


Estimation of Relief and Geometry based Morphometric analysis of Tamsa River Watershed in Eastern Uttar Pradesh, India
      
ABSTRACT
Morphometric analysis provides a quantitative basis for examining watershed form, relief, and potential hydrological behaviour. This study estimated the relief and geometric characteristics of the Tamsa (Tons) River watershed in eastern Uttar Pradesh, India, using QGIS and Shuttle Radar Topography Mission digital elevation model data. The delineated watershed covers 7,949.27 km² and has a reported basin length of 264 km and perimeter of 1,095.20 km. Elevation ranges from 79 to 107 m, giving a basin relief of 28 m. The mean basin slope of 0.13 m/km, relief ratio of 0.13, and ruggedness number of 0.005 indicate a gently sloping, low-relief terrain with limited surface roughness. A Melton ruggedness number of 0.31 suggests low-to-moderate terrain dissection. The mean basin width of 37.05 km and lemniscate ratio of 1.45 indicate an elongated basin configuration. These relief and geometric characteristics imply relatively gradual runoff concentration, lower erosional energy, delayed peak flow, and favourable opportunities for infiltration and groundwater recharge. The study demonstrates that GIS- and DEM-based morphometric assessment can provide reproducible information on terrain configuration and basin geometry. The findings may support watershed characterisation, erosion assessment, flood-management planning, and the sustainable management of soil and water resources in the study area.
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1. INTRODUCTION
Morphometric analysis is a quantitative technique used to evaluate the geometric, relief, and drainage characteristics of a watershed through mathematical and statistical methods. It provides a scientific basis for understanding watershed morphology, drainage-network organisation, terrain configuration, and hydrological response. Morphometric parameters are widely used to investigate runoff generation, infiltration potential, sediment transport, soil erosion, and streamflow characteristics. These parameters also help explain the influence of geological structure, lithology, climate, and topography on watershed evolution. As watershed behaviour is closely related to its physical characteristics, morphometric analysis has become an essential component of hydrological and geomorphological investigations. Its quantitative nature enables researchers to compare drainage basins and assess their hydrological performance using standardised indices (Schumm, 1956; Strahler, 1957; Chorley, 1957).
Initially, morphometric analysis was performed manually using topographic maps, aerial photographs, and field surveys, which required considerable time and often introduced subjective errors. Advances in geospatial technologies, particularly geographic information systems (GIS), remote sensing (RS), and high-resolution digital elevation models (DEMs), have transformed watershed analysis by enabling the automated extraction of drainage networks and terrain attributes. DEM-derived datasets facilitate the accurate estimation of basin area, basin length, perimeter, stream order, slope, relief, and other morphometric indices with minimal human intervention. GIS-based techniques improve computational efficiency, spatial accuracy, and reproducibility while allowing the analysis of large and inaccessible watersheds. Consequently, GIS and DEMs have become indispensable tools for watershed delineation, terrain analysis, and hydrological modelling in modern environmental studies (Jenson & Domingue, 1988; Moore et al., 1991; Tarboton, 1997).
Morphometric analysis is applied across several disciplines, including watershed management, flood-hazard assessment, groundwater exploration, soil-erosion modelling, sediment-yield estimation, and environmental planning. The relief and geometric characteristics of a watershed directly influence runoff concentration, peak discharge, drainage efficiency, infiltration capacity, and erosional processes. Therefore, quantitative morphometric parameters are frequently integrated with GIS-based decision-support systems to prioritise watersheds for conservation and sustainable land-use planning. In recent years, combining morphometric analysis with remote-sensing data, hydrological models, and multi-criteria decision-making techniques has improved the reliability of watershed assessment. As climate change and rapid land-use alterations continue to affect hydrological systems, morphometric analysis remains a fundamental approach for understanding watershed dynamics and supporting effective water-resource management (Gajbhiye et al., 2014; Memon et al., 2024; Thomas et al., 2010).
Among the categories of morphometric parameters, relief and geometric aspects play a fundamental role in understanding watershed characteristics. Relief parameters, such as basin relief, relief ratio, ruggedness number, Melton ruggedness number, and mean basin slope, describe the vertical dimension of a watershed and provide insights into terrain steepness, erosional potential, runoff velocity, sediment transport, and flood susceptibility (Schumm, 1956; Strahler, 1956; Melton, 1965). Watersheds with high relief and steep slopes generally exhibit more rapid surface runoff, greater stream power, and greater soil erosion than low-relief basins.
Geometric parameters, including basin area, basin length, basin width, perimeter, channel length, valley length, relative perimeter, and lemniscate ratio, describe the size and shape of a watershed. These parameters strongly influence hydrological response, time of concentration, drainage efficiency, and peak discharge. Basin geometry is widely used to evaluate watershed hydrology, compare drainage basins, and support watershed management and flood-risk assessment (Horton, 1932; Schumm, 1956; Chorley, 1957; Mueller, 1968).
Recent advances in GIS and remote sensing have enabled the automated extraction of morphometric parameters from DEMs, minimising manual errors and allowing the rapid assessment of large watersheds. Studies have demonstrated that GIS-based morphometric analysis is an effective approach for watershed prioritisation, flood-hazard assessment, soil-erosion studies, groundwater-potential mapping, and sustainable watershed management (Javed et al., 2009; Magesh et al., 2011; Patel et al., 2012; Gajbhiye et al., 2014; Thomas et al., 2010). Therefore, relief and geometric morphometric parameters have become important tools in modern hydrological and geomorphological investigations.
Recent applications of GIS and DEM data have demonstrated that morphometric indices can be used to characterise drainage organisation, basin geometry, terrain relief, and associated hydrological responses across diverse watershed settings (Gouda et al., 2026; Bohat & Joshi, 2024; Rao et al., 2026). Complementary approaches that combine morphometric analysis with land-use/land-cover information or watershed prioritisation provide a structured basis for identifying areas requiring soil- and water-conservation attention (Keshri et al., 2024; Mohammed et al., 2025). Recent reviews also emphasise the importance of input-data quality, parameter classification, and geospatial methods in morphometric assessment (Memon et al., 2024; Shekar & Mathew, 2024).
However, an integrated GIS- and DEM-based assessment of the relief and geometric characteristics of the Tamsa (Tons) River watershed has not been presented, limiting a coherent interpretation of its terrain configuration, basin form, and hydrological implications.
Accordingly, this study aimed to estimate and interpret the principal relief and geometric morphometric parameters of the Tamsa River watershed using GIS and DEM datasets, with emphasis on watershed characterisation, erosion assessment, and flood-management implications.
2. MATERIALS AND METHODS
2.1 STUDY AREA 
The study area is located along the Tamsa (Tons) River, an important tributary of the River Ganga, in the Middle Gangetic Plain of Uttar Pradesh, India. The river originates in Barabanki District and flows eastwards through Ayodhya, Ambedkar Nagar, Azamgarh, and Mau districts before joining the River Ganga in Ballia District. The Tamsa River plays an important role in regional agriculture, groundwater recharge, floodplain development, and surface-water availability. The river basin lies within the fertile alluvial plains of the Indo-Gangetic Basin and is characterised by low relief, gentle slopes, extensive agricultural land, and seasonal floodplains. The basin receives most of its rainfall during the south-west monsoon, resulting in highly seasonal river discharge, with peak flow occurring between July and September. In this study, geospatial datasets, including the SRTM digital elevation model (DEM), Harmonized World Soil Database (HWSD) soil data, and Landsat satellite imagery, were used for watershed delineation, terrain analysis, land-use/land-cover (LULC) mapping, and soil characterisation.
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The Tamsa (Tons) River flows entirely within the state of Uttar Pradesh, India, traversing six major districts: Barabanki, Ayodhya, Ambedkar Nagar, Azamgarh, Mau, and Ballia. It originates in Barabanki District, passes through the central alluvial plains of eastern Uttar Pradesh, and finally joins the Ganga River in Ballia District. These districts form the administrative extent of the study area and represent a predominantly agricultural region where the river supports irrigation, groundwater recharge, and other socioeconomic activities.
	S. No
	Parameter
	Value

	1
	Length
	264 km

	2
	Latitude
	26°05′N – 26°45′N

	3
	Longitude
	81°55′E – 84°05′E

	4
	Elevation
	55–125 m above mean sea level

	5
	Physiographic Region
	Middle Gangetic Plain



2.2 Remote Sensing Data and Pre-processing
Multitemporal satellite imagery was procured from two primary sources for LULC analysis. For the 2023 baseline mapping, cloud-free Sentinel-2A Level-2A imagery (10 m spatial resolution, 13 spectral bands, including visible, NIR, and SWIR bands) was acquired from the Copernicus Open Access Hub for the post-monsoon season (October-November 2023) to minimise cloud interference and maximise land-surface visibility. Landsat 8 OLI/TIRS imagery (30 m) from 2015 was sourced from the USGS EarthExplorer for temporal-change analysis.
2.3 Digital Elevation Model and Drainage Extraction
The Shuttle Radar Topography Mission (SRTM) digital elevation model, with a 1 arc-second (~30 m) spatial resolution, was used for morphometric analysis and topographic-parameter extraction. The DEM was obtained from the USGS EROS Data Centre and processed in QGIS. A standard hydrological workflow was followed: (i) sink filling using the Fill tool; (ii) flow-direction computation using the D8 algorithm; (iii) flow-accumulation calculation; (iv) stream-network extraction using a contributing-area threshold of 1,000 cells; and (v) basin delineation using the pour-point method.
3.3 Computation of Morphometric Parameters
Morphometric analysis quantitatively evaluates the geometry and relief characteristics of a watershed using QGIS and digital elevation model (DEM) data. In this study, the morphometric parameters were categorised into two groups: geometric aspects and relief aspects. The watershed boundary, drainage network, and elevation information were extracted from DEMs in a QGIS environment, and the required parameters were calculated using standard morphometric equations (Horton, 1945; Schumm, 1956; Strahler, 1957).
The geometric aspects describe the size and shape of the watershed and include parameters such as basin area (A), basin length (Lb), basin perimeter (P), basin width (Wb), channel length (Cl), relative perimeter (Pr), and lemniscate ratio (K). The relief aspects characterise the vertical properties of the basin and include maximum elevation (H), minimum elevation (h), basin relief (R), relief ratio (Rr), ruggedness number (Rn), Melton ruggedness number (MRn), and mean basin slope (Sbm) (Horton, 1932; Chorley, 1957; Melton, 1965; Mueller, 1968).
The morphometric parameters were computed using established equations, including:
· Basin Relief: (R = H - h)
· Relief Ratio: (R_r = R/L_b)
Here, H and h are the maximum and minimum elevations, respectively; A is the basin area; Lb is the basin length; and Dd is the drainage density. These parameters are widely used to evaluate watershed morphology, runoff characteristics, and erosion susceptibility and to support watershed management (Patel et al., 2012; Gajbhiye et al., 2014; Thomas et al., 2010).
3. RESULTS
4.1 Relief Morphometry
Relief morphometric parameters describe the vertical characteristics of a watershed and are fundamental to understanding terrain configuration, runoff generation, erosion intensity, sediment transport, and hydrological response. These parameters were derived from the digital elevation model (DEM) using GIS-based terrain analysis. Relief characteristics indicate the degree of landscape dissection and help to evaluate geomorphic maturity and flood potential. In the present study, relief analysis was conducted using seven parameters: maximum elevation, minimum elevation, basin relief, mean basin slope, relief ratio, ruggedness number, and Melton ruggedness number.
3.1.1 Maximum and Minimum Elevation
The Digital Elevation Model indicates that the highest point within the watershed is 107 m above mean sea level, whereas the lowest point is 79 m above mean sea level.
Calculation
Maximum Elevation: 			   
Minimum Elevation			    
Interpretation: The elevation difference between the highest and lowest points is relatively small, indicating that the watershed lies within a low-relief alluvial plain. Such landscapes generally exhibit gentle terrain, slow-moving surface runoff, and limited gravitational energy for erosion. Low elevation variation is typical of mature fluvial basins developed over sedimentary deposits.
3.1.2 Basin Relief (R)
Basin relief represents the total vertical difference between the maximum and minimum elevations of the watershed.
Formula:				
		
Basin Relief = 28 m
Interpretation: The calculated basin relief of 28 m indicates limited vertical variation across the watershed. This low relief reflects a gently undulating landscape with low topographic energy. Watersheds with low basin relief generally experience lower runoff velocity, reduced sediment transport, less channel incision, and comparatively lower soil erosion. The result may also indicate a mature geomorphic setting in which erosional processes are relatively slow.
3.1.3 Mean Basin Slope (Sbm)
The mean basin slope represents the average slope of the watershed surface and is computed using GIS slope analysis.
Formula: computed directly using the GIS Slope tool.

Interpretation: The average basin slope of 0.13 m/km indicates that the watershed surface is nearly flat, with only a slight gradient. Such gentle slopes may reduce the velocity of overland flow, favour infiltration and groundwater recharge, and decrease erosion. Gentle slopes may also favour agricultural activities because runoff is less destructive and soil loss remains limited.
3.1.4 Relief Ratio (Rr)
Relief ratio expresses the relationship between basin relief and basin length. It provides an indication of the overall steepness of the watershed.
Formula:					
Where,
· Basin Relief (R) = 28 m
· Basin Length (Lb) = 214.5 km
Calculation



Relief Ratio = 0.13
Interpretation: The relief ratio of 0.13 is relatively low, indicating that the watershed has gentle overall gradients. Low relief-ratio values are commonly associated with mature drainage basins in which runoff travels slowly towards the outlet. Such basins may exhibit moderate infiltration, lower stream power, and reduced sediment transport. Consequently, the watershed may be less susceptible to severe erosion and flash flooding.
3.1.5 Ruggedness Number (Rn)
The ruggedness number combines basin relief and drainage density to quantify terrain roughness.
Formula:				 
Where,
· Drainage Density (Dd) = approximately 0.18 km/km²
· Basin Relief = 28 m
Calculation:					



Ruggedness Number = 0.005
Interpretation: The ruggedness number is extremely low, indicating that the watershed has a smooth topographic surface with minimal terrain dissection. Low ruggedness values indicate reduced erosive energy, stable geomorphic conditions, and a limited likelihood of landslides or severe channel incision. The drainage network has developed over nearly level terrain and therefore generates comparatively slow runoff.
3.1.6 Melton Ruggedness Number (MRn)
The Melton ruggedness number evaluates relief relative to basin area and is frequently used to assess the likelihood of debris-flow or flash-flood hazards.
Formula: 					
Where,
· Basin Relief = 28 m
· Basin Area = 7,949.27 km²
Calculation:					 




Melton Ruggedness Number = 0.31
Interpretation: The Melton ruggedness number of 0.31 indicates low-to-moderate terrain dissection. This suggests that the watershed has limited susceptibility to debris flows and comparatively lower flash-flood potential than mountainous catchments. The value reflects a gently dissected landscape in which runoff is distributed over broad alluvial surfaces rather than concentrated within steep valleys.
4.2 Geometric Aspect Analysis
Geometric morphometric parameters describe the overall size, shape, dimensions, and spatial configuration of a drainage basin. These parameters are important for understanding watershed geometry, runoff concentration, drainage efficiency, flood response, and hydrological behaviour. Geometric analysis provides quantitative information on basin area, basin length, width, perimeter, and shape indices, which collectively influence the movement of water from the headwaters to the outlet. In the present study, the geometric characteristics of the watershed were derived using QGIS techniques and standard morphometric formulae.
4.2.1 Basin Area (A)
Basin area is one of the most fundamental morphometric parameters and represents the total horizontal area contributing runoff to the watershed outlet. It directly influences the amount of rainfall received, runoff generation, groundwater recharge, and stream discharge.
Formula: 			
Result:					
Interpretation: The watershed covers a total area of 7,949.27 km², indicating a relatively large drainage basin capable of collecting substantial runoff during rainfall events. Larger drainage areas generally produce higher stream discharge because they receive rainfall over a wider surface. Basin area also influences sediment yield, drainage development, groundwater recharge, and the overall hydrological response of the watershed.
4.2.2 Basin Length (Lb)
Basin length is defined as the maximum distance measured along the principal drainage line from the watershed outlet to the drainage divide.
Result:						
Interpretation: The basin length of 264 km indicates that runoff generated in the upstream portion of the watershed travels a relatively long distance before reaching the outlet. Longer basins generally exhibit longer times of concentration and slower peak runoff than short, compact basins. Therefore, flood peaks tend to be delayed and spread over a longer duration.
4.2.3 Mean Basin Width (Wb)
Mean basin width represents the average transverse width of the watershed and is obtained by dividing basin area by basin length.
Formula: 				
Calculation: 				
Result:					 
Interpretation: The calculated mean basin width of 37.05 km indicates that the watershed is considerably narrower than its length. Such elongated basins generally exhibit gradual runoff concentration because water from different parts of the watershed reaches the outlet at different times, reducing the magnitude of peak discharge.
Interpretation: This parameter was calculated using GIS and helps to evaluate basin compactness and lateral runoff distribution; its reported value is interpreted above.
4.2.4 Basin Perimeter (P)
Basin perimeter represents the total length of the watershed boundary.
Result:				
Interpretation: The watershed perimeter of 1,095.20 km represents the total boundary enclosing the drainage basin. Perimeter is commonly used to calculate several basin-shape indices, such as the compactness coefficient, circularity ratio, elongation ratio, and relative perimeter. Larger perimeter values generally indicate more irregular watershed boundaries.
4.2.5 Relative Perimeter (Pr)
Relative perimeter expresses the relationship between basin area and basin perimeter.
Formula: 					
Calculation:				, 
Interpretation: The relative perimeter value of 7.26 expresses the relationship between basin size and boundary length. This value suggests that runoff is distributed over a broad watershed rather than being concentrated within a highly compact basin.
4.2.6 Lemniscate Ratio (K)
The lemniscate ratio is a shape parameter proposed by Chorley (1957) to evaluate basin elongation.
Formula:				
Calculation (using the source value): K = 1.45
Interpretation: The lemniscate ratio of 1.45 indicates that the watershed is elongated rather than circular. Elongated basins generally produce lower peak discharge because runoff generated in different parts of the watershed reaches the outlet over a longer period. Such basins usually have longer concentration times, lower flood intensity, and comparatively greater opportunities for infiltration and groundwater recharge.
Table 1: Geometric Morphometric Parameters
	S. No.
	Parameter
	Symbol
	Formula
	Value
	Interpretation

	1
	Basin Area
	A
	QGIS Delineation
	7949.27 km²
	Large drainage area with high runoff collection potential.

	2
	Basin Length
	Lb
	Longest flow path
	264 km
	Indicates a long watershed and delayed runoff concentration.

	3
	Mean Basin Width
	Wb
	A/Lb
	37.05 km
	Suggests an elongated watershed geometry.

	4
	Basin Perimeter
	P
	QGIS Measurement
	1095.20 km
	Reflects watershed boundary length and shape complexity.

	5
	Relative Perimeter
	Pr
	A/P
	7.26
	Indicates moderate basin maturity and drainage organization.

	6
	Lemniscate Ratio
	K
	Lb²/4A
	1.45
	Confirms an elongated basin with lower flood peaks.




4.3 Overall Geometric Characteristics
The geometric morphometric analysis indicates that the watershed is large and predominantly elongated. The basin area (7,949.27 km²) and basin length (264 km) suggest that runoff generated across the catchment requires a relatively long travel time before reaching the outlet. The mean basin width (37.05 km), together with the lemniscate ratio (1.45), further indicates the elongated nature of the basin, which generally reduces peak discharge by spreading runoff over time. The basin perimeter (1,095.20 km) and relative perimeter (7.26) indicate a drainage boundary with moderate geometric complexity. Overall, these geometric characteristics suggest a watershed with a comparatively delayed hydrological response, moderate runoff concentration, and favourable conditions for groundwater recharge and sustainable water-resource management.
4.  CONCLUSION
This study demonstrates the usefulness of QGIS- and DEM-based morphometric analysis for evaluating the relief and geometric characteristics of the Tamsa (Tons) River watershed. The computed morphometric parameters indicate that the watershed is a large, elongated, low-relief basin with gentle slopes and low terrain ruggedness. These characteristics favour slower runoff movement, reduced erosion potential, delayed flood peaks, and greater opportunities for groundwater recharge. The results also indicate that relief and geometric parameters are useful indicators of watershed morphology and hydrological response.
Morphometric analysis provides a scientific framework for understanding watershed behaviour and supports informed decision-making in watershed planning and management. Integrating QGIS with standard morphometric indices enables the rapid, accurate, and reproducible assessment of drainage basins and can support flood-risk assessment, soil and water conservation, erosion control, and sustainable land-use planning. Future studies should integrate morphometric analysis with land-use/land-cover dynamics, rainfall variability, hydrological modelling, and climate-change scenarios to improve watershed-management strategies and ensure the sustainable utilisation of water resources.
Limitations
This assessment is based primarily on SRTM-derived elevation data and GIS-extracted morphometric parameters. The approximately 30 m spatial resolution may smooth subtle topographic variations within this low-relief alluvial watershed. The analysis focuses on relief and geometric characteristics and does not directly quantify observed rainfall–runoff behaviour, river discharge, or sediment yield. Accordingly, the hydrological implications should be interpreted as morphometry-based indications rather than direct measurements of watershed response. Validation using field observations and hydrological modelling would strengthen subsequent applications.
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