watershed prioritisation ranking map based on WSA values of the Lohawati basin.



[image: Conservation 03 00031 g008]







[image: Conservation 03 00031 g009] 





Figure 9. The priority-wise classification of the sub-watersheds of the Lohawati basin. 
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Table 1. Information about the data utilised in the research.
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	S. No.
	Data Type
	Details of Data
	Source





	1.
	ASTER GDEM
	30 m resolution
	http://demex.cr.usgs.gov/DEMEX/. (accessed on 5 July 2022)



	2.
	SOI toposheets
	62C3, 62C4, and 62C7.
	Survey of India, Dehradun, Uttarakhand, India










 





Table 2. The mathematical equations used to measure the morphometric parameters quantitatively.
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Morphometric Parameters

	
Symbol

	
Formula

	
References






	
Basic parameters




	
Basin area (km2)

	
A

	
GIS software (ArcGIS 10.8) analysis

	
[11]




	
Basin perimeter (km)

	
P

	
GIS software (ArcGIS 10.8) analysis

	
[11]




	
Basin length (km)

	
Lb

	
1.312 × A0.568

	
[11]




	

	

	
Where Lb = basin length

	




	

	

	
A = basin area (km2)

	




	
Stream number

	
Nu

	
Number of stream segments

	
[12]




	
Stream order

	
U

	
Hierarchical rank

	
[14]




	
Stream length (km)

	
Lu

	
Length of the stream segment

	
[65]




	
Mean stream length

	
Lsm

	
Lsm = Lu/Nu

	
[14]




	

	

	
Where Lsm = mean stream length

	




	

	

	
Lu = total stream length of order “u”

	




	

	

	
Nu = total no. of stream segments of order “u”

	




	
Stream length ratio

	
Rl

	
Rl = Lu/Lu-1

	
[65]




	

	

	
Where Rl = stream length ratio

	




	

	

	
Lu = total stream length of order “u”

	




	

	

	
Lu-1 = total stream length of its next lower-order

	




	
Shape parameters




	
Form factor

	
Ff

	
Ff = A/Lb2

	
[9]




	

	

	
Where Ff = form factor

	




	

	

	
A = area of the basin (km2)

	




	

	

	
Lb2 = square of basin length (km)

	




	
Circulatory ratio

	
Rc

	
Rc = 4 × Pi × A/P2

	
[10]




	

	

	
Where Rc = circulatory ratio

	




	

	

	
Pi = “Pi” value, i.e., 3.14

	




	

	

	
A = area of the basin (km2)

	




	

	

	
P = perimeter (km)

	




	
Elongation ratio

	
Re

	
Re = 2v (A/Pi/Lb)

	
[13]




	

	

	
Where Re = elongation ratio

	




	

	

	
Pi = “Pi” value, i.e., 3.14

	




	

	

	
A = area of the basin (km2)

	




	

	

	
Lb = basin length (km)

	




	
Shape index

	
Si

	
Si = Lb2/A

	
[65]




	

	

	
Where Si = shape index

	




	

	

	
Lb = basin length

	




	

	

	
A = area of basin

	




	
Shape factor

	
Sf

	
Sf = Pu/Pc

	
[66]




	

	

	
Where Sf = shape factor

	




	

	

	
Pu = perimeter of the circle of watershed area

	




	

	

	
Pc = perimeter of

watershed

	




	
Texture parameters




	
Length of overland flow (km)

	
Lg

	
Lg = 1/2 (Dd)

	
[65]




	

	

	
Where Lg = length of overland flow

	




	

	

	
Dd = drainage density

	




	
Drainage density (km km−2)

	
Dd

	
Dd = Lu/A

	
[9]




	

	

	
Where Dd = drainage density

	




	

	

	
Lu = total stream length of order “u”

	




	

	

	
A = area of the basin (km2)

	




	
Bifurcation ratio

	
Rb

	
Rb = Nu/Nu + 1

	
[11]




	

	

	
Where Rb = bifurcation ratio

	




	

	

	
Nu = total no. of stream segments of order “u”

	




	

	

	
Nu + 1 = number of segments of the next higher-order

	




	
Mean bifurcation ratio

	
Rbm

	
Average of bifurcation ratio of all orders

	
[13]




	
Stream frequency (km−2)

	
Fs

	
Fs = Nu/A

	
[9]




	

	

	
Where Fs = stream frequency

	




	

	

	
Nu = total no. of streams of all orders

	




	

	

	
A = area of the basin (km2)

	




	
Constant of channel maintenance (km2 km−1)

	
C

	
C = 1/Dd

	
[11]




	

	

	
Where C = constant of channel maintenance

	




	

	

	
Dd = drainage density

	




	
Drainage intensity

	
Di

	
Di = Fs/Dd

	
[28,67]




	

	

	
Where Di = drainage Intensity

	




	

	

	
Fs = stream frequency

	




	

	

	
Dd = drainage density

	




	
Infiltration number

	
If

	
If = Fs × Dd

	
[67]




	

	

	
Where If = infiltration number

	




	

	

	
Fs = stream frequency

	




	

	

	
Dd = drainage density

	




	
Texture ratio

	
Rt

	
Rt = N1/P

	
[11]




	

	

	
Where Rt = texture ratio

	




	

	

	
N1 = number of 1st order streams

	




	

	

	
P = basin perimeter (km)

	




	
Drainage texture

	
Dt

	
Dt = Nu/P

	
[65]




	

	

	
Where Dt = drainage texture

	




	

	

	
Nu = total number of streams

	




	

	

	
P = perimeter (km)

	




	
Compactness

coefficient

	
Cc

	
Cc = Pc/Pu

	
[68]




	

	

	
Where Pc = perimeter of

watershed

	




	

	

	
Pu = perimeter of the circle of

watershed area

	




	
Relief parameters




	
Height of basin mouth (km)

	
z

	
GIS analysis/DEM

	




	
Maximum height of the basin (km)

	
Z

	
GIS analysis/DEM

	




	
Total basin relief (km)

	
H

	
H = Z − z

	
[12]




	

	

	
Where H = total basin relief

	




	

	

	
Z = maximum height of the basin (km)

	




	

	

	
z = height of basin mouth (km)

	




	
Relief ratio

	
Rh

	
Rh = H/Lb

	
[11]




	

	

	
Where Rh = relief ratio

	




	

	

	
H = total relief of the basin (km)

	




	

	

	
Lb = basin length (km)

	




	
Relative relief

	
Rr

	
Rr = 100 H/P

	
[11]




	

	

	
Where Rr = relative relief

	




	

	

	
H = total relief of the basin (km)

	




	

	

	
P = perimeter (km)

	




	
Ruggedness number

	
Rn

	
Rn = Dd ×H

	
[14]




	

	

	
Where Rn = ruggedness number

	




	

	

	
Dd = drainage density

	




	

	

	
H = total basin relief (km)

	











 





Table 3. Basic morphometric parameters of the Lohawati Sub-basins.
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(a)




	
Code

	
Basin Length

(km)

	
Basin Area

(km2)

	
Basin Perimeter

(km)

	
Stream Order

	
Total Stream Numbers

	
Stream Length (km)

	
Total Stream Length

(km)




	
U1

	
U2

	
U3

	
U4

	
U5

	
LU1

	
LU2

	
LU3

	
LU4

	
LU5

	






	
WS1

	
12.00

	
59.87

	
34.37

	
71

	
18

	
5

	
1

	

	
95

	
46.78

	
29.43

	
7.92

	
10.37

	

	
94.50




	
WS2

	
11.10

	
62.08

	
35.07

	
74

	
19

	
3

	
2

	
1

	
99

	
50.22

	
26.30

	
13.32

	
7.27

	
3.67

	
100.78




	
WS3

	
9.45

	
34.89

	
29.94

	
43

	
9

	
2

	

	
1

	
55

	
25.96

	
11.62

	
4.41

	

	
11.76

	
53.75




	
WS4

	
11.31

	
45.57

	
35.30

	
55

	
14

	
1

	
1

	

	
71

	
27.30

	
20.96

	
13.72

	
4.67

	

	
66.65




	
WS5

	
7.43

	
23.42

	
28.13

	
20

	
4

	
1

	

	

	
25

	
14.62

	
5.50

	
2.80

	

	

	
22.92




	
WS6

	
9.60

	
40.66

	
31.62

	
45

	
9

	
2

	

	
1

	
57

	
28.44

	
12.60

	
7.00

	

	
13.33

	
61.37




	
WS7

	
13.00

	
43.76

	
39.87

	
52

	
11

	
1

	
1

	

	
65

	
33.82

	
13.27

	
5.38

	
8.79

	

	
61.26




	
WS8

	
6.00

	
9.26

	
16.38

	
9

	
1

	
1

	

	

	
11

	
3.87

	
6.64

	
1.07

	

	

	
11.58




	
WS9

	
7.65

	
17.93

	
20.83

	
17

	
4

	
1

	

	

	
22

	
12.28

	
3.54

	
3.78

	

	

	
19.6




	
(b)




	
Code

	
Mean Stream Length

	
Mean Stream Length (km)

	
Stream Length Ratio




	
LU1/NU1

	
LU2/NU2

	
LU3/NU3

	
LU4/NU4

	
LU5/NU5

	

	
LU2/LU1

	
LU3/LU2

	
LU4/LU3

	
LU5/LU4




	
WS1

	
0.66

	
1.64

	
1.58

	
10.37

	

	
1.99

	
0.63

	
0.27

	
1.31

	




	
WS2

	
0.68

	
1.38

	
4.44

	
3.635

	
3.67

	
1.76

	
0.52

	
0.51

	
0.55

	
0.50




	
WS3

	
0.60

	
1.29

	

	

	
11.76

	
1.93

	
0.45

	
0.38

	

	




	
WS4

	
0.50

	
1.50

	
13.72

	
4.67

	

	
1.86

	
0.77

	
0.65

	
0.34

	




	
WS5

	
0.73

	
1.38

	

	

	

	
1.07

	
0.38

	
0.51

	

	




	
WS6

	
0.63

	
1.40

	

	

	
13.33

	
2.09

	
0.44

	
0.56

	

	




	
WS7

	
0.65

	
1.21

	

	
8.79

	

	
1.62

	
0.39

	
0.41

	
1.63

	




	
WS8

	
0.43

	

	

	

	

	
6.24

	
1.72

	

	

	




	
WS9

	
1.47

	
2.89

	

	

	

	
1.83

	
0.29

	
1.06

	

	











 





Table 4. Shape morphometric parameters of the Lohawati sub-basins.
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	Code
	Elongation Ratio
	Circulatory Ratio
	Form Factor
	Shape Index
	Shape Factor





	WS1
	0.73
	0.64
	0.42
	2.41
	1.74



	WS2
	0.80
	0.63
	0.50
	1.98
	1.77



	WS3
	0.71
	0.49
	0.39
	2.56
	1.17



	WS4
	0.67
	0.46
	0.36
	2.81
	1.29



	WS5
	0.74
	0.37
	0.42
	2.36
	0.83



	WS6
	0.75
	0.51
	0.44
	2.27
	1.29



	WS7
	0.57
	0.35
	0.26
	3.86
	1.10



	WS8
	0.57
	0.43
	0.26
	3.89
	0.57



	WS9
	0.62
	0.52
	0.31
	3.26
	0.86










 





Table 5. Texture morphometric parameters of the Lohawati sub-basins.
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Code

	
Stream Frequency

(km−2)

	
Drainage Density

(km km−2)

	
Bifurcation Ratio

	
Mean Bifurcation Ratio

	
Infiltration Number

	
Constant

of Channel Maintenance

(km2 km−1)

	
Length of Overland Flow (km)

	
Drainage Intensity

	
Texture Ratio

	
Drainage Texture

	
Compactness Coefficient




	
NU1/

NU2

	
NU2/

NU3

	
NU3/

NU4

	
NU4/

NU5






	
WS1

	
1.59

	
1.58

	
3.94

	
3.60

	
5

	

	
3.14

	
2.50

	
0.63

	
0.79

	
1.01

	
2.07

	
2.76

	
0.57




	
WS2

	
1.59

	
1.62

	
3.89

	
6.33

	
1.5

	
2

	
3.43

	
2.59

	
0.62

	
0.81

	
0.98

	
2.11

	
2.82

	
0.56




	
WS3

	
1.58

	
1.54

	
4.78

	
4.50

	

	

	
2.32

	
2.43

	
0.65

	
0.77

	
1.02

	
1.44

	
1.84

	
0.86




	
WS4

	
1.56

	
1.46

	
3.93

	
14.00

	
1

	

	
4.73

	
2.28

	
0.68

	
0.73

	
1.07

	
1.56

	
2.01

	
0.77




	
WS5

	
1.07

	
0.98

	
5.00

	
4.00

	

	

	
2.25

	
1.04

	
1.02

	
0.49

	
1.09

	
0.71

	
0.89

	
1.20




	
WS6

	
1.40

	
1.51

	
5.00

	
4.50

	

	

	
2.38

	
2.12

	
0.66

	
0.75

	
0.93

	
1.42

	
1.80

	
0.78




	
WS7

	
1.49

	
1.40

	
4.73

	
11.00

	
1

	

	
4.18

	
2.08

	
0.71

	
0.70

	
1.06

	
1.30

	
1.63

	
0.91




	
WS8

	
1.19

	
1.25

	
9.00

	
1.00

	

	

	
2.50

	
1.49

	
0.80

	
0.63

	
0.95

	
0.55

	
0.67

	
1.77




	
WS9

	
1.23

	
1.09

	
4.25

	
4.00

	

	

	
2.06

	
1.34

	
0.91

	
0.55

	
1.12

	
0.82

	
1.06

	
1.16











 





Table 6. Relief morphometric parameters of the Lohawati sub-basins.
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	Code
	Maximum Basin Relief (km)
	Minimum Basin Relief

(km)
	Total Basin Relief

(km)
	Relative Relief
	Relief Ratio
	Ruggedness Number





	WS1
	2.094
	1.400
	0.694
	2.019
	0.058
	1.095



	WS2
	2.200
	1.221
	0.979
	2.792
	0.088
	1.589



	WS3
	2.192
	0.999
	1.193
	3.985
	0.126
	1.838



	WS4
	1.913
	0.397
	1.516
	4.295
	0.134
	2.217



	WS5
	1.832
	0.404
	1.428
	5.076
	0.192
	1.398



	WS6
	2.004
	0.641
	1.363
	4.311
	0.142
	2.057



	WS7
	1.890
	0.381
	1.509
	3.785
	0.116
	2.112



	WS8
	1.702
	0.366
	1.336
	8.156
	0.223
	1.671



	WS9
	1.634
	0.358
	1.276
	6.126
	0.167
	1.395










 





Table 7. Initial prioritisation ranking of the watersheds in the Lohawati basin based on morphometric analysis.
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	Watershed
	Basin Area
	Elongation Ratio
	Circulatory Ratio
	Form Factor
	Shape Index
	Shape Factor
	Stream Frequency
	Drainage Density
	Mean Bifurcation Ratio
	Length of Overland Flow
	Texture Ratio
	Drainage Texture
	Relief Ratio
	Ruggedness Number





	WS1
	8
	6
	9
	6
	4
	8
	2
	2
	4
	2
	2
	2
	9
	9



	WS2
	9
	9
	8
	9
	1
	9
	1
	1
	3
	1
	1
	1
	8
	6



	WS3
	4
	5
	5
	5
	5
	5
	3
	3
	7
	3
	4
	4
	6
	4



	WS4
	7
	4
	4
	4
	6
	7
	4
	5
	1
	5
	3
	3
	5
	1



	WS5
	3
	7
	2
	7
	3
	2
	9
	9
	8
	9
	8
	8
	2
	7



	WS6
	5
	8
	6
	8
	2
	6
	6
	4
	6
	4
	5
	5
	4
	3



	WS7
	6
	2
	1
	2
	8
	4
	5
	6
	2
	6
	6
	6
	7
	2



	WS9
	1
	1
	3
	1
	9
	1
	8
	7
	5
	7
	9
	9
	1
	5










 





Table 8. Correlation matrix representing the relationships between the morphometric properties of the watersheds.
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	Basin Area
	Elongation Ratio
	Circulatory Ratio
	Form Factor
	Shape Index
	Shape Factor
	Stream Frequency
	Drainage Density
	Mean Bifurcation Ratio
	Length of Overland Flow
	Texture Ratio
	Drainage Texture
	Relief Ratio
	Ruggedness Number





	Basin area
	1.000
	0.533
	0.433
	0.533
	−0.533
	0.933
	−0.850
	−0.783
	−0.700
	−0.783
	−0.917
	−0.917
	0.883
	−0.117



	Elongation ratio
	0.533
	1.000
	0.500
	1.000
	−1.000
	0.617
	−0.383
	−0.517
	0.083
	−0.517
	−0.567
	−0.567
	0.350
	0.217



	Circulatory ratio
	0.433
	0.500
	1.000
	0.500
	−0.500
	0.667
	−0.600
	−0.650
	0.100
	−0.650
	−0.650
	−0.650
	0.483
	0.550



	Form factor
	0.533
	1.000
	0.500
	1.000
	−1.000
	0.617
	−0.383
	−0.517
	0.083
	−0.517
	−0.567
	−0.567
	0.350
	0.217



	Shape index
	−0.533
	−1.000
	−0.500
	−1.000
	1.000
	−0.617
	0.383
	0.517
	−0.083
	0.517
	0.567
	0.567
	−0.350
	−0.217



	Shape factor
	0.933
	0.617
	0.667
	0.617
	−0.617
	1.000
	−0.900
	−0.883
	−0.533
	−0.883
	−0.983
	−0.983
	0.833
	−0.050



	Stream frequency
	−0.850
	−0.383
	−0.600
	−0.383
	0.383
	−0.900
	1.000
	0.933
	0.533
	0.933
	0.950
	0.950
	−0.917
	0.033



	Drainage density
	−0.783
	−0.517
	−0.650
	−0.517
	0.517
	−0.883
	0.933
	1.000
	0.450
	1.000
	0.900
	0.900
	−0.817
	0.033



	Mean bifurcation ratio
	−0.700
	0.083
	0.100
	0.083
	−0.083
	−0.533
	0.533
	0.450
	1.000
	0.450
	0.517
	0.517
	−0.533
	0.550



	Length of overland flow
	−0.783
	−0.517
	−0.650
	−0.517
	0.517
	−0.883
	0.933
	1.000
	0.450
	1.000
	0.900
	0.900
	−0.817
	0.033



	Texture ratio
	−0.917
	−0.567
	−0.650
	−0.567
	0.567
	−0.983
	0.950
	0.900
	0.517
	0.900
	1.000
	1.000
	−0.867
	0.033



	drainage texture
	−0.917
	−0.567
	−0.650
	−0.567
	0.567
	−0.983
	0.950
	0.900
	0.517
	0.900
	1.000
	1.000
	−0.867
	0.033



	Relief ratio
	0.883
	0.350
	0.483
	0.350
	−0.350
	0.833
	−0.917
	−0.817
	−0.533
	−0.817
	−0.867
	−0.867
	1.000
	0.033



	Ruggedness number
	−0.117
	0.217
	0.550
	0.217
	−0.217
	−0.050
	0.033
	0.033
	0.550
	0.033
	0.033
	0.033
	0.033
	1.000



	Sum of correlations
	−1.283
	0.750
	0.533
	0.750
	−0.750
	−1.167
	1.683
	1.567
	2.433
	1.567
	1.317
	1.317
	−1.233
	2.350



	Grand total
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833
	9.833



	Prioritisation ranking
	−0.131
	0.076
	0.054
	0.076
	−0.076
	−0.119
	0.171
	0.159
	0.247
	0.159
	0.134
	0.134
	−0.125
	0.239










 





Table 9. The process of prioritising and assigning the final ranking to the watersheds in the Lohawati basin.
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	S. No.
	Code
	Prioritisation Value
	Rank





	1.
	WS1
	−5.7876
	2



	2.
	WS2
	−5.8231
	1



	3.
	WS3
	−2.7221
	6



	4.
	WS4
	−3.4580
	4



	5.
	WS5
	−1.7420
	7



	6.
	WS6
	−3.4411
	5



	7.
	WS7
	−3.5703
	3



	8.
	WS8
	0.1646
	9



	8.
	WS9
	−1.0572
	8










 





Table 10. Grouping the sub-watersheds of the Lohawati basin based on their priority zones.
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	S. No.
	Priority Zone
	Priority Rank Range
	Watershed Code
	Area
	Area (%)





	1.
	High
	−5.8 to −3.8
	WS1 and WS2
	121.95 km2
	36.14



	2.
	Moderate
	−3.8 to −1.8
	WS3, WS4, WS6, and WS7
	164.91 km2
	48.87



	3.
	Low
	−1.8 and above
	WS5, WS8, and WS9
	50.62 km2
	15.00
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