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Geographical information system-based morphometric analysis of Kupti Watershed, Maharashtra, India
Abstract:
The morphometric analysis of the Kupti watershed in parts of Yavatmal and Washim districts has been carried out to evaluate the drainage morphometry and its influence on hydrogeology. In this study, a topographic map of the Kupti watershed was prepared using Shuttle Radar Topography Mission (SRTM) DEM data processed in ArcGIS.  This data is used for drainage morphometry and to evaluate and compare linear, relief, and aerial parameters. The basin exhibits a seventh-order drainage pattern comprising 1480 stream segments.  The study reveals the elongated shape of the basin, characterized by lower peak flows and longer runoff potential due to values of form factor (0.26), circularity ratio (0.48), and elongation ratio (0.58). For the Kupti watershed, the value of the mean bifurcation ratio is 3.39, which indicates that the watershed is less affected by structural disturbances and geological structure has little influence on the drainage pattern. The drainage system of the watershed exhibits a dendritic to sub-dendritic drainage pattern. The drainage density of the study area is 2.62 km/km², indicating upper moderate drainage density and a well-developed drainage network, and the region has moderate surface runoff and sediment transport conditions. The methodological approach and results serve as a valuable resource for future studies in river basin management, environmental planning, and formulating a watershed management plan. These findings are useful for decision makers and policymakers for the sustainable development and conservation of water resources.
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1) INTRODUCTION
For a region like Vidarbha in the Maharashtra State of India, where precipitation is very uncertain and nearly 89% of the cultivated area is under rainfed farming water resources planning and development in the micro-watershed area are required. (Dongardive et al.,2018). With an increasing population and higher water demand for industrialization, water availability becomes a significant constraint to agriculture, including aquaculture and animal husbandry. The further scarcity of water for different agricultural production systems should be checked for sustaining food security through efficient water conservation and management practices. There is a need for adoption of advanced agricultural and water management practices to produce more per drop of water (Patode et al., 2016). Morphometry involves the measurement and mathematical analysis of the configuration of the earth's surface, as well as the shape and dimensions of its landforms (Horton 1945; Strahler1952,1964; Muller1968; Clarke 1996; Agarwal 1998; ). According to Gautam et al. (2020), GIS-based morphometric evaluation of the Sai River Basin provides valuable insights into the hydrological and geomorphic characteristics of the watershed. Analysis of drainage basins is crucial in hydrogeological studies, such as evaluating groundwater potential, managing groundwater, and conducting pedological and environmental assessments (Sreedevi et al., 2005). A drainage basin is a well-defined portion of the earth’s surface within a physical boundary defined by topographic slopes that diverts all runoff to the same discharge outlet. It also plays an active role in the hydrogeomorphic performance and hydrologic behavior of a basin. Kumari et al. (2023) demonstrated that weighted-sum-based morphometric analysis is a useful tool for prioritizing the Harohar sub-basin for water management. Horton (1932,1945) was a pioneer in hydromorphometric analysis, focusing on drainage basins. He developed a rational and systematic approach, creating a framework that outlines geomorphological traits and connects them to various hydrological properties of these basins. Morphometric assessment of a watershed offers a quantitative depiction of the drainage network, which is a crucial element in the characterization of watersheds (Strahler 1964).  The drainage basin can be thought of as a system that converts rainfall into runoff. It also plays a vital role in the hydrogeomorphic performance and hydrologic behavior of a basin. Remote sensing and GIS methods offer more dependable and precise assessments, making them highly suitable for hydrological studies.(Vijith and Satheesh, 2006; Magesh et al., 2012; Wakode et al.,2011; Shimpi et al.,2018). Hammouda and Mahmoud (2023) utilized remote sensing data combined with GIS analytical approaches to assess essential morphometric indices and to understand the geomorphic features of the Wadi Wizr Basin in the Eastern Desert of Egypt. Kumari and Misra (2023) applied geoinformatics techniques to analyze watershed characteristics in Munger District, providing valuable insights for planning effective groundwater recharge measures. An attempt has been made to utilize the SRTM data and the interpretative techniques of GIS to find out the relationship between the morphometric parameters and hydrological parameter. Many workers have carried out morphometric analysis using these new techniques. According to Krishnan and Ramasamy (2022), a geo-computational framework was employed to evaluate morphometric indices and determine priority sub-watersheds within the Moyar River Basin. Shekar and Mathew (2022) reported that GIS-based morphometric analysis is useful for identifying and ranking priority sub-watersheds in the Murredu River Basin. Bogale et al. (2021) applied GIS and remote sensing tools to study the morphometric features of the Gilgel Abay drainage basin. According to Suresh et al. (2022), GIS and RS-based morphometric evaluation of the Vanniyar Basin provides a valuable understanding of its watershed behavior and geomorphological setup. Chowdhury (2024) applied GIS and remote sensing methods to analyze the Halda River Basin's morphometric characteristics. Pal et al. (2020) examined how variations in DEM source and resolution affect drainage morphometric analysis and found that morphometric outputs change significantly with different DEM datasets. Khurana et al. (2020) showed that morphometric analysis using GIS is useful for ranking sub-watersheds in the Upper Ravi catchment. According to Singh et al. (2021), morphometric evaluation combined with watershed prioritization provides an effective basis for identifying soil-erosion-prone areas in the Dudhnai Watershed. Singh (2020) performed a detailed morphometric assessment of the Ghaghara River Basin, providing important insights into the basin's surface processes and geomorphic characteristics. Oyedotun et al. (2022) performed an in-depth quantitative analysis of drainage network characteristics and basin morphometry, utilizing GIS-based methodologies to interpret hydrological dynamics and geomorphic attributes of the watershed. The drainage features of a basin reveal the existing climatic conditions, geological structure, topography, surface runoff, rock permeability, and tectonic configuration of the area. Rainfall, lithology, and the slope of the land are the key factors that influence how surface water behaves in a watershed (Mesa 2006, Machiwal and Jha 2014).
2) Study Area
The watershed is located in the Washim and Yavatmal districts of Maharashtra; The Kupti River is a tributary of the Adan River that covers an area of approximately 314.53 km², where the elevation varies from 298.0 m to 474.0 m. It is located between latitude 21°41′20.10″N and 21°58′4.10″N and longitude 78°25′42.84″E and 78°46′58.58″E. The study area is covered in survey of India toposheet number 55H/11,15,16. The average annual rainfall varies from 729 to 714 mm, most of which falls during southwest monsoon. The maximum and minimum temperatures varied from 41.8°C to 15.1°C. The main crops are cotton and soybean in the Kharip season, grams,wheat and pulses in the winter season, groundnut and watermelon in the summer. The extent of surface irrigation is very low, so present irrigation practices mainly depend on the dug wells, bore wells, or dug-cum-bore wells. The geology of the study area comprises basaltic flows of the Deccan Volcanic Province (DVP) 0f Upper Cretaceous to Lower Paleocene in age. 
[image: Location_Map_study]Fig. 1  Location map of the study Area
 3) METHODOLOGY
Morphometric analysis of the Kupti watershed was carried out using survey of India (SOI)  toposheets at a scale of 1:50,000 and Shuttle Radar Topography Mission (SRTM) data using Arc GIS software . The SRTM data used had 30-meter spatial resolution, which is suitable for delineating  the Kupti watershed. The SRTM DEM (Digital Elevation Model) was downloaded from the USGS Earth Explorer portal by selecting the AOI boundary of kupti watershed. Once the data were downloaded, they were imported into ArcGIS. The DEM was reprojected to match the spatial reference system used for the study area, ensuring spatial accuracy during further analysis. After importing the DEM into ArcGIS, the watershed boundary was used to clip the DEM using the Extract by Mask tool. This step is essential for focusing on watershed and removing unnecessary data. Elevation variation within the Kupti watershed was depicted using the clipped DEM.  
         The contour tool from the Arc toolbox was used to generate the contour lines.. These contours represent lines of equal elevation and are helpful in analyzing the slope, gradient, and landform features of the watershed. The contour lines were symbolized with appropriate line thickness and color. using this approach, the topographic map of the Kupti watershed was effectively created. The drainage system of the watershed was analyzed according to the laws of Horton (1945), and the stream order was determined using the Strahler method. In this classification, streams with no tributaries are defined as first-order; two first-order streams join together to form a second-order stream, and so on. The details of individual stream orders (i.e., one to seven orders) were determined, and subsequently, quantitative drainage analysis was performed in accordance with linear, areal, and relief aspects.   
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RESULTS AND DISCUSSION  
1) Linear Aspect
 	Computation of the linear aspects, such as stream order, stream number for various Orders , bifurcation ratio, and stream length for various stream orders are, described below.
1) Stream Order (U)
Stream order refers to a system that ranks a stream based on its place within the network of tributaries. (Leopold et al.,1969). The streams of the Kupti watershed were ranked according to Strahler's (1964) stream ordering system. The smallest fingertip streams are classified as first-order streams. The trunk stream represents the section of the stream with the highest order. The highest order stream carries the discharge and sediment load. The Kupti watershed was identified as a seventh-order stream .
2)  Stream Number (Nu)
The stream number  is the total number of stream segments present in each order (Nu). Nu is the number of streams of order u. Strahler (1964) established a classification system for ordering, which includes the quantity of streams corresponding to each order (Nu), referred to as (U). The overall number of streams consistently decreased as the stream order increased. The differences in the order and size of the tributary basin are primarily influenced by the physiographic and structural characteristics of the area. The Nu of the 1 st, 2nd, 3 rd 4 th , 5th, 6th ,7th  orders constitute 1124, 271, 71, 17, 4, 2, and 1 streams, respectively. 
3)  Stream Length (Lu) 
Stream length reflects the contributing area of a basin associated with a particular order (Horton, 1945). The number of streams of various orders in the watershed was counted and their lengths from the mouth to the drainage divide were measured. Lu has been computed on the basis of Horton's law of stream length.  
4) Mean Stream Length (Lsm)
The Mean Stream Length (Lsm) is indicative of the characteristic dimensions of the components within a drainage network and their associated contributing surfaces (Strahler 1964). It is calculated by dividing the total stream length of a given order, u, by the number of stream segments within that order,as follows: It was observed that the Lsm of any specific order was greater than that of the preceding lower order and less than that of the subsequent higher order within the watershed. The LSM value of the Kupti watershed ranged from 0.40 to 9.78 km.
5) Bifurcation Ratio (Rb)
According to Schumn (1956), the bifurcation ratio (Rb) is determined by taking the number of stream segments of a specific order and dividing it by the number of segments in the next higher order. This dimensionless characteristic reflects the level of connectivity among streams of different orders within a drainage basin. The bifurcation ratio (Rb) value for the Kupti watershed was between 2.0 to 4.11. As stated by Strahler (1964), the bifurcation ratio typically lies between 3.0 and 5.0 for drainage basins in which geological structures do not interfere with the drainage patterns. In the Kupti watershed, a higher Rb value suggests a significant structural influence on the drainage pattern, whereas a lower value implies that the sub-basins are less impacted by structural disturbances (Strahler, 1964).
6) Mean Bifurcation ratio (Rbm)
The mean Bifurcation ratio (Rbm) is defined as the average of the bifurcation ratios of all orders and it is 3.92 in the case of the Kupti watershed.
	Table 1: Linear  aspects of drainage network of Kupti Watershed

	Stream Order(u)
	Number of Stream (Nu)
	Stream Length(Lu)
	Mean stream length (Lsm)
	Bifurcation Ratio

	
	
	
	
	

	1
	1114
	444.56
	0.40
	- 

	2
	271
	163.23
	0.60
	4.11

	3
	71
	111.55
	1.57
	3.82

	4
	17
	45.59
	2.68
	4.18

	5
	4
	39.12
	9.78
	4.25

	6
	2
	16.8
	8.40
	2.00

	7
	1
	4.07
	4.07
	2.00

	Total
	1480
	824.92
	27.50
	Avg 3.39



2) Areal Aspect
The areal aspect refers to the two-dimensional characteristics of the basin. It is feasible to outline the basin area that supplies water to each segment.
1) Drainage Density (Dd)
The total length of the stream channels was determined by dividing it by the basin area, thereby indicating the average stream length per unit area. (Gregory and Walling,1968). Strahler (1956, 1964) indicated that the of drainage is influenced by geological and climatic factors and tends to rise as the size of the individual drainage units decreases. The drainage density of the Kupti watershed was measured at 2.62 km/km, suggesting that the basin area was characterized by a coarse texture.
2) Drainage Frequency (Fs)
The proportion of all stream segments within a watershed divided by its total area is known as the stream frequency (Horton 1932). The stream frequency value for sixth and seventh order streams was low compared to that of first- order streams. The stream frequency value of the Kupti watershed was 4.71 km/km².
3) Texture Ratio (T)
According to Schumm (1956), the texture ratio pertains to the correlation between the first-order streams and the basin boundary. The Kupti watershed had a texture ratio of 16.26.
4) Circularity Ratio (Rc)
Miller (1958) employed a dimensionless circulatory ratio, Rc which is calculated by dividing the basin area by the area of a circle that has an identical perimeter to the basin. The circularity ratio values range from zero (indicating a line) to one (representing a circle). This ratio is affected by several factors, including stream length, stream frequency (Fs), geological formations, land use, climate, topography, and basin slope (Bali et al.2012).  The value of the Kupti watershed was 0.48, indicating a lack of circularity.
5) Form Factor (Rf)
Horton (1932) The specified form factor is defined as the ratio of the basin's area to the square of its length. The form factor of a perfectly circular basin is always greater than 0.78. A lower value of the form factor indicates that the basin is more elongated. The  Rf value of Kupti watershed is 0.26 indicative of a Slightly elongated and shows flatted peak flow.
6) Elongaton Ratio (Re)
The shape of any basin is conveyed by an elongation ratio, where t is the ratio between the diameter of the circle of the same area as the drainage basin and the maximum Schumn (1956).The Re value can vary from 0, signifying a very elongated form, to 1.0, which denotes a circular form. the value for Kupti watershed is 0.58 ,indicative of elongated shape.
7) Length of Overland Flow (Lg)
The length of overland flow was measured as half the inverse of the drainage density (Horton, 1945). The distance that water flows across the landscape before gathering into a distinct stream is referred to as the length of flow. It is quite synonymous with the length of sheet flow over a large degree (Rudraiah et al.2008) in the kupti watershed, the value of Lg is 1.31. 
8) Constant of Channel Maintenance ( C )
The constant of Channel Maintenance is the inverse of the drainage density (Schumm 1956) . The constant of channel maintenance (C) depends on the slope of the basin, nature of the rock, and duration of erosional activity. The Channel Maintenance constant value of the Kupti Watershed is 0.38 km/km2, which implies the requirement of an average 0.38 km² surface area to maintain each kilometer of channel length.
3) Relief Aspects
Linear and areal features are viewed as two-dimensional elements that exist on a plane. The introduction of a third dimension brings forth the idea of relief. By assessing the vertical drop from the beginning of each stream segment to the point where it meets the higher order stream, then dividing the total vertical fall by the number of streams of that order, one can calculate the average vertical fall.
1. Basin Relief (Bh)
Basin relief refers to the elevation difference between the highest and lowest points within a basin, which influences the shape of the basin and the movement of sediments. (Hadley and Schumm,1961). This is a critical parameter that helps in comprehending the erosional traits of the drainage basin.  

1.  Ruggedness Number (Rn)
The ruggedness number indicates the structural complexity of the terrain. Strahler (1968) described the ruggedness number (HD) as the product of basin relief and drainage density,which is usually combined with slope steepness and length. For the present watershed ruggedness number obtained is 461.60

1. Relief Ratio (Rh)
Schumm (1956) described the relief ratio as the maximum elevation difference relative to the horizontal distance measured along the longest stretch of the basin that aligns with the primary drainage line. The term total relief of the river basin refers to the variation in elevation between the highest point in the basin and the lowest point on the valley floor. The relief ratio reflects the general steepness of a drainage basin and serves as a measure of the intensity of erosional processes occurring on the basin's slopes (Mangesh et al.,2012).In case of Kupti watershed it is 5.09 

1. Infiltration Rate 
The Infiltration number is the product of the drainage density (Dd) and stream frequency (Fs) of the drainage basin, demonstrating the infiltration characteristics of a drainage basin. The infiltration number for the Kupti watershed is observed as 12.34. 

1. Elipticity Index. (Ie)
The value of the ellipticity index varies from 1.0 to infinity, and  is inversely proportional to the form factor.

TABLE 2. Linear, relief and areal morphometric parameters used for kupti Watershed
1. Channel Gradient (Cg)
Channel gradient is the total drop in elevation from the source to the mouth of trunk channels in each drainage basin. In the Kupti watershed, the gradient observed is 0.093 m/km. 

1. Average Slope of Watershed Wenthworth (1930) suggests that the erodibility of a watershed can be analyzed and compared by examining its average slope. A higher percentage of slopes indicates greater erosion.
[image: ]
4) Conclusion
The conventional methods of morphometric analysis are time-consuming, tedious, and error-prone, while the employment of present techniques in GIS and Remote Sensing provides more reliable and accurate estimations and serves as an excellent tool for examining similar watershed parameters in hydrological studies. Remote sensing satellite data combined with GIS techniques has proven to be a powerful approach for mapping drainage systems. It is inferred that the kupti watershed is dominated by lower-order streams. Morphometric analysis is carried out through the quantitative measurement of the linear, areal and relief aspects of watershed. Detailed morphometric analysis shows it is a Seventh-order river basin and covers an area of about 314. km², basin perimeter is 91.01 km and the basin length is 34.60 km. The river is trending in NW-SE direction. Total Number of 1st, 2nd, 3rd, 4th, 5th, 6th, 7th order streams are 1144, 271, 71, 17, 4, 2 and 1 respectively. The total number of streams are 1480, With total length (824.92) m. The drainage system of the watershed displays a pattern ranging from dendritic to sub-dendritic.
         The first-order streams exhibit the greatest frequency of stream order, followed by the second-order streams. This indicates a decrease in stream frequency as the stream order increases, and conversely, an increase in frequency as the stream order decreases. The values of stream frequency demonstrate a positive correlation across the watershed, indicating an increase in stream population corresponding to an increase in drainage density. The elongated shape of the basin is evident in the values associated with the form factor, circulatory ratio, and elongation ratio. The average bifurcation ratio of 3.39 suggests that the watershed is minimally influenced by structural disturbances, and the drainage pattern remains largely unaffected by geological structures. 
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1 Stream number (Nμ) Nu=N1+N2+…+Nn Horton(1945) 1480

2 Stream length (Lμ)  Total Length of the stream Horton(1945) 824.92m

3 Mean stream length (Lsm) Lsm = Lμ/Nμ Strahler(1964) 27.5 Km

4 Bifurcation ratio (Rb) Rb = Nμ / Nμ +1 Schumm(1956) 2-4.25

5 Mean bifurcation ratio (Rbm) Rbm = Average of bifurcation ratios of all ordersStrahler(1957 3.39

6 Drainage density (Dd) (Dd) Fs = Lμ /A Horton(1945)

2.62km/km2

7 Drainage frequency  Fs = Nμ/A Horton(1945) 4.71km2

8 Texture Ratio (T) T=N/P Schumm(1965) 16.26

9 Circularity Ratio ( Rc) Rc=4πA/P2 Strahler(1964)

0.48

10 Form Factor (Rf)  Rf = A/Lb2 Horton(1945)

0.26

11 Elongation Ratio (Re) -  Re = (2/Lb) x (A/π)0.5 Schumm(1956) 0.58

12 Length of overland flow (Lg) -  Where, Drainage densityLg=1/2*Dd Horton(1945) 1.31 km

13 Constant channel maintenance (C)-  Where, Dd= Drainage densityLof=1/Dd Schumm(1956) 0.38km2

14 Basin relief (Bh) 

Vertical distance between the 

lowest and highest points of basin.

strahler(1952)

176m

15 Ruggedness Number (Rn)  Rn=Bh×Dd

Patton & Baker 

(1976) 461.6

16 Relief Ratio (Rh)   Rh = Bh/Lb Schumm(1956)

5.09m

17 Infiltration rate (number)If If=Dd*fs Faniran (1968) 12.34

18 Elipticity Index (Ie) Ie=π*VI2/4A 2.99

19 Channel Gradient (cg) cg=H*{(π/2)*Cip} Broscoe (1959) 0.093

20 Average Slope of the Watershed 0.431

Results

Table1 : Linear ,relief and areal morphometric parameters used for Kupti Watershed

Sr. No. Morphometric parameter Formula References


