


GIS-based Morphotectonic and Morphometric analysis of Tamsa River Watershed in Eastern Uttar Pradesh

ABSTRACT
The present study focuses on the morphometric characterisation of the Tamsa River basin in eastern Uttar Pradesh using a Geographic Information System (GIS), a Digital Elevation Model (DEM), and Survey of India (SOI) topographical data. Morphometric analysis provides an effective approach for understanding drainage-network characteristics, basin geometry, geomorphic development, hydrological behaviour, and the influence of geological and topographical conditions. The drainage network comprises 217 stream segments and is classified as a fourth-order basin according to Strahler's stream-ordering system. The drainage pattern is predominantly dendritic, indicating relatively homogeneous lithological conditions. The mean bifurcation ratio of 1.76 and weighted bifurcation ratio of 1.82 suggest comparatively limited structural and tectonic control over drainage development. The areal morphometric parameters indicate a low drainage density (0.194 km/km²), low stream frequency (0.027 streams/km²), low drainage intensity (0.16), and a high constant of channel maintenance (5.26 km²/km), suggesting relatively high infiltration and limited surface runoff. The elongation ratio (0.47), circularity ratio (0.08), and form factor (0.17) indicate an elongated basin configuration with a comparatively delayed concentration of runoff. The morphotectonic parameters, including the sinuosity index (1.0), hypsometric integral (0.50), and asymmetry factor (50), indicate a relatively stable and mature geomorphic setting. Overall, the morphometric characteristics provide important insights into the hydrological response, geomorphic evolution, and watershed-management requirements of the Tamsa River basin.
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1. INTRODUCTION
River-basin morphometry refers to the quantitative measurement and mathematical analysis of the Earth's surface configuration and drainage-basin landforms (Strahler, 1952; Horton, 1945). Within the framework of integrated watershed management, morphometric analysis provides a scientific basis for understanding hydrological behaviour, erosion susceptibility, groundwater potential, and sediment-transport characteristics. Morphometric parameters derived from drainage networks, such as stream order, bifurcation ratio, drainage density, form factor, circularity ratio, and relief ratio, are considered fundamental indicators for evaluating the hydrological response of a river basin (Schumm, 1956; Miller, 1953).
Eastern Uttar Pradesh, drained by the complex Tamsa River system and its tributaries, represents one of the most hydrologically dynamic regions of the Indian subcontinent. The region experiences frequent flooding, active channel migration, substantial sediment deposition, and considerable anthropogenic alteration of the natural landscape. Despite encompassing densely populated districts such as Barabanki, Ayodhya, Ambedkar Nagar, Azamgarh, Mau, and Ballia, comprehensive quantitative investigations of river-basin morphometry in this subregion remain limited and fragmented (Kumar et al., 2018; Pandey et al., 2024).
Land-use/land-cover (LULC) analysis, when integrated with morphometric assessment, offers a comprehensive understanding of the interactions between geomorphological processes and human activities. Multitemporal LULC mapping using satellite remote-sensing techniques enables the quantification of changes in agricultural land, forest cover, urban expansion, and wetland dynamics, all of which directly affect the hydrological functioning of a basin (Jensen, 2016; Lillesand et al., 2015). In eastern Uttar Pradesh, rapid urbanisation, intensive agricultural practices, and deforestation in the Terai region have considerably modified natural drainage characteristics and the regional water balance.
The availability of high-resolution satellite imagery, such as Sentinel-2 and Landsat-8 OLI, together with freely accessible Digital Elevation Models (DEMs), including SRTM and ALOS-PALSAR datasets, has made detailed morphometric and LULC analyses possible in data-scarce regions such as eastern Uttar Pradesh.
Recent geospatial investigations have used DEM-based GIS workflows to quantify drainage hierarchy, basin shape, relief, and hydrological response and to support watershed prioritisation and management (Pandey et al., 2024; Keshri et al., 2024; Chowdhury, 2024; Krishnan & Arjun, 2024; Sahu et al., 2024).
Research gap: Although the Introduction establishes the relevance of morphometric analysis and the availability of geospatial data, an integrated basin-scale assessment combining the linear, areal, and morphotectonic parameters of the Tamsa River basin remains insufficiently documented. This gap limits a unified interpretation of drainage organisation, basin geometry, hydrological response, and geomorphic stability within the study area.
Objective: The objective of the present study is to quantify the linear, areal, and morphotectonic characteristics of the Tamsa River basin using GIS, DEM, and topographical data and to interpret their implications for drainage development, hydrological behaviour, and watershed management.
2. STUDY AREA
The Tamsa, also known as the Tons, is a tributary of the Ganges in northern India and flows broadly parallel to the Ghaghara. The Tamsa rises in Barabanki and flows through Ayodhya, Faizabad, Ambedkar Nagar, Azamgarh, Mau, and Ballia districts before joining the Ganges at Salahabad village in Ballia district. It is regarded as a seasonal river. The Tamsa is 264 km long and flows south-eastwards. The Marha and Biswi meet at Haripur, a village near the Katehari block. The Marha flows from a lake near Rudauli in Barabanki district, while the Bisui, the southern feeder of the system, originates in Sultanpur district. The Majohi is the principal tributary of the Tons and flows eastwards from a depression in Ambedkar Nagar district to join the main river in Azamgarh district. The principal rivers of the district are the Tons, formed by the combined waters of the Marha and Biswi nalas after their confluence approximately 7-8 km west of Akbarpur, and the Ghaghara. The study area lies between latitudes 26° 10′ N and 27° 43′ N and longitudes 82° 12′ E and 83° 10′ E, covering a geographical area of 7,949.27 km².
The district is characterised by a subtropical, subhumid climate, with an average annual rainfall of 904.8 mm and non-monsoon rainfall of 108.5 mm. The mean daily minimum and maximum temperatures are 8.1 °C and 39.6 °C, respectively. January is the coldest month, while May and June are the hottest months of the year. Most rainfall (93%) occurs from mid-June to early October, with August being the wettest month. Relative humidity is generally high from July to September (76%-87%) and reaches its maximum in August. Agriculture is the dominant land use (71%) (Central Ground Water Board [CGWB], 2022). Both groundwater and surface water are used for irrigation, although groundwater (86%-92%) is the principal source. The soils are fine, loamy, and calcareous. The floodplain of the Tamsa (Tons) River is characterised by younger alluvium with a high infiltration rate, comprising gravel, silt to fine sand, and sandy clay.
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2.1 Climate
The study area has a subtropical humid climate and receives approximately 794 mm of annual rainfall. In general, rainfall intensity declines from east to west. The highest temperatures are recorded in June and may reach 45 °C. The mean temperature ranges from 20 °C to 32 °C. Winds are generally mild and become slightly stronger during the summer and monsoon seasons. They predominantly blow from the west and north-west between October and April and shift towards the east and south-east from May during the south-west monsoon season.
3. DATA AND METHODOLOGY
Morphometric analysis was conducted using the Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) with a 90 m spatial resolution, together with Survey of India (SOI) topographical sheets at a scale of 1:50,000 and GIS software (Table 1). The SOI topographical sheets were rectified, georeferenced, and mosaicked using the WGS 1984 / UTM Zone 44N projection. Drainage extraction, flow-accumulation analysis, stream ordering, and the calculation of morphometric parameters were then undertaken. Escarpment height was determined from the vertical cliffs along the right and left banks of the river channel shown on the topographical maps and was plotted separately against the corresponding downstream distance. The SRTM DEM was also used to extract longitudinal profiles by measuring distance downstream along the river. The drainage network was analysed according to Horton's laws (Horton, 1945), and stream orders were defined following Strahler (1964). The linear, areal, and relief characteristics of the basin were calculated using standard methods (Kale & Gupta, 2001; Obi Reddy et al., 2004; Sreedevi et al., 2005; Garde, 2006).
              Table 1. Specification of the data sets used
	Sr.
No.
	Data type
	Range
	Data source

	1
	SRTM DEM
	3ARC (90 m)
	http://srtm.csi.cgiar.org/srtmdata



3.1 Digital Elevation Model and Drainage Extraction
The Shuttle Radar Topography Mission (SRTM) Digital Elevation Model with a 90 m spatial resolution was used for morphometric analysis and the extraction of topographical parameters. The DEM was obtained from the USGS EROS Data Center and processed in ArcGIS 10.4. 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.
The extracted drainage network was overlaid on 1:50,000 topographical maps from the Survey of India (SOI) for validation. Stream ordering was undertaken using Strahler's (1952) method, which is widely adopted in quantitative geomorphology. The drainage network, catchment boundary, and elevation data were projected to the WGS 1984 / UTM Zone 44N coordinate reference system to facilitate precise area and distance measurements.
3.2 Computation of Morphometric Parameters
Twenty-seven morphometric parameters were computed and categorised under three aspects: (a) linear parameters, relating to drainage-channel characteristics; (b) areal parameters, relating to basin shape and size; and (c) morphotectonic parameters, relating to basin asymmetry, sinuosity, and geomorphic development.
All computations were performed in QGIS, with supplementary calculations conducted in Microsoft Excel. Table 7 summarises the formulae, references, and results.

4.0 RESULT AND DISCUSSION
The study area is a fourth-order river basin covering approximately 7,949.27 km², with a basin perimeter of 1,095.20 km and a basin length of 264 km. The numbers of first-, second-, third-, and fourth-order streams are 108, 55, 34, and 20, respectively, while their corresponding total lengths are 719.51, 379.44, 284.42, and 158.70 km. The basin contains 217 stream segments with a total stream length of 1,542.091 km (Table 7). The drainage pattern of the basin is dendritic.
4.1 Linear Aspects
4.1.1 Stream Order (U): Stream order represents the hierarchical ranking of streams within a drainage basin. According to Strahler's method, the smallest fingertip tributaries are designated as first-order streams. When two streams of the same order join, the order increases by one. The study basin is classified as a fourth-order basin, indicating moderate drainage development and watershed maturity (Table 2).
4.1.2 Stream Number (Nu): Stream number refers to the total number of stream segments in each stream order of a drainage basin. Generally, the number of streams decreases as stream order increases. The basin contains 217 stream segments, indicating a well-developed drainage network with numerous lower-order tributaries (Table 2).
4.1.3 Stream Length (Lu): Stream length is the cumulative length of all stream segments within a basin. It reflects the hydrological and geomorphological characteristics of the terrain. The total stream length of the basin is 1,542.091 km, indicating moderate channel development and drainage extension (Table 2).
4.1.3 Mean Stream Length Ratio (Lsm): The mean stream-length ratio is obtained by dividing the total stream length by the total number of stream segments. It indicates the average length of stream segments and reflects slope conditions and basin relief. The calculated value of 7.10 km indicates moderate topographical variation within the basin (Table 7).
4.1.4 Main Stream Length: The main-stream length of the basin is represented by the fourth-order principal stream, which has a total length of 158.70 km (Table 2).
4.1.5 Cumulative Stream Length (Csl): Cumulative stream length represents the accumulated stream-length measure reported for the stream orders within the basin. It describes the extent of the drainage network. The reported value is 71.96 km, indicating moderate drainage development (Table 2).

Table 2. Stream Characteristic of the River
	Stream order (U)
	Stream Number (Nu)
	Stream length (Lu) (km)
	Mean Stream length ratio (km) length (km)
	Cumulative Mean Stream
	% (Nu)
	% (Lu)
	Log Nu
	Log Lu

	1st Order
	108
	719.5122
	6.66
	6.66
	49.76
	46.65
	2.033
	2.8570

	2nd Order
	55
	379..4483
	6.89
	13.55
	25.34
	24.60
	1.740
	2.578

	3rd Order
	34
	284.4246
	8.36
	21.91
	15.66
	18.44
	1.531
	1.531

	4th Order
	20
	158.7060
	7.93
	29.84
	9.21
	10.29
	1.301
	1.301

	Total
	217
	1542.091
	             29.84
	71.96
	100
	100
	6.605
	8.267



4.1.6 Stream Length Ratio (Rl): The stream-length ratio is the ratio of the lengths of streams of successive orders. It provides information on basin maturity, geomorphic stage, and hydrological characteristics. The value of 0.61 indicates moderate variation in terrain slope and channel extension (Table 3).
Table 3. Stream length ratio and Bifurcation ratio
	Stream length ratio (Rl)
	Bifurcation ratio (Rb)

	2nd ord/1st ord
	0.53
	2nd ord/1st ord
	1.96

	3rd ord/2nd ord
	0.75
	3rd ord/2nd ord
	1.62

	4th ord/3rd ord
	0.56
	4th ord/3rd ord
	1.70

	Mean stream length Ratio
	0.61
	Mean Bifurcation Ratio
	1.76



4.1.7 Weighted Stream Length Ratio (Lurwm): The weighted stream-length ratio represents the weighted average relationship between stream lengths of successive orders. It provides a more detailed assessment of drainage development and stream hierarchy. A value of 0.60 is reported in Table 7, indicating a balanced distribution of stream lengths within the basin. Table 4 reports a weighted mean stream-length value of 1.81, while the mean stream-length ratio is 0.61 (Table 3).
The formula used is:
                                                      Lurwm = Lur*Lur-r/Lur-r
where Lurwm is the weighted mean stream-length ratio; Lur is the stream-length ratio for a given stream order; and Lur-r is the sum of the stream length of a given order and that of the preceding order.
Table 4. Weighted Stream Length Ratio

	Stream order (U)
	Stream length (Lu)
	Bifurcation ratio (Lur)
	Lur-r
	Lur*Lur-r
	Lurwm (Lur*Lur-r/ Lur-r)

	1
	719.5122
	
	
	
	

	2
	379..4483
	1.96
	1098.9605
	2153.96
	

	3
	284.4246
	1.62
	663.8729
	1075.47
	

	4
	158.7060
	1.70
	443.1306
	753.32
	

	Total
	1542.091
	1.76
	2205.9640
	3982.75
	Lurwm = 1.81



4.1.8 Bifurcation Ratio (Rb): The bifurcation ratio is the ratio of the number of streams of a given order to the number in the next higher order. It reflects geological control and drainage-branching characteristics. The calculated value of 1.76 indicates limited structural disturbance and relatively homogeneous lithology (Table 3).
4.1.9 Mean Bifurcation Ratio (Rbm): The mean bifurcation ratio represents the average bifurcation ratio of the basin. It indicates the overall stability of the drainage network and the degree of structural influence. The value of 1.76 suggests minimal tectonic disturbance and stable geomorphic conditions (Table 3).
4.1.10 Weighted Bifurcation Ratio (Rbwm): The weighted bifurcation ratio provides a weighted assessment of drainage branching by considering stream frequency. The value of 1.82 indicates a stable drainage system with low structural complexity (Tables 5 and 6).
The formula applied is:
                                                   Rbwm = Rb*Nu-r/Nu-r
where Rbwm is the weighted mean bifurcation ratio; Rb is the bifurcation ratio for a given stream order; and Nu-r is the sum of the stream numbers of a given order and the preceding order.

Table 5. Bifurcation ratio classification based on Horton (1945)
	Sr. No.
	Range
	Interpretation

	1
	<3
	Flat region

	2
	3-5
	Geological structures do not distort the drainage pattern

	3
	>5
	Lithologically and structurally control



Table 6. Weighted mean Bifurcation ratio (Rbwm)
	Stream order (U)
	Stream number (Nu)
	Bifurcation ratio (Lur)
	Nu-r
	Rb*Nu-r
	Rbwm (Rb*Nu-r/ Nu-r)

	1
	108
	
	
	
	

	2
	55
	1.96
	163
	319.48
	

	3
	34
	1.62
	89
	144.18
	

	4
	20
	1.70
	54
	91.80
	

	Total
	217
	1.76
	306
	555.46
	1.82




4.2 Areal Aspects
4.2.1 Drainage Density (Dd): Drainage density is the ratio of total stream length to basin area. It reflects infiltration capacity, permeability, and runoff characteristics. The low value of 0.194 km/km² indicates permeable soils, dense vegetation cover, and low surface runoff.
4.2.2 Stream Frequency (Fs): Stream frequency is the number of stream segments per unit area. It indicates drainage texture and runoff response. The value of 0.027 streams/km² suggests limited drainage dissection and gentle topography.
4.2.3 Drainage Texture (T): Drainage texture is the product of drainage density and stream frequency. It reflects the relative spacing of drainage lines. The low value of 0.005238 indicates a coarse drainage texture and low erosion intensity.
4.2.4 Texture Ratio (Rt): The texture ratio is the ratio of first-order streams to the basin perimeter. It represents terrain dissection and drainage characteristics. The value of 0.10 indicates a coarse drainage texture and stable geomorphic conditions.
4.2.5 Elongation Ratio (Re): The elongation ratio measures the shape of the basin relative to a circle. Values close to 1 indicate circular basins, whereas lower values indicate elongated basins. The obtained value of 0.47 suggests that the basin is elongated and has a relatively low peak flow.
4.2.6 Circulatory Ratio (Rc): The circulatory ratio compares the basin area with the area of a circle having the same perimeter. The low value of 0.08 indicates an elongated basin influenced by structural and lithological factors.
4.2.7 Form Factor (Ff): The form factor is the ratio of basin area to the square of basin length. Lower values indicate elongated basins with lower flood peaks. The value of 0.17 suggests an elongated basin geometry and delayed runoff concentration.
4.2.8 Length of Overland Flow (Lg): The length of overland flow represents the distance travelled by water before it enters stream channels. The value of 2.63 km indicates moderate infiltration and slower surface-runoff movement.
4.2.9 Rho Coefficient (RHO): The rho coefficient is the ratio of the stream-length ratio to the bifurcation ratio. It reflects the storage capacity and hydrological efficiency of the basin. The value of 0.35 indicates moderate water storage and runoff behaviour.
4.2.10 Drainage Intensity (Di): Drainage intensity is the ratio of stream frequency to drainage density. It indicates the relationship between channel spacing and runoff. The low value of 0.16 suggests low runoff intensity and high infiltration capacity.
4.2.11 Constant of Channel Maintenance (C): The constant of channel maintenance indicates the area required to sustain one kilometre of stream channel. The value of 5.26 km²/km suggests high infiltration and low drainage efficiency.
4.2.12 Shape Index (Sw): The shape index indicates the overall basin geometry. Higher values represent elongated basins. The value of 33.33 confirms the elongated nature of the drainage basin.
4.2.13 Shape Factor (Sf): The shape factor is the ratio of the square of basin length to basin area. The value of 5.79 indicates an elongated basin geometry with a delayed hydrological response.
4.3 Morphotectonic Aspects
4.3.1 Sinuosity Index (Si): The sinuosity index is the ratio of channel length to valley length (Leopold et al., 1964; Mueller, 1968). The value of 1.0 indicates a straight river course with minimal meandering.
4.3.2 Hypsometric Integral (Hi): The hypsometric integral reflects the stage of geomorphic development of a basin. The value of 0.50 indicates a mature geomorphic stage.
4.3.3 Asymmetry Factor (Af): The asymmetry factor measures tectonic tilting of the basin. The value of 50 indicates tectonic stability and symmetrical basin development.
Table 7 : Morphometric Parameters, Formulae, References and Result
	Sr.
No.
	Morphometric Parameters
	Formulae
	Units
	References
	Result

	
	Linear Aspects
	
	 
	
	

	1
	Stream order (U)
	Hierarchical rank
	-
	Strahler (1964)
	4

	2
	Stream Number (Nu)
	Nu =N1+N2++….Nu
	-
	Strahler (1964)
	217

	3
	Stream length (Lu) Kms
	Lu = L1+L2++…..Lu
	-
	Horton (1945)
	1542.091

	4
	Mean Stream length ratio (Lsm)
	Lsm = Lu/Nu
	km
	Strahler (1964)
	7.10

	5
	Cumulative Stream length (Csl)
	Csl
	km
	Horton (1945)
	71.96

	6
	Stream length ratio (Rl)
	Rl = Lu/Lu-1
	-
	Horton (1945)
	0.61

	7
	Weighted Stream Length Ratio (Lurwm)
	Lurwm (Lur*Lur-r/Lur-r)
	-
	Strahler (1952)
	0.60

	8
	Bifurcation ratio (Rb)
	Rb = Nu/Nu+1
	-
	Horton (1945)
	1.76

	9
	Mean Bifurcation ratio (Rbm)
	Rbm
	-
	Strahler (1957)
	1.76

	10
	Weighted Bifurcation ratio (Rbwm)
	Rbwm (Rb*Nu-r/ Nu-r)
	-
	Strahler (1952)
	1.82

	
	Areal Aspects
	
	
	
	

	11
	Drainage density (Dd)
	Dd = Lu/A
	Km/km2
	Horton (1932, 1945)
	0.194

	12
	Stream frequency (Fs)
	Fs = Nu /A
	Streams/km2
	Horton (1932, 1945)
	0.027

	13
	Drainage texture (T)
	T = Dd × Fs
	-
	Smith (1950)
	0.005238

	14
	Texture ratio (Rt)
	Rt = N1/P
	-
	Horton (1945)
	0.10

	15
	Elongation ratio (Re)
	Re = (2/Lb) (A/ð)0.5
	-
	Schumm (1956)
	0.47

	16
	Circulatory ratio (Rc)
	Rc = 4A/P2
	-
	Miller (1953)
	0.08

	17
	Form factor (Ff)
	Ff = A/Lb2
	-
	Horton (1932)
	0.17

	18
	Length of overland ûow (Lg)
	Lg =1/2Dd
	km
	Horton (1945)
	2.63

	19
	Rho coeûcient (RHO)
	RHO = Rl/Rb
	-
	Horton (1945)
	0.35

	20
	Drainage Intensity (Di)
	Di = Fs/Dd
	-
	Faniran (1969)
	0.16

	21
	Constant of channel maintenance (C)
	C = 1/Dd
	km2/km
	Schumm (1956)
	5.26

	22
	Shape Index (Sw)
	Sw = 1/Fs
	
	Horton (1932)
	33.33

	23
	Shape Factor (Sf)
	Sf = Lb²/A
	
	Horton (1945)
	5.79

	
	Morphotectonic Aspects
	
	
	
	

	24
	Sinuosity Index (Si)
	Si = CL/VL
	-
	Miller (1964, 1968)
	1.0

	25
	Hypsometric Integrals (Hi)
	Hi = Sbm-h/H-h
	-
	Strahler (1952)
	0.50

	26
	Asymmetry factor (Af)
	AF =100 (Ar/At)
	-
	Molin at al. (2004)
	50.0

	27
	Drainage basin shape (Bs)
	BS = Bl / Bw
	-
	Bull and Mcfadden (1977)
	5.79


5.0 CONCLUSION
The present morphometric investigation provides a quantitative assessment of the drainage characteristics, basin geometry, and morphotectonic conditions of the Tamsa River basin in eastern Uttar Pradesh. The analysis demonstrates that GIS- and DEM-based techniques are effective for extracting and evaluating drainage networks and morphometric parameters at the basin scale. The Tamsa basin is a fourth-order drainage basin with a predominantly dendritic drainage pattern and 217 identified stream segments. The decreasing number of streams with increasing stream order reflects the hierarchical development of the drainage network and indicates a well-developed system dominated by lower-order tributaries. The linear morphometric characteristics include a mean bifurcation ratio of 1.76 and a weighted bifurcation ratio of 1.82. These relatively low values suggest limited structural and geological control over the drainage network and comparatively homogeneous lithological conditions. The stream-length ratio and weighted stream-length characteristics further indicate variations in channel development associated with the basin's topographical conditions. The areal morphometric parameters reveal important hydrological characteristics. The low drainage density of 0.194 km/km², stream frequency of 0.027 streams/km², drainage texture of 0.005238, and drainage intensity of 0.16 indicate relatively coarse drainage development, higher infiltration potential, and comparatively low surface-runoff intensity. The constant of channel maintenance of 5.26 km²/km further supports the interpretation of relatively high infiltration and limited drainage dissection. Basin-shape parameters, including the elongation ratio (0.47), circularity ratio (0.08), form factor (0.17), and shape factor (5.79), indicate an elongated basin geometry. Such a configuration generally favours a comparatively delayed concentration of runoff and a lower peak-flow response than a more circular basin. The morphotectonic parameters provide additional evidence of the basin's geomorphic condition. A sinuosity index of 1.0 indicates a relatively straight channel course, while a hypsometric integral of 0.50 suggests a mature stage of geomorphic development. The asymmetry factor of 50 indicates broadly symmetrical basin development and limited evidence of substantial tectonic tilting. Collectively, these parameters suggest that the present drainage configuration has been influenced more strongly by regional topography, lithology, and surface processes than by pronounced tectonic disturbance.

Limitation 

The analysis is constrained by the spatial resolution and source consistency of the DEM and topographical data. Interpretation is based on basin-scale morphometric indices and does not include field-based validation, discharge records, sediment data, or temporal channel-change analysis. 
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