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Morphometric analysis and hydrological implications of the Himalayan
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Abstract: The application of Geographic Information System (GIS) methodologies offers valuable insights
into the hydrological behaviour of watersheds through the analysis of their morphometric attributes. This
study focuses on the Goriganga River, a major tributary of the Ganga River system, by conducting a
detailed morphometric analysis using Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) imagery with 30 m resolution, alongside survey of India topographic sheets. Thirty-two water-
sheds within the river basin were delineated to calculate linear, areal, and relief morphometric parameters,
covering a total drainage area of 2,183.11 km’. The drainage pattern, primarily dendritic to sub-dendritic, is
shaped by the region's topography, geological structure, and precipitation patterns. Classified as a 6"-order
basin, the drainage density ranges from 1.21 km/km’ to 1.96 km/km’, underlining the significant influence
of the regional physiography and lithological composition on the stream ordering. Relief analysis suggests
the basin is in an early developmental stage, characterised by varying slope gradients and a low to moder-
ate risk of soil erosion. The basin's hydrogeology is complex, with aquifer distribution primarily governed
by lithological factors. Limestone, due to its high permeability and karst features, forms the principal
aquifer, although it is susceptible to contamination. In contrast, groundwater potential in the Basement
Gneissic Complex and Schist regions is limited to structurally controlled zones, while shale acts as an
aquitard. The basin's heterogeneous aquifer characteristics emphasize the need for localized groundwater
management strategies tailored to specific lithological units. The integration of remote sensing and GIS
techniques effectively delineates the basin's morphometric and hydrogeological characteristics, providing
critical information for the development of sustainable water resource management strategies.

Keywords: Advanced Spaceborne Thermal Emission and Reflection Radiometer; Survey of India;
Toposheets; Linear; Areal; Relief, Drianage; Stream order; Hydrogeology
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Introduction

Water resources are essential to global sustainabil-
ity, forming the foundation for development across
various sectors. The growing demands of an
increasing population, expanded irrigation sys-
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tems, and rapid industrialization have notably
intensified water usage, emphasizing the need for
efficient water resource management (Shekar and
Mathew, 2022). River basins, characterized by
their river networks, are crucial geographical and
functional units, representing the three-dimen-
sional landscape and the dynamic processes that
have shape them over millennia (Rai et al. 2017).
These basins are vital for sustainable development,
driven by an understanding of their morphometric
attributes (Horton, 1945), and they also serve as
biodiversity hotspots, harbouring rich reserves of
soil, water, and biodiversity. The interaction
between human activities and river basins high-
lights the importance of integrating basin manage-
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ment into sustainable resource utilization strate-
gies (Krishnan and Ramasamy, 2022). Moreover,
effective river basin management is crucial for
ensuring food security, further highlighting the role
of morphometric analysis in understanding hydro-
logical and geological characteristics needed for
improved watershed management (Ganie et al.
2023Db).

Morphometry, the quantitative study of land-
forms, offers valuable insights into a basin's hydro-
logical behavior and geological structure (Saha et
al. 2022; Ganie et al. 2023). By analyzing the
morphology of drainage systems, researchers can
gather essential information to address hydrologi-
cal challenges and promote sustainable water use
(Abijith et al. 2020). This approach is particularly
beneficial in regions where comprehensive hydro-
logical and meteorological data are scarce, provid-
ing a reliable method for predicting hydrological
hazards such as flash floods (Zhai et al. 2021). The
geomorphological characteristics of river catch-
ments, including size, structure, gradient, and river
density, play a crucial role in shaping hydrological
events, supporting soil and water conservation
efforts, and facilitating natural resource manage-
ment (Shekar and Mathew, 2022; Ganie et al.
2023a).

However, human interventions, such as unpl-
anned construction, disrupt the natural hydrologi-
cal cycles of river basins, leading to adverse phys-
iographical effects. Although the geographical
diversity in a drainage basin's morphology is
primarily influenced by geological factors, human
activities pose significant threats to water availabil-
ity, quality, and river ecosystems (Kumar et al.
2018; Ganie et al. 2024a). The alteration of natural
landscapes by anthropogenic activities highlights
the need for a thorough examination of basin
morphometry to develop strategies for sustainable
land and water resource management (Guth, 2011;
Rai et al. 2017; Ganie et al. 2024).

Historically, morphometric analysis relied on
manual evaluations of topographic maps, a time-
intensive process that, despite its limitations,
provided valuable insights into river basin charac-
teristics (Horton, 1932, 1945; Strahler, 1952, 1964;
Schumm, 1956). The advent of geospatial and
computational technologies has transformed this
field, enabling more accurate and efficient assess-
ments through the use of Digital Elevation Models
(DEMs) and Geographic Information Systems
(GIS) (Loritz et al. 2019; Ganie et al. 2023c).
These technological advancements have made it
possible to perform comprehensive analyses of
hydrographs and morphology, significantly enhan-
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cing our understanding of interactions between
drainage systems, geology, and landforms (Ganie
et al. 2016; Tassew et al. 2021; Khatoon and
Javed, 2022; Ganie et al. 2022).

In the Himalayan context, perennial rivers are
crucial to North India, supplying essential water
for drinking and agriculture, thus reducing the
reliance on water imports. The Kali River, mark-
ing the border between India and Nepal, particu-
larly benefits from the tributary waters of the Gori-
ganga River. However, a detailed morphological
analysis of the watersheds within the Goriganga
Basin has been largely overlooked, highlighting
the need to address watershed management issues.
This study aims to analyze hydromorphological
parameters to fill this knowledge gap, thereby
establishing a foundation for informed decision-
making in resource allocation for watershed
management and conservation.

This research aims to conduct a comprehensive
morphometric analysis of the Goriganga Basin
using GIS techniques applied to remote sensing
data, with the goal of enhancing the understanding
of the hydro-geomorphic characteristics of this
mountainous river basin. Despite the challenges of
recording critical variables in the study area's
remote location, this research highlights the impor-
tance of employing alternative methods while
adhering to scientific principles. By utilizing digi-
tal elevation models, the study examines key
hydromorphological parameters to inform water-
shed management planning without relying on
complex models. This approach is crucial for
effective water supply, demand, and flood manage-
ment. By identifying essential hydro-morphomet-
ric parameters, this research seeks to improve
water resource management and address issues
related to water supply, demand, and flood control.
The insights gained from this analysis are expected
to facilitate optimal resource allocation in data-
scarce mountainous river basins, paving the way
for sustainable resource management strategies.

1 Study area

The research area is situated in the Eastern
Kumaon district of Uttarakhand, India, demar-
cated by coordinates 79° 55' 00" N to 80° 30' 00"
N and 29° 45' 6.3" E to 30° 35' 00" E (Fig. 1). The
hydrology of the region is significantly influenced
by two glaciers: The first, positioned near Milam at
an elevation of 3,600 m above sea level, to the
northeast of Nanda Devi, feeds the eastern branch
of the river, while the second glacier, located near
the Untadhura ridge, sustains the western branch
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Fig. 1 Location map of the study area

(a) highlighting the state of Uttarakhand. (b) Map of
Uttarakhand indicating the location of the Goriganga
Basin. (¢) Detailed map illustrating the Goriganga
Basin

(Ashok, 2014). The region is bordered by the
Dhauliganga River to the northeast and the
Ramganga River to the southwest. The river
predominantly flows southeastward until it merges
with the Kali River at Jauljibi, with its northern
reaches being glaciated. The river's trajectory
generally follows a north-south direction, aligning
with the transverse faults characteristic of the east-
ern Kumaon Himalayas (Ashok, 2014).

1.1 Geology

The geology of the Goriganga Basin is character-
ized by rocks oriented in a west-northwest to east-
southeast direction. The area predominantly
features a variety of metamorphic and sedimentary
rocks, such as phyllites, schists, micaceous
quartzites, amphibolites, and granitic gneisses
(Valdiya, 1980). The principal rock formations in
the basin include Tethyan sediments, gneisses and
granitic rocks from the Vaikrita and Munsiari
Formations, quartzites from the Berinag Forma-
tion, as well as Thalkedar limestone and Gangoli-
hat dolomite (Joshi and kotlia, 2015). These forma-
tions are interspersed with major geological faults,
including the Main Central Thrust, Vaikrita Thrust,
Munsiari Thrust, Berinag Thrust, Chhiplakot
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Thrust, and the North Almora Thrust (Valdiya,
1976) (Fig. 2).

A notable features of the Goriganga Basin is the
network of streams and gorges oriented in a north-
northwest to south-southeast direction. These are
characterized by straight mountain fronts, fault
scarps, and steep cliffs, particularly in the middle
and lower sections of the basin. Other significant
landforms include rock benches, waterfalls, and
deeply cut meanders, with smaller streams gener-
ally following a north-northeast to south-south-
west direction. This orientation suggests that the
landform development in the area is strongly influ-
enced by the underlying geological structure.
Additionally, river terraces formed by sediment
deposition are present along both banks of the
river.

1.2 Hydrogeology

The basin is characterized by four main rock types:
The Basement Gneissic Complex, Limestone,
Schist, and Shale. The Basement Gneissic Com-
plex and Schist, with low porosity and permeabil-
ity, store and transmit groundwater primarily
through fractures and weathered zones. In contrast,
limestone, due to its susceptibility to karstification,
forms highly permeable aquifers with significant
potential for groundwater storage and flow. Shale,
acting as an impermeable aquitard, restricts
groundwater movement and serves to protect
underlying aquifers from contamination.

1.3 Climate

The climatic conditions in the area exhibit substan-
tial variability, ranging from tropical warm temper-
ate climates to the cold alpine conditions, includ-
ing glaciated and perpetually frozen zones at
different altitudes. The geographical composition
of the region includes 50% under permanently
frozen and glaciated conditions, 20% within the
alpine zone, and 18% in the cold temperate and
cold zones. Temperature variations range from 0 to
30°C throughout the year, with peaks occurring in
June and the lowest temperatures in January.
Precipitation data from 2020 indicate an average
annual rainfall of 659.96 mm, with a maximum of
965.55 mm, primarily occurring during the south-
west monsoon in May (Das, 2015).

The river basin plays a pivotal role in meeting
the drinking water and industrial needs of Pithora-
garh and fulfilling the irrigation demands of
surrounding villages. Furthermore, the river's
diverse fish populations support the local econ-

http://gwse.iheg.org.cn
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Fig. 2 Geology of the Goriganga Basin

omy through fishing, aqua-tourism, and fisheries-
related enterprises. However, escalating water
demands, especially for drinking and irrigation
purposes, have led to the over-exploitation of
groundwater resources within the basin. The
primary mechanisms replenishing the basin's
aquifers include return flows from agricultural irri-
gation, direct precipitation, and river bed infiltra-
tion, among other sources.

2 Data

The study employed a quantitative morphometric
analysis of the Goriganga drainage basin using
satellite data from the Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER)
Digital Elevation Model (DEM). ASTER was
launched on NASA's Terra spacecraft in Decem-
ber 1999 and captures data across three spectral
bands: Visible Near-Infrared (VNIR), ShortWave
Infrared (SWIR), and Thermal Infrared (TIR), with
ground resolutions of 15 m, 30 m, and 90 m,
respectively.

http://gwse.iheg.org.cn

The original ASTER data were enhanced by
incorporating 260,000 overlapping images, which
improved spatial resolution, reduced data errors,
and provide more accurate coverage of water
bodies (ASTER, 2011). ASTER offers global
coverage from 83 degrees north to 83 degrees
south (Abrams and Hook, 2002), and ASTER
GDEM version-1 has an absolute vertical accu-
racy of 20 m at a 95% confidence level (ASTER
GDEM Readme Handbook). The DEM data used
for this study were downloaded from the Earth
Explorer website (https://earthexplorer.usgs.gov/)
on November 20, 2022.

To ensure data accuracy, elevation points
collected during a field survey with a handheld
GPS device (Garmin Montana 700) were used for
validation. The geographic distribution of these
elevation points within the basin is shown in Fig.
3. Data were collected in flat, open areas away
from trees to minimize errors caused by poor GPS
signal tracking. The GPS survey results were
considered the most accurate data source of eleva-
tion data. Finally, the vertical accuracy of the
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ASTER DEM was evaluated by comparing GPS
control points with elevation data extracted from
the DEM using the "Add Surface Feature" tool in
ArcGIS 10.8. The Root Mean Square Error
(RMSE) metric was used to assess the accuracy of
the dataset.

Root Mean Square Error (RMSE)

When comparing fixed values, such as elevation
points from GPS surveys, with estimated values
like those from ASTER DEMs (Digital Elevation
Models), the Root Mean Square Error (RMSE) is a
commonly used statistic. RMSE quantifies the
differences, or residuals, between these values and
combines them into a single measure of accuracy
(Congalton and Green, 2009; Ganie et al. 2023a).
One of the key advantages of RMSE is its use of
quadratic loss function, which amplifies the impact
of larger errors on the final value. This property
makes RMSE an effective tool for assessing the
degree of uncertainty. In this context, RMSE anal-
ysis evaluates how closely the ASTER data align
with the GPS survey data, with a lower RMSE

79°50"  79°55" 80°00"  80°05'

30°15"  30°20°  30°25"  30°30'

30°10

GPS Points
Elevation/m
I Below~2000
" 2000.001~3000
3000.001~4000
&1 4000.001~5000

29°50"  29°55"  30°00"  30°05'

29°45'

Fig. 3 Elevation based GCPS used for accuracy assessment
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indicating better agreement between the two
datasets.

RMSE, = . (1)

Where: e,; is the vertical error is equal to e,-e,;
e, is the elevation of the i” reference point on the
DEM surface, and e,, is the height of the i* refer-
ence point above the mean sea level.

Since the vertical datum of the ASTER DEM is
EGMO96, and the Global Positioning System (GPS)
typically calculates height based on the WGS84
vertical datum (Kaplan and Hegarty, 2006), the
elevations from both datasets will differ for the
same Ground Control Point (GCP) due to the
discrepancy in vertical datums. To accurately
compare GPS elevation data (based on WGS84)
with ASTER elevation data, it is necessary to
perform a vertical datum conversion, also known
as datum matching (http://hydrosheds.cr.usgs.
gov/hydro.php).

80°10"  80°15' 80°20’ 80°25’ 80°30’

AY
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To address this issue of vertical datum discrep-
ancies, GPS-based elevation points were converted
to ellipsoidal heights as part of the geoid correc-
tion process. This conversion enables accurate
comparison between the GPS and ASTER data.
The transformation from ellipsoidal height to
orthometric elevation is achieved using the follow-
ing formula:

48H =h—-N )

Where: H is the orthometric height, % is the
WGS84 ellipsoid height, N is the EGM96 geoid
undulation.

The geoidal height information required for the
DEM was calculated using the UNAVCO Geoid
Height Calculator by entering the GPS latitude and
longitude (UNAVCO facility. Geoid height calcu-
lator, accessed on August 23, 2024). This online
tool provides the geoid height correction for a
specific location on Earth, based on gravity models
like EGM96 or EGM2008.

3 Methodology

To facilitate drainage delineation and subsequent
analysis, topographic maps from the Survey of
India, at a scale of 1:50,000, were employed. Key
parameters, such as the total number of water-
sheds, stream segments, stream order, drainage
pattern, as well as the length, perimeter, and area
of the Goriganga drainage basin, were initially
delineated using ASTER DEM data and then vali-
dated against the Survey of India topographical
maps. The basin encompasses several Survey of
India (SOI) map sheets, including 53N15, 62B2,
62B3, 62B4, 62B6, 62B7, 62B8, and 62C5 (Table
1). For the calculation of morphometric attributes
within a Geographic Information System (GIS)
framework, the aforementioned parameters are
essential. These attributes include, but are not
limited to, the bifurcation ratio, circulatory ratio,
relief ratio, form factor, drainage density, stream

Table 1 Details of data sources used for the study

frequency, overland flow, shape factor ratio, and
form factor ratio. Each of these attributes was
computed using their respective mathematical
formulas.

Hydrogeological and aquifer maps of Uttarak-
hand were obtained from the India-WRIS platform
(https://indiawris.gov.in/wris/, accessed on August
26, 2024). This map served as the primary data
source for developing a detailed hydrogeological
map of the Goriganga Basin. The process involved
georeferencing the original map and clipping it to
the boundaries of the Goriganga Basin using the
clip tool in ArcPro 3.0. To further enhance the
analysis, groundwater flow characterization for the
study area were assessed by collecting groundwa-
ter depth measurements from eight handpumps
distributed across the Goriganga Basin. These
point locations were used as a basis for spatial
analysis. To estimate groundwater depths at loca-
tions without measurements, spatial interpolation
was performed using spherical kriging. Following
interpolation, contours were generated at 1-meter
intervals to provide a detailed topographic repre-
sentation of the groundwater surface (Fig. 4).

3.1 Extraction of drainage network

In this research, the D8 (multi-directional method)
was employed to delineate hierarchical orders
within the drainage network. This approach
utilized the hydrology tools in ArcGIS software
applied to the ASTER Digital Elevation Model
(DEM) with a resolution of 30 m (Morris and
Heerdegen, 1988). To enhance the accuracy of the
DEM, pixel-based errors such as sinks and peaks
were corrected to address discontinuities within the
drainage network. After refining the DEM, stream
segments were delineated using Strahler's (1964)
stream ordering system. A sequence of GIS opera-
tions was performed to map a highly accurate
drainage network from the DEM. These opera-
tions included pixel filling, calculating flow direc-

S.No Data Specifications

Source

1. ASTER DEM
ASTGTMVO003_N30E079

Scene Id: ASTGTMV003_N29E080

United States Geological Survey (USGS)
https://earthexplorer.usgs.gov/

(DOI):10.5067/ASTER/ASTGTM.003

Resolution -30m
2. SOI toposheets

Scale: 1: 50,000

3 Geology map Shapefile

4 Hydrogeological map Tiff

Toposheet numbers: 53N15, 62B2, 62B3, Survey of India (SOI)
62B4, 62B6, 62B7, 62B8, and 62C5.

https://www.surveyofindia.gov.in/

Bhukosh
https://bhukosh.gsi.gov.in/Bhukosh/MapViewer.asp
x accessed on 23.08.24.

India WRIS

https://indiawris.gov.in/wris/, accessed on 26.08.24

http://gwse.iheg.org.cn

365


https://indiawris.gov.in/wris/
https://earthexplorer.usgs.gov/
https://www.surveyofindia.gov.in/
https://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx
https://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx
https://indiawris.gov.in/wris/
http://www.gwse.iheg.org.cn

Journal of Groundwater Science and Engineering

12(2024) 360-386

Groundwater depth measurement: Borewells of
the Goriganga Basin (8 Nos)

|

| Spatial interpolation: Spherical kriging |

l

| Creation of contours (I m interval) |

|

Determine the flow characteristics: Spatial
statistics

Fig. 4 Flowchart of the methodological framework
for studying groundwater flow characteristics

tion and accumulation, and determining the
contributing area from which water flows into an
outlet grid cell (Tarboton and Baker, 2008). A
threshold value of 200 was utilized to extract the
drainage network from the DEM. The drainage
pattern's accuracy was subsequently validated
using the Survey of India topographical maps

(Fig. 5).

3.2 Computation of morphometric par-
ameters

To evaluate the intricate morphometric properties
of the sub-basin, this study categorized the analy-
sis into three fundamental dimensions: (1) Linear
(2) areal and (3) relief characteristics. Each dimen-
sion was analysed using specific methodologies
and mathematical equations, as outlined in Table 2.
The Spatial Analyst Tool within ArcGIS 10.8 was
employed to conduct a comprehensive analysis of

DEM (Unfilled)

Stream order (Vector)

the basin area's drainage density and its frequency
distribution. The overall methodological frame-
work for the study is depicted in Fig. 6.

4 Results

4.1 Accuracy assessment of ASTER
Data

A set of 48 GPS-derived Ground Control Points
(GCPs) was used to assess the accuracy of the
ASTER DEM. While ASTER DEM references the
EGMY96 surface for elevation, the GPS system uses
the WGS84 surface, a direct comparison between
these elevation datasets was not feasible. To align
the GPS-based ellipsoid heights with the EGM96
geoid reference surface, a transformation was
performed using an online tool (available at
https://www.unavco.org/software/geodetic-utili-
ties/geoid-height-calculator/geoid-height-calcula-
tor.html, accessed on August 23, 2024). The trans-
formed GPS heights were then compared with the
ASTER heights (Fig. 7). The Root Mean Square
Error (RMSE) for the ASTER DEM was calcu-
lated to be 9.26 m, which is significantly below the
error threshold specified by the nodal agency and
thus was deemed suitable for use in this study
(ASTER GDEM Readme Handbook).

4.2 Hydrogeology of the Goriganga
Basin

The hydrogeology of the Goriganga Basin is char-
DEM (Filled) Flow

Stream order (Raster) Flow

Fig. 5 Extraction of drainage layer of the study area
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Table 2 The mathematical formulae adopted for the quantitative measurement of the morphometric parameters

Morphometric parameters Symbol Formula References

Linear parameter measurement

Basin length (km) Lb 1.312xA% Schumm (1956)
Where: Lb = Basin length

A = Basin area area (km”)

Stream number Nu Number of stream segments Strahler (1952)
Stream order U Hierarchical rank Strahler (1964)
Stream length (km) Lu Length of the stream segment Horton (1945)

Mean stream length Lsm Lsm = Lu/Nu Strahler (1964)

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 Horton (1945)
Where: RL = Stream length
Lu = Total stream length of order 'u'
Lu-1 = Total stream length of its next lower order
Bifurcation ratio Rb Rb = Nu/Nu+1 Schumm (1956)
Where: Rb = Bifurcation ratio
Nu = Total no. of stream segments of order 'u'
Nu+1 = Number of stream segments of the next higher order

Areal parameter measurement

Basin area (km®) A GIS software analysis Schumm (1956)
Basin perimeter (km) P GIS software analysis Schumm (1956)
Length of overland flow (km) Lg Lg=1/Dx2 Horton (1945)

Where: Lg = Length of over land flow
D = Drainage density
Drainage density (km/km?) Dd Dd = Lu/A Horton (1932)
Where: D = Drainage density
Lu = Total stream length of order 'u'
A = Area of the basin (km®)
Stream frequency (km/km’) Fs Fs = Nuw/A Horton (1932)
Where: Fs = Stream frequency
Nu = Total no. of streams of all orders

A = Area of the basin (km?)

Constant of channel maintenance C C=1/Dd Schumm (1956)

(Km*/Km)
Where: C = Constant of channel maintenance
Dd =Drainage density

Drainage intensity Di Di=Fs/Dd Faniran (1968)
Where: Di = Drainage intensity
Fs = Stream frequency
Dd = Drainage density

Infiltration number If If = FsxDd Faniran (1968)
Where: If = Infiltration number
Fs = Stream frequency
Dd = Drainage density

Texture ratio Rt Rt=N1/P Schumm (1956)
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Table 2 (continued)

Morphometric parameters

Symbol Formula

References

Drainage texture

Form factor

Circulatory ratio

Circularity ratio

Elongation ratio

Relief parameter measurement
Height of basin mouth (km)
Maximum height of the basin (km)
Total basin relief (km)

Relief ratio

Relative relief

Ruggedness number

Dt

Ff

Rc

Rc

Re

Where: Rt = Texture ratio

N1 = Number of 1" order streams
P = Basin perimeter (km)

Dt = Nu/P

Where: Dt = Drainage texture
Nu = Total number of streams

P = Perimeter (km)

Rf= A/Lb’

Where: Rf = Form factor

A = Area of the basin (km?)

Lb’ = Square of basin length (km)

Rc = 4xPixA/P2

Where: Rc = Circulatory ratio
Pi='Pi' value, i.e. 3.14

A = Area of the basin (km?)

P = Perimeter (km)

Re = 2v(A/Pi/Lb)

Where: Re = Elongation ratio
Pi="Pi' value, i.c. 3.14

A = Area of the basin (km’)
Lb = Basin length (km)

GIS analysis / DEM

GIS analysis/DEM

H=Z-z

Where: H= Total basin relief

Z = Maximum height of the basin (km)

z = Height of basin mouth (km)
Rh=H/Lb

Where: Rh = Relief ratio

H = Total relief of the basin (km)
Lb = Basin length (km)

Rr= 100 H/P

Where: Rr = Relative relief

H = Total relief of the basin (km)
P = Perimeter (km)

Rn =DdxH

Where: Rn = Ruggedness number
Dd = Drainage density

H = Total basin relief (km)

Horton (1945)

Horton (1932)

Miller (1953)

Strahler (1957)

Strahler (1952)

Schumm (1956)

Schumm (1956)

Strahler (1964)

acterized by four primary rock types: Basement
Gneissic Complex, Limestone, Schist, and Shale
(Fig. 8). The Basement Gneissic Complex
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(orange), composed of crystalline gneiss, is charac-
terized by low porosity and permeability, making it
less effective as an aquifer (Clark, 1985; Gustafson
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Fig. 6 Flowchart of the methodological framework
used in the study
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Fig. 7 Elevation and error values of ASTER DEM
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and Krasny, 1994). Groundwater storage and
movement are predominantly confined to fractures,
fault zones, or areas of extensive weathering.
Schist (yellow), exhibits similar characteristics as
Basement Gneissic Complex, wherein groundwa-
ter is stored and transmitted primarily through frac-
tured and weathered zones. Conversely, Lime-
stone regions (beige) have high potential for
groundwater storage and flow due to their suscepti-
bility to karstification (Kacaroglu, 1999). This rock
type typically forms highly permeable aquifers
through the development of solution channels and
conduits, facilitating rapid groundwater movement
and storage. The karst systems are crucial in
regions where water availability depends on the

http://gwse.iheg.org.cn

porosity and permeability of the subsurface lithol-
ogy. Shale (blue), on the other hand, acts as an
aquitard with its fine-grained, compact structure
significantly impeding groundwater flow (Neuzil,
1994). Shale layers are typically impermeable and
play a critical role in confining aquifers or protect-
ing underlying groundwater resources from
contamination.

4.3 Lithology

The Goriganga Basin is divided into two primary
lithological units: Sediments and Meta-sediments
(light pink) and Crystalline and Meta-sedimentary
rocks (yellow) (Fig. 9). Each lithological unit
exhibits distinct hydrogeological properties that
influence groundwater occurrence and flow. The
Sediments and Meta-sediments comprise a variety
of rock types such as shale, quartzite, slate, phyl-
lite, sandstones, dolomite, and limestone. These
rock types typically form local or discontinuous
aquifers (Hoek et al. 2005). The presence of lime-
stone and dolomite in this unit suggests potential
for karstification, which can enhance the perme-
ability and storage capacity of the aquifers.
However, the discontinuous nature of these
aquifers implies that groundwater availability can
be variable, heavily depending on the specific
lithology and structural features like fractures and
folds. On the other hand, the crystalline and meta-
sedimentary rocks predominantly consist of gneis-
sic complexes and associated intrusives. These
rocks are typically less permeable due to their
dense structure, which limits porosity (Lachas-
sagne et al. 2021). As a result, the aquifers within
this unit are generally localized and depend on
secondary porosity developed through weathering
and fracturing. Groundwater flow and storage are
thus constrained to fractured zones and are less
extensive compared to those in the sedimentary
aquifers.

4.4 Morphometric characteristics

The morphometric parameters of the Goriganga
River Basin were assessed using methodologies
established by various scholars, tailored to the
specific geographical context of the study area.
The calculated outcomes for these parameters are
systematically presented in Tables 3, 4, and 5. The
total drainage area of the Goriganga River Basin
encompasses an area of 2,183.11 km’. The basin
exhibits a drainage pattern that ranges from
dendritic to sub-dendritic, shaped by the interplay
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Fig. 8 Aquifer disposition of the Goriganga Basin

of topographical, geological, and meteorological
conditions (Fig. 10). Regarding stream order clas-
sification, the basin is classified from 1% to 6"
order (Table 3).

4.5 Linear morphometric parameters

Key linear parameters, such as basin length, stream
order, stream number, stream lengths, mean stream
length, stream length ratio, and bifurcation ratio,
provide crucial insights into the structure of a
drainage basin. Table 3 presents the calculated
linear morphometric parameters for the Goriganga
river basin.

Basin length, defined as the longest dimension
parallel to the main drainage channel (Schumm,
1956), varies across the Goriganga Basin, with
WS12 exhibiting the shortest basin length, while
WSI15 has the longest. The mean basin length
across the Goriganga Basin is 13.57 km. Utilizing
Strahler's stream ordering system (Strahler, 1964),
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80°10'

i

1| [] Goriganga basin boundary -

80°15"  80°20" 80°25" 80°30’

the Goriganga Basin is classified as a 6th-order
basin, with a total of 4,627 stream segments. The
distribution of stream segments is as follows:
WS115 has the highest number of segments (598),
while WS12 has the fewest (10). Watersheds WS4,
WS7, WS9, WS12, WS14, WS17, WS22, WS25,
WS28, WS29, WS30, and WS32 are 6"-order,
WS1, WS2, WS3, WS5, WS10, WS13, WS15, and
WS26 are Sth-order, and WS6, WS8, WSII,
WS16, WS18, and WS24 are 4"-order, as shown in
Table 3 and Fig. 11.

Stream length is a critical parameter for evaluat-
ing drainage density and runoff contributions in
sub-basins. The total stream length in the Gorig-
anga basin is 3,648.30 km. First-order streams
dominate this total, with a length of 2,073.61 km,
indicating a broad distribution compared to higher-
order streams (Table 3). Conversely, fifth-order
streams have the smallest total length. WS15 has
the longest total stream length, measuring 421.03
km, while WS32 has the shortest at 8.59 km. Mean
stream length (Lsm) is calculated by dividing the
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Table 3 Linear morphometric parameters characterization
Basin Stream Total
Code length Stream order (U) No. 'Nu' Stream length (Lu) stream
(Lb) : length
) S L L Lul Lu2 Lu3 Lu4 Lu5 Lué6
WS1 1829 165 80 15 8 1 269 100.99 47.01 17.05 10.49 10.67 186.21
WS2 205 205 70 9 2 5 291 132.16 5146 18.61 11.04 6.65 219.92
WS3 15.08 120 31 8 3 1 163 64.19 36.64 1588 13.12 0.17 130.00
WS4 1318 92 22 3 1 3 1 122 58.07 19.72 9.62 478 244 595 100.58
WS5 7.55 30 5 1 1 37 21.06 391 232 5.24 32.53
WS6 11.16 68 16 5 1 90 42,78 1793 1793 6.21 84.85
WS7 5.32 21 4 1 1 1 28 1524 228 2.09 03 2.83 22.74
WS8 1234 85 13 3 1 102 49.67 15.09 1241 7.2 84.37
WS9 9.19 50 16 1 1 1 69 3041 83 4.28 0.18 6.15 49.32
WS10 12.49 83 23 5 2 1 114 5743 18.6 4.61 528 527 91.19
WS11 1724 132 39 4 1 176 100.12 39.71 9.12 13.81 162.76
WS12 3.79 7 1 1 1 10 7.64 0.07 324 0.03 10.98
WS13 14.1 90 23 7 3 1 124 63.18 2832 1542 229 9.19 118.4
WS14 20.55 185 67 1 1 1 263 117.54 47.09 18.6 3.2 0.1 16.71 203.24
WS15 29.06 377 179 36 5 1 598 24479 93.27 3398 25.62 23.37 421.03
WS16 122 75 36 6 1 118 4411 17.64 10.69 6.11 78.55
WS17 9.03 45 8 1 1 55 24.67 10.81 2.37 5.88 43.73
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Table 3 (continued)

Basin Stream Total
Code length Stream order (U) Stream length (Lu) stream
(Lb) No. 'Nu' length
o2 3 g4t st 6 Lul Lu2 Lu3 Lu4 Lu5 Lu6

WS18 11.55 70 15 1 92 3826 18.09 743 7091 71.69
WS19 1237 68 33 3 1 109 49.8 18.99 395 6.57 6.66 8597
WS20 1553 122 35 6 2 1 166 81.3 28.04 8.3 11.3 6.68  135.62
WwS21 18.19 167 57 10 4 1 239 103.28 37.46 1594 9.43 10.86 176.97
WS22 1242 89 21 5 1 1 117 49.71 19.63 6.14 104 027 86.15
WS23 1419 87 26 7 16 136 64.9 30.26 4.8 12.59 112.55
WS24 1594 102 57 3 1 163 74.9 3595 13.58 7.53 131.96
WS25 785 22 1 1 28 2472 7.07 3.16 494  39.89
WS26 428 14 1 17 4.94 1.85 2.88 9.67
WS27 2031 181 72 5 1 259 105.48 41.36 30.15 9.94 186.93
WS28 22.86 187 59 9 1 1 1 258 123.84 56.41 256 6.2 0.83 2137 23425
WS29 16.16 93 51 7 1 152 73.87 28.63 12.82 12.31 127.63
WS30 1199 66 26 3 1 1 97 48.62 2585 757 1.74 9.26 93.04
WS31 1556 98 51 3 1 153 51.23 3463 9.12 12.01 106.99
WS32 385 9 1 1 1 12 4.71 0.08 0.1 3.7 8.59
Code  Mean stream length (Lsm) Stream Length Ratio (RI) Bifurcation ratio (Rb)

Lul/ Lu2/ Lu3/ Lu4/ Lu5/ Lu6é/ Lu2/ Lu3/ Lu4/ Lu5/ Lu6/ Ul/ U2/ U3/ U4/ US/

Nl N2 N3 N4 N5 N6 Lul Lw2 Lu3 Lu4 Lus U2 U3 U4 U5 U6
WS1 0.61 058 1.13 131 10.67 047 036 0.62 1.02 - 2.06 533 188 8
WwS2 064 0.73 2.06 552 1.33 039 036 059 060 - 293 778 450 04
WS3 0.53 1.18 1.98 4373 0.17 0.57 043 0.83 0.01 - 3.87 388 267 3
WS4 063 089 320 478 0.81 595 034 049 050 051 244 418 7.33 3.00 033 3
WS5 0.70 0.78 2.32 5.24 0.19 0.59 - - - 6.00 5.00 0
WS6  0.62 1.12 358 6.21 042 1 035 - - 425 320 5.00
WwWSs7 072 057 2.09 0.30 2.83 015 092 0.14 - - 525 4.00 1.00 0
WSS 0.58 1.16 4.13 7.20 030 0.82 0.58 - - 6.54 433 3.00
WS9  0.60 0.51 4.28 0.18 6.15 027 052 0.00 - 34.17 3.13 16.00 0 1
WS10 0.69 0.80 0.92 2.64 527 032 025 1.15 1.00 - 3.61 4.60 2.50
WwSIi1 075 1.01 228 13.81 040 023 1.51 - - 338 9.75 4.00
WS12  1.09 0.07 324 0.03 0.00 - - 46.29 0.0093 - 1 1
WwS13  0.70 1.23 220 0.76 9.19 045 054 0.15 4.01 - 391 329 233 3
WwS14 063 070 232 32 0.1 16.71 040 0.39 0.17 0.03 167.1 276 838 8.00 1 1
WS15 064 052 094 512 2337 038 036 075 091 - 2.11 497 720 5
WS16 058 049 1.78 6.11 040 0.61 0.57 - - 2.08 6.00 6.00
WS17 054 135 237 588 044 022 0.00 - - 5.63 8.00 0
WS18 054 120 123 791 047 041 1.06 - - 4.67 250 6.00
WwS19 073 0.57 098 2.19 6.66 038 021 166 - - 2.06 825 1.33 0
WS20 0.66 0.80 1.38 5.65 6.68 034 030 136 - - 349 583 3.00 0
WwS21 061 0.6 1.594 2.35 10.86 036 043 059 - - 293 570 2.50 0
WS22 055 093 1.228 104 027 039 031 - - 0.03 424 420 0 1
WwS23 074 1.16 0.68 0.78 047 0.16 2.62 0.00 - 335 371 044
WS24 073 0.63 452 753 048 038 0.55 0.00 - 1.79 19.00 3.00
WS25 1.12 1.76 3.16 494 029 045 0.00 - 5.50 4.00 0
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Table 3 (continued)

Code  Mean stream length (Lsm) Stream Length Ratio (RI) Bifurcation ratio (Rb)
Lul/ Lu2/ Lu3/ Lu4/ Lu5/ Lu6/ Lu2/ Lu3/ Lu4/ Lu5/ Lu6é/ Ul/ U2/ U3/ U4/ US/
Nl N2 N3 N4 N5 N6 Lul Lu2 Lul3 Lu4 Lu5s U2 U3 U4 U5 U6

WS26 035 0.92 2.88 037 0.00 - 0.00 7.00 0

WS27 058 0.57 6.03 994 039 0.73 033 0.00 - 2.51 14.40 5.00

WS28 066 095 284 62 083 2137 046 045 024 0.13 2575 3.17 656 9.00 1 1
WS29 079 056 1.83 1231 039 045 096 0.00 - 1.82 729 7.00

WS30 073 099 252 1.74 926 053 029 023 0.00 - 254 8.67 3.00 0
WS31 053 0.67 3.04 12.01 0.68 026 132 0.00 - 1.92 17.00 3.00

WS32 052 0.08 0.1 3.7 0.02 0 - 0.00 9.00 0.00 0

Table 4 Areal morphometric parameters

Code A P Dd Fs C Lg Di If Rt Dt Re Re Ff
WS1 103.38  54.04 1.8 2.6 056  1.11 144 469 3.05 498 031 044 0.63
WS2 12645 5084 1.74 23 057 115 132 4 403 572 03 0.61  0.62
WS3 73.65 39 1.77 221 057 1.13 125 391 3.08 418 032 061 0.64
WS4 58.12 39.8 1.73 2.1 058 1.16 121 3.63 231 3.07 033 046 0.65
WS5 21.8 21.05 149 1.7 067 134 1.14 253 1.43 1.76 038 0.62 0.7

WS6 43.32 31.01 1.96 2.08 0.1 1.02  1.06 4.07 219 29 035 057  0.67
WS7 11.75 16.16 194 238 052 1.03 123 4.61 1.3 1.73 042 057 0.73
WS8 51.73 3554  1.63 1.97  0.61 1.23 121 322 239 287 034 051 0.66
WS9 30.76 2939 1.6 224 0.62 1.25 1.4 3.6 1.7 235 036 045 0.68
WS10  52.83 3234  1.73 216  0.58 1.16 125 372 257 353 034 063 0.66
WSI11  93.18 46.08 1.75 1.89  0.57 1.14 108 33 286 382 031 055 0.63

WS12 648 12.01 1.69 154 059 1.18 0091 2.61 058 083 045 056 0.76
WS13  65.38 3822 1.81 1.9 0.55 1.1 1.05 343 235 324 033 056 0.65
WS14 12695 58 1.6 207  0.62 1.25 1.29 332 319 453 03 047  0.62
WS15  233.65 80.04 1.8 2.56  0.55 1.11 142 461 471 747 028 046 059
WS16  50.7 32 1.55 233  0.65 129 15 361 234 3,69 034 0.62 0.66
WS17  29.84 26.55 1.47 1.84  0.68 1.36 1.26 2.7 1.69 207 037 053 0.68
WS18  46.01 314 1.56 2 0.64 128 1.28 312 223 293 035 059 0.66
WS19  51.96 35.15 1.65 2.1 0.6 1.21 127 347 193 3.1 034 053 0.66
WS20 775 41.91 1.75 214 0.57 1.14 122 375 291 39 032 055 0.64
WS21 102.42  46.21 1.73 233 0.58 1.16 135 403 361 517 031 0.6 0.63
WS22 523 35.15 1.65 224 0.61 1.21 136 3.69 253 333 034 053 0.66
WS23  66.13 38 1.7 2.06  0.59 1.18 .21 35 229 358 033 058  0.65

WS24  81.22 48.04 1.62 2.01 0.62 1.23 124 326 212 339 032 044 0.64
WS25 2334 23.31 1.71 1.2 059 1.17 0.7 205 094 12 038 054 0.69
WS26  8.02 11.56 .21 212 083 1.66 1.76 256 121 147 044 075 0.75
WS27 12435 5529 1.5 2.08  0.67 1.33 1.39 313 327 468 03 051  0.62
WS28  153.09 57.72  1.53 1.69  0.65 1.31 1.1 258 324 447 029 058 0.61
WS29  83.16 40.56 1.53 1.83  0.65 1.3 1.19 2.8l 229 375 032  0.63 0.64
WS30  49.2 34.93 1.89 197 0.53 1.06 1.04 3.73 1.8 278 034 051  0.66
WS31  77.78 43.64  1.38 1.97 073 1.45 143 271 225 351 032 051 0.64

WS32  6.66 11.14 1.29 1.8 0.78 1.55 1.4 232 081 1.08 045 0.67 0.76

Notes: A: Basin area; P: Perimeter; Dd: Drainage density; Fs: Stream frequency; C: Constant of channel maintenance; Lg:
Length of overland flow; Di: Drainage intensity; If: Infiltration number; Rt: Texture ratio; Dt: Drainage texture; Rc:
Circulatory ratio; Re: Elongation ratio; Ff: Form factor.
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Table 5 Relief morphometric parameters

Code V4 z H Rh Rr Rn Code V4 z H Rh Rr Rn
WS1 6 35 2.5 0.14 4.63 4.5 WS17 4.8 2.1 2.7 0.3 10.17 3.969
WS2 5.8 35 2.3 0.11 4.52 4.002 WSI18 3.8 1.4 24 0.21 7.64 3.744
WS3 6.2 3.6 2.6 0.17 6.67 4.602 WS19 4.2 1.9 2.3 0.19 6.54 3.795
WS4 5.8 34 2.4 0.18 6.03 4.152 WS20 5.6 2.1 3.5 0.23 8.35 6.125
WS5 5.5 3.6 1.9 0.25 9.03 2.831 WS21 38 1.2 2.6 0.14 5.63 4.498
WS6 6 3.5 2.5 0.22 8.06 4.9 WS22 4 1.9 2.1 0.17 5.97 3.465
WS7 5.6 33 2.3 0.43 14.23 4.462 WS23 5.6 2 3.6 0.25 9.47 6.12
WS8 5.6 34 2.2 0.18 6.19 3.586 WS24 5.6 1.3 4.3 0.27 8.95 6.966
WS9 5.6 32 24 0.26 8.17 3.84 WS25 2.8 1.3 1.5 0.19 6.44 2.565
WS10 6 32 2.8 0.22 8.66 4.844 WS26 3 1.2 1.8 0.42 15.57 2.178
WSI11 6.2 34 2.8 0.16 6.08 4.9 WS27 54 1.4 4 0.2 7.23 6
WS12 4.2 3.4 0.8 0.21 6.66 1.352 WS28 4 1 3 0.13 5.2 4.59
WS13 4.2 34 0.8 0.06 2.09 1.448 WS29 32 0.9 2.3 0.14 5.67 3.519
WS14 54 3.1 2.3 0.11 3.97 3.68 WS30 1.6 0.8 0.8 0.07 2.29 1.512
WSI15 5.8 2 3.8 0.13 4.75 6.84 WS31 2 0.8 1.2 0.08 2.75 1.656
WS16 54 2.2 32 0.26 10 4.96 WS32 1.8 0.8 1 0.26 8.98 1.29

Notes: Z: Maximum Basin relief; z: Minimum basin relief; H: Total basin relief; Rh: Relief ratio; Rr: Relative relief; Rn:

Ruggedness number.

total length of streams of a given order by the
number of stream segments of that order. It
provides insights into the spatial and hydrological
characteristics of the stream network. Fifth-order
streams exhibit the highest mean lengths, reflect-
ing their extensive courses, while first-order
streams, being shorter and more numerous, have
the lowest mean lengths. Among the sub-basins,
WSI15 has the highest mean stream length, while
WS26 has the lowest.

The stream length ratio, which compares the
average length of streams of one order to that of
the preceding order, reveals significant variations
in stream length with increasing basin order. In the
Goriganga basin, the highest ratios are between the
5" and 4" orders (46.25) and between the 6" and 5"
orders (25.75), indicating substantial differences in
stream lengths as order increases. This variability
in stream length ratios across different orders is
presented in Table 3.

The bifurcation ratio, introduced by Schumm
(1956), is the ratio of the number of streams of a
given order (Nu) to the number of streams in the
next higher order (Nu+l). Notably, watersheds
WS9, WS24, WS27, and WS31 exhibited higher
bifurcation ratios between the 2™ and 3" order
streams, as detailed in Table 3. This suggests
that local geological formations significantly influ-
ence the spatial organization and branching
patterns of streams within these watersheds. Addi-
tionally, watersheds WSS5, WSS, WS26, and WS32
showed elevated bifurcation ratios between the 1%
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and 2" order streams, further highlighting the
influence of geological characteristics on the
drainage network.

4.6 Areal morphometric parameters

The areal characteristics of a drainage basin
provide essential insights into its geological and
climatic context, as well as its erosion history.
These factors are critical for understanding the
spatial arrangement, morphological features,
hydrological behavior, and sedimentary processes
within a drainage system. Key areal parameters,
such as basin area, perimeter, circulatory ratio, and
elongation ratio, quantitatively describe terrain
dissection and geomorphological evolution.

The Goriganga River Basin has a total area of
2,183 km’. Among the individual watersheds,
WS15 is the largest, with an area of 233.65 km?,
while WS12 is the smallest at 6.482 km? (Table 4).
The basin perimeter, delineating the boundary
along watershed divides, measures 1,191.7 km.
Individual watershed perimeter varies  signifi-
cantly from 11.14 km in WS32 to 80.04 km in
WSI15 (Table 4). The perimeter measurement is
vital for assessing the basin's size, shape, and phys-
ical configuration (Schumm, 1956).

Horton proposed that the length of overland
flow (Lg) could be approximated as half the
inverse of the drainage density, reflecting its rela-
tionship with stream channel spacing. In the Gorig-
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Fig. 10 Drainage pattern of the study area

anga basin, Lg values range from 1.02 km in WS6
to 1.66 km in WS26, indicating generally gentle
slopes and extended flow paths across the water-
sheds (Table 4). Drainage density (Dd), represent-
ing the ratio of total stream lengths to basin area,
measures the compactness of the stream network.
Values in this study vary from 1.21 in WS26 to
1.96 in WS6, suggesting a predominantly coarse
drainage texture (Horton, 1932; Strahler, 1964).
Stream frequency (Fs), which quantifies the total
number of stream segments per unit area, ranges
from 1.2 km* in WS25 to 2.6 km * in WS1. This
variability reflects variability in the drainage
network's texture and is influenced by the physical
characteristics of the basin (Horton, 1932).
Drainage texture (Dt), defined as the number of
stream segments of all orders per unit area of basin
perimeter, varies from 0.83 in WS12 (very coarse)

http://gwse.iheg.org.cn

to 7.47 in WS15 (very fine), highlighting the range
of textural classifications within the basin (Horton,
1945). The constant of channel maintenance (C),
indicating the area needed to support 1 km of chan-
nel, ranges from 0.51 in WS6 to 0.83 in WS26
(Table 4).

Drainage intensity, as defined by Faniran
(1968), is the ratio of stream frequency (Fs) to
Drainage density (Dd) and measures the hydrologi-
cal aggressiveness of a basin. In the Goriganga
basin, values ranged from 0.7 in WS25 to 1.76 in
WS26, indicating varying susceptibility to erosion
based on the -characteristics of the drainage
network (Table 4). The infiltration number, calcu-
lated as the product of drainage density (Dd)
and stream frequency (Fs), varies from 2.05 in
WS25 to 4.69 in WSI, reflecting a range from
moderate to high infiltration capacities (Subayani
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et al. 2012). The texture ratio (Rt), representing the
ratio of first-order streams to the basin perimeter,
ranged from 0.58 in WS12 to 4.71 in WS15, high-
lighting differences in drainage texture (Schumm,
1956).

The Form factor (Ff), the ratio of basin area to
the square of its length, ranged from 0.28 in WS15
to 0.45 in WS12, suggesting an overall elongated
basin shape with flatter hydrograph characteristics
conducive to flood management (Horton, 1945;
Sreedevi et al. 2009). The circulatory ratio (Rc),
which measures how closely the basin's shape
approximates a circle compared to a basin with the
same perimeter, ranged from 0.44 in WS1 and
WS24 to 0.75 in WS26 (Miller, 1953; Strahler,
1964). The elongation ratio (Re), defined as the
ratio of the diameter of a circle with the same area
as the basin to the basin's maximum length, ranged
from 0.59 in WS15 to 0.76 in WS12 and WS32,
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indicating morphologies from elongated to less
elongated (Schumm, 1956).

4.7 Relief morphometric parameters

Relief morphometric parameters provide insights
into the topographical gradient and overall terrain
of a drainage basin. Key relief metrics include
basin relief, relief ratio, relative relief, and rugged-
ness number. Basin relief (H), which represents the
vertical distance between the highest and lowest
points within a basin (Fig. 12), ranges from 0.8 km
in watersheds WS12, WS13, and WS30 to 4.3 km
in watershed WS24 (Table 5). The relief ratio (Rh),
calculated as the ratio of vertical relief to the hori-
zontal extent along the main drainage axis
(Schumm, 1956), varies from 0.06 in watershed
WS13 to 0.43 in watershed WS7 (Table 5). Rela-
tive relief (Rr) is computed as the vertical distance
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from the highest point on the basin's perimeter to
the stream outlet, with values ranging from 2.09 in
watershed WS13 to 15.57 in watershed WS26
(Table 5). The Ruggedness number (Rn), which
combines slope steepness and extent, is deter-
mined as the product of basin relief and drainage
density (Strahler, 1957). Rn values in the study
range from 1.29 in WS32 to 6.9 in WS24
(Table 5).

5 Discussion

5.1 Linear Morphometric parameters

Lithological and structural factors significantly
influence the configuration of drainage basins, as
evidenced by linear characteristics, which are
crucial for analyzing river and tributary dynamics.
In the Goriganga Basin, the assessment of water-
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Fig. 12 Elevation profiling of Goriganga Basin
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shed lengths revealed that watersheds with the
highest stream counts, such as 1, 2, 3, 4, 8, 10, 11,
13, 14, 15, 16, 19, 20, 21, 22, 23, 24, 27, 28, 29,
and 31, are characterized by greater permeability
and higher erosion susceptibility (Moharir et al.
2021). This observation aligns with Horton's laws
(Horton, 1945), which state that first-order streams
are the most common, with their numbers decreas-
ing in higher orders.

Notable exceptions include such as WS2 and
WS4, which have more 5th-order streams than 4th-
order streams, and WS23, where 4th-order streams
outnumber 3rd-order streams. These deviations
align with Horton's laws and Strahler's (1964)
stream ordering system. The basin's uneven slope
gradient, resulting in fewer streams of higher
order, suggests significant tectonic activity
(Nikhilraj et al. 2012).

Variation in stream lengths across different
orders reflects a complex interplay of geomorpho-

80°15" 80°20" 80°25' 80°30"
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logical and hydrological factors, including altitude
gradient, lithology, and slope steepness. The
predominance of first-order streams, which
contribute significantly to the total stream length,
highlights their role in shaping the drainage
network's structure (Table 3). This variation also
indicates differences in basin relief (Vyas et al.
2020) and is influenced by geomorphological
maturity and landscape evolution through erosion
and sedimentation dynamics (Philips, 2006).

Horton's law of stream length, which suggests
that average stream length increases with stream
order, generally applies to the Goriganga Basin's
watersheds up to the 4th order (Table 3). However,
in this basin, the 6th-order strecams exceed Sth-
order streams in length, suggesting higher
hydraulic conductivity for the 6th-order streams
(Mohammed, 2020). Typically, mountainous and
plateau environments exhibit lower mean stream
length ratios, whereas plains show higher ratios.
Shrestha et al. (2017) note that mean stream length
generally increases with stream order. Neverthe-
less, anomalies in the Goriganga Basin reveal that
6th-order streams exhibit longer mean lengths than
expected, indicating ongoing channel-lengthening
processes that are not observed in subsequent
orders (Singh and Singh, 1997).

Nag and Chakraborty (2003) observed that
channel segments of a given order are longer than
those of the immediate lower order but shorter than
the next higher order, reflecting the impact of
uniform geological weathering and erosion. Devia-
tions from this pattern in watersheds 12, 13, 19, 20,
23, and 31 suggest irregular catchment develop-
ment. Sreedevi et al. (2009) found that variations
in slope and topography affect stream length ratios
between successive stream orders, with these ratios
closely related to surface flow discharge and the
basin's erosional stage. The stream length ratio
reflects the basin's hydrological behaviour (Kabite
and Gessesse, 2018).

Thomas et al. (2010) suggested that an increas-
ing stream length ratio from lower to higher orders
indicates geomorphic maturity, while deviations
from this trend imply that geomorphic evolution is
still in the early stages (Sreedevi et al. 2009). The
“RI” values for the Goriganga Basin indicate
geomorphic maturity (Table 3), and variations in
“RI” across different stream orders highlight
uneven topography and differences in infiltration
rates.

The bifurcation ratio, which reveals the branch-
ing pattern of a river system, is essential for under-
standing the influence of geological structures on
drainage networks. In the Goriganga Basin, the

378

mean bifurcation ratio is 3.14, indicating moderate
branching. The bifurcation ratios vary from 0.1 to
5.00 across different watersheds, reflecting vary-
ing geological controls. Lower ratios suggest more
uniform and less constrained branching, poten-
tially due to homogeneous lithology or minimal
structural influences, consistent with Strahler's
(1964) findings. Additionally, Giusti and Schnei-
der's (1965) hypothesis that bifurcation ratios
decrease with increasing stream order is supported
by the Goriganga basin data (Table 3).

5.2 Areal morphometric parameters

Areal parameters of a drainage basin, including
lithology, geological structure, climate, and
denudation history, significantly influence the
spatial arrangement, geometry, and discharge char-
acteristics of drainage systems. There is an inverse
relationship between discharge per unit area and
basin size (Chorley et al. 1957). Key morphomet-
ric variables, such as area (A), perimeter (P), and
length (Lb), are essential for understanding water-
shed spatial characteristics (Horton, 1932). The
variability in basin area underscores the hetero-
geneity within the Goriganga Basin.

The "length of overland flow" (Lg), as defined
by Horton (1945), measures the distance that rain-
water travels across the land before entering stream
channels. There is an inverse relationship between
terrain gradient and "Lg", meaning that lower relief
leads to longer overland flow paths, while higher
relief results in shorter paths (Kumar et al. 2020).
Olszevski et al. (2011) observed that small "Lg"
values during heavy rainfall increase the risk of
flooding due to reduced water absorption capacity.
In the Goriganga Basin, the moderate "Lg" values
suggest that rainfall takes longer to reach the
streams, with significant flow occurring primarily
during major rainfall events. This extended lag
period reduces the likelihood of flash floods. Chor-
ley (1957) states that lower "Lg" values can lead to
increased runoff and higher stream discharge.
Consequently, the findings indicate that the water-
sheds in the Goriganga Basin are likely to experi-
ence moderate surface runoff and stream discharge
during intense rainfall events.

Smith (1950) classified drainage densities into
categories, ranging from very coarse (Dd < 2) to
very fine (Dd > 8), each affecting drainage effi-
ciency and erosional dynamics differently. In this
study, the Goriganga Basin's coarse drainage
texture suggests that the area is underlain by resis-
tant and permeable subsurface materials (Table 4).
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Literature indicates that low drainage density is
often linked to resistant or porous sub-soil, dense
vegetation, and low topographical relief (Nag,
1998). In contrast, high drainage density usually
reflects less permeable substrates, sparse vegeta-
tion, and more pronounced relief. Strahler (1952)
states that high drainage density is associated with
fine drainage textures, increased runoff, and higher
erosion potential, while low drainage density
corresponds to coarse drainage textures. Further,
higher drainage density regions often tend to have
poor groundwater prospects than the lower
drainage density regions (Muthamilselvan et al.
2019) Thus, the Goriganga Basin's low drainage
density suggests a balanced interaction between
vegetative cover and sub-soil permeability,
contributing to the region's hydrological and
geomorphological stability.

Stream frequency reflects the structural and
textural characteristics of a drainage network, with
higher values indicating a denser system (Ganie et
al. 2023c). There is a direct correlation between
stream frequency and drainage density, suggesting
that increased drainage density leads to a greater
number of stream channels. This correlation points
to varying infiltration capacities across watersheds,
with WS1 and WS15 exhibiting lower infiltration
capabilities compared to WS25, which has the
highest infiltration capacity (Pankaj and Kumar,
2009; Ganie et al. 2024). The relationship between
stream frequency and drainage density under-
scores the influence of drainage density on stream
numbers and the impact of geomorphological
factors such as slope and geological structures on
stream lengths (Horton, 1945). In the Goriganga
Basin, Dt values indicate that watersheds with very
coarse drainage textures, including WSS, WS7,
WS12, WS25, WS26, and WS32, experience the
longest hydrological basin lag times. These are
followed by coarse, fine, and very fine textures
(Esper, 2008). This variation in drainage texture
reflects differing durations to peak flow, with
WS12 having the longest and WS15 the shortest,
highlighting the complex relationship between
drainage texture and watershed hydrology.

Areas with lower "C" values typically exhibit
features such as higher drainage density, impervi-
ous rock types, and dense forest cover (Ganie et al.
2022). In the Goriganga Basin, the "C" values
reflect high surface permeability and dense vegeta-
tion across the watersheds. The minimal variation
in "C" values among the watersheds suggests rela-
tively uniform geological and vegetative character-
istics (Ganie et al. 2023b).

The infiltration number (If) represents a water-
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shed's capacity for water infiltration, with a direct
relationship to runoff and an inverse relationship to
the basin's infiltration capacity. Higher "If" values
signify reduced infiltration and increased runoff,
whereas lower "If" values indicate greater infiltra-
tion and reduced runoff (Faniran, 1968). The "If"
results for the Goriganga Basin support these find-
ings and reveal variability in infiltration and runoff
characteristics, highlighting the need for tailored
water resource management and erosion control
strategies within the basin.

The texture ratio (Rt) provides insights into a
basin's geological characteristics, infiltration
capacity, and terrain relief. In the Goriganga Basin,
Rt values range from 0.58 in WS12 to 4.71 in
WS15. These values suggest that WSI15, with a
higher Rt, is likely to experience a longer basin lag
time compared to WS12, which is expected to have
a shorter lag time. This variation highlights the
significant impact of the basin's physical and
geological attributes on its hydrological response.

The form factor (Ff) is crucial for assessing a
basin's flow intensity and morphological shape.
Lower "Ff" values indicate a more elongated basin
shape, associated with less intense peak flows that
are sustained over a longer duration. In contrast,
higher "Ff" values suggest a more circular basin
shape, which typically experiences shorter but
more intense flood flows (Howard, 1990). The
relatively low "Ff" values observed in the water-
sheds of the Goriganga Basin (Table 4) indicate
that these watersheds have elongated shapes, lead-
ing to more prolonged and manageable hydro-
graphs compared to basins with more circular
basins.

The circulatory ratio (Rc) is a key metric for
assessing the effectiveness of a basin's drainage
system and its geological consistency. It also
reflects the extent of tectonic influence, as
discussed by Vinutha and Janardhana (2014).
Basins with low "Rc" values tend to experience
minimal structural disturbances, while higher
values indicate more significant disturbances.
According to Miller (1953), an Rc range of 0.4 to
0.7 characterizes elongated basins with homoge-
neous, highly permeable geological substrates.
Additionally, "Rc" provides insight into the evolu-
tionary phase of the tributary watershed: Lower
values represent youth, intermediate values denote
maturity, and higher values signify an advanced
stage (Wilson et al. 2012). The "Rc" values
observed for the Goriganga Basin align with
Miller's categorization, indicating a predominantly
elongated basin with low surface runoff and
permeable subsoil, characteristic of a youthful
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developmental stage. This highlights the basin's
geomorphological and hydrological features,
suggesting it is in an early phase of fluvial evolu-
tion.

The elongation ratio (Re) classifies watersheds
based on their general slope, categorizing them
into circular (0.9-1.0), oval (0.8-0.9), less elon-
gated (0.7-0.8), elongated (0.5-0.7), and highly
elongated (below 0.5). Hydrologically, more elon-
gated basins are less efficient in runoff discharge
compared to circular basins due to the longer travel
path of water, which enhances infiltration and
interaction with the basin surface (Singh and
Singh, 1997).

In the Goriganga Basin, watersheds WS1, WS4,
WS10, WS14, WS15, and WS24, with Re values
below 0.5, exhibit highly elongated shapes. In
contrast, most other watersheds have Re wvalues
between 0.5 and 0.7, indicating a less elongated
morphology. Given that the majority of water-
sheds in the basin fall within the 0.6 to 0.8 range,
they are relatively less susceptible to soil erosion
due to their moderate gradients and relief,
compared to the more elongated watersheds
(Reddy et al. 2004).

5.3 Relief morphometric parameters

Relief morphometric parameters are critical for
understanding erosion and mass movement
processes that shape landscapes and for examining
denudational dynamics. High relief basins, charac-
terized by steep slopes, generally experience
significant weathering processes rather than hills-
lope movements, leading to high-velocity surface
runoff and reduced infiltration, as observed in
watersheds WS15, WS16, WS20, WS23, WS24,
WS27, and WS28. In contrast, watersheds with
lower relief, such as WS12, WS13, WS30, WS31,
and WS32, show greater weathering and higher
infiltration rates, reflecting a complex interplay of
physical processes across the basin.

The relief ratio (Rh) measures the overall gradi-
ent or steepness of a drainage basin, serving as an
indicator of erosional intensity. Larger drainage
areas and sub-watersheds typically have lower
"Rh" values, highlighting a negative correlation
between basin size and relief (Gottschalk, 1964).
The high Rh values across all watersheds indicate
elevated erosion intensity, consistent with findings
from the Geological Survey of India (GSI, 1981)
and Mahadevaswamy et al. (2011), which link
geological substrates to topographical features.
Relative relief, as highlighted by Gayen (2013), is
a key morphometric parameter for evaluating
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terrain morphology. It is defined as the elevation
difference between the highest and lowest points
within a given area (Mustak, 2012). Watersheds
such as WS13, WS30, and WS31 have lower rela-
tive relief, suggesting reduced runoff and soil
erosion. Conversely, watersheds with relative relief
values between 3 and 16 exhibit higher relief, indi-
cating a greater potential for surface runoff and soil
erosion. This variation demonstrates the signifi-
cant relationship between terrain morphology and
hydro-geomorphological processes (Aher et al.
2014; Ganie et al. 2024).

The Ruggedness Number (Rn) measures the
topographical roughness or undulation within a
basin (Selvan et al. 2011) and reflects the struc-
tural complexity of landforms and their susceptibil-
ity to erosion (Vijith and Satheesh, 2006). "Rn"
values range from 0 to 1, with lower values indi-
cating smoother surfaces and higher values indicat-
ing increased ruggedness. The results reveal that
the watersheds within the Goriganga Basin are
generally smooth. Strahler (1964) noted that "Rn"
increases with rising drainage density and relief,
which is indicative of steep and elongated slopes.
The "Rn" values for the Goriganga Basin suggest a
moderate susceptibility to soil erosion, highlight-
ing the interplay between topographical features
and erosion potential.

5.4 Hydrogeological and aquifer char-
acteristics of the basin

The aquifer disposition within the Goriganga Basin
reveals a diverse and complex hydrogeological
setting, heavily influenced by the region's litholog-
ical characteristics. The primary aquifer system in
the basin is composed of limestone, known for its
high permeability and karstic features. These lime-
stone areas exhibit substantial groundwater poten-
tial, allowing for significant water storage and
rapid flow. However, the vulnerability of lime-
stone aquifers to contamination, particularly in
unconfined settings, warrants careful groundwater
management practices. On the other hand, the
Basement Gneissic Complex and Schist regions
exhibit limited aquifer potential, with groundwater
primarily confined to structurally controlled zones.
Shale, acting as a confining layer or aquitard, plays
an essential role in preventing vertical water move-
ment and shielding aquifers from potential surface
contamination. This geological heterogeneity
implies that groundwater availability and move-
ment are highly localized within the basin.

The hydrogeology of the Goriganga Basin
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reveals significant variability in aquifer potential
across different geological units within the basin.
Sedimentary and Meta-sedimentary units offer
moderate groundwater potential, with local or
discontinuous aquifers that are likely to yield vari-
able amounts of water. The inclusion of carbonate
rocks, such as limestone and dolomite, enhances
the potential for karst aquifers, which can provide
significant localized groundwater flow. However,
these aquifers are also more susceptible to contam-
ination due to their high permeability and the rapid
movement of water through karst features. On the
other hand, the Crystalline and Meta-sedimentary
units provide limited groundwater storage,
predominantly through fractures or weathered
zones. These localized aquifers are crucial in areas
lacking sedimentary aquifers but generally provide
lower and more sporadic yields. The hydrogeologi-
cal system within the basin is thus highly heteroge-
neous, with groundwater availability and move-
ment strongly influenced by lithological variations,
structural geology, and weathering processes.
Consequently, effective groundwater management
in the Goriganga basin will require localized strate-
gies that consider the specific characteristics and
capacities of each lithological unit.

5.5 Groundwater flow characterization

In the present study, eight handpumps were exam-
ined to conceptualize the groundwater flow charac-
teristics (Fig. 13). The movement of groundwater
is primarily influenced by geological factors such
as lithology, discontinuities, and structural forma-
tions (Li et al. 2020). Handpumps HP1 and HP2
are situated within a granite and granodiorite
complex, which includes gneiss rocks. In these
areas, groundwater flow is significantly influenced
by fractures that enhance secondary porosity and
permeability, leading to groundwater occurrence in
semi-confined or unconfined conditions within the
gneiss. The high frequency of fractures in this rock
mass contributes to greater transmissivity and
permeability, facilitating groundwater movement.
HP3 is located near a thrust/fault zone where
quartzite alternates with limestone formations. In
this setting, groundwater is found in unconfined to
semi-unconfined conditions, with water transmis-
sion occurring through discontinuity planes. The
perched water table in this geological context is
significant, and groundwater flow is strongly influ-
enced by the orientation and frequency of struc-
tural discontinuities.

In HP4, groundwater flows through limestone
and dolomitic terrains, where its movement is
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primarily controlled by structural discontinuities,
including folds and faults. HP5 is situated in the
Rautgara Formation, predominantly composed of
quartzite, and bounded by two fault zones. The
geological characteristics of this area-highly
sheared, fractured, and jointed rock mass-result in
elevated water conductivity and the presence of
perched water tables. For HP6, HP7, and HP8, the
underlying rock mass consists mainly of phyllite
and schist. In these locations, groundwater is semi-
confined, with its movement governed by frac-
tures, shear zones, and structural features. HP7 and
HPS are located near thrust zones, where ground-
water conductivity is further influenced by numer-
ous shear zones, fractured rock masses, and the
frequent folding. These structural featurs signifi-
cantly impact groundwater availability and flow
dynamics in these areas.

6 Conclusions

(1) The Goriganga River Basin is predominantly
characterized by lower-order streams, particularly
first-order streams, exhibiting a dendritic to sub-
dendritic drainage pattern. This pattern suggests a
relatively uniform lithological composition across
the basin. There is a positive correlation between
drainage density and the number of stream chan-
nels across various sub-watersheds, reflecting vari-
ations in topography and geomorphology. These
variations influence stream frequency and bifurca-
tion ratios, potentially indicating the presence of
geological discontinuities within the basin.

(2) The basin's relatively low drainage density
and moderate relief enhance infiltration and
increase groundwater potential, resulting in mini-
mal surface runoff. The presence of highly perme-
able subsoils further contributes to efficient
groundwater recharge processes. Groundwater
availability within the basin is closely linked to its
lithological heterogeneity. Limestone, character-
ized by high permeability and karstic features,
serves as the primary aquifer, offering substantial
groundwater reserves, although its high permeabil-
ity also heightens contamination risk. In contrast,
shale, acts as a confining layer, and the fractured
zones of the Gneissic and Schist regions provide
limited groundwater storage.

(3) Morphometric analysis of the basin reveals a
range of shapes from elongated to less elongated
forms. These variations in basin shape signifi-
cantly influence infiltration rates and hydrological
responses. The morphological diversity directly
affects surface runoff, sediment transport, and the
overall availability of water resources.
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Fig. 13 Groundwater flow characterization of Goriganga Basin

(4) The application of morphometric analysis
techniques is critical for evaluating river basins,
providing essential insights into soil and water
conservation and supporting the sustainable
management of natural resources. These tech-
niques offer valuable guidance for policymakers
and decision-makers engaged in river basin
management and hydrological planning. By
emphasizing the importance of understanding each
basin's specific geomorphological and lithological
characteristics, morphometric analysis ensures
more effective and tailored resource management
strategies.
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