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Abstract: The geomorphology of a basin makes it possible for us to understand its hydrological
pattern. Accordingly, satellite-based remote sensing and geo-information technologies have proven
to be effective tools in the morphology analysis at the basin level. Consequently, this present study
carried out a morphological analysis of the Sint river basin, analyzing its geometric characteristics,
drainage networks, and relief to develop integrated water resource management. The analyzed
zone comprises an area of 13,971.7 km? with three sub-basins, the upper, the middle, and the
lower Sind sub-basins, where seventeen morphometric parameters were evaluated using remote
sensing (RS) and geographical information system (GIS) tools to identify the rainwater harvesting
potential index. The Sint basin has a dendritic drainage pattern, and the results of the drainage
network parameters make it possible for us to infer that the middle and lower Sint areas are the ones
mainly affected by floods. The basin geometry parameters indicate an elongated shape, implying
a lesser probability of uniform and homogeneous rainfall. Additionally, the hypsometric curve
shape indicates that active fluvial and alluvial sedimentary processes are present, allowing us to
conclude that much of the material has been eroded and deposited in the basin’s lower zones as it
could be confirmed with the geological information available. The obtained results and GIS tools
confirm the basin’s geological heterogeneity. Furthermore, they were used to delimit the potential
water harvesting zones following the rainwater harvesting potential index (RWHPI) methodology.
The research demonstrates that drainage morphometry has a substantial impact on understanding
landform processes, soil characteristics, and erosional characteristics. Additionally, the results help
us understand the relationship between hydrological variables and geomorphological parameters as
guidance and/or decision-making instruments for the competent authorities to establish actions for
the sustainable development of the basin, flood control, water supply planning, water budgeting,
and disaster mitigation within the Sinu river basin.

Keywords: watershed management; watershed land surface; geo-information technology;
morphology; relief

1. Introduction

A hydrographic basin is an area partly or entirely drained by several watercourses
and delimited by an imaginary line formed by points of the highest topographic elevation
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called watershed, which separates it from neighboring basins [1]. To this extent, just as the
hydrological cycle is the fundamental concept in hydrology, the hydrographic basin is a
naturally defined hydrological unit that becomes the basis for any study of water resource
management [2]. In a basin, morphometry makes it possible to quantitatively study, from a
mathematical point of view, the surface configuration as well as the shape and relief [3].
Horton [4] proposed the bases for the quantitative description of a hydrographic basin’s
shape and drainage network in addition to the interrelationships between morphometry,
climate, vegetation, and soil properties. Similarly, it has been established that given
the unidirectional water flow, processes in the upper parts of the basin invariably have
repercussions in the lower part and the basin morphometric characteristics have a decisive
influence on its hydrological response [5]. It is also paramount to note that through
morphometry study, it is possible to describe and even predict flow behavior corresponding
to the water courses that drain it, and thus, quantify the surface and underground water
potential, making it possible to analyze alternatives to the use of water resources in areas
where it is required [6,7].

Contrastingly, the hydrological response of a basin and its geological history can be
described from morphometric parameters such as area, altitude, slope, shape, drainage
density, and length of streams by correlating them with hydrological phenomena such as
runoff [8]. In other words, the basin response to a series of precipitation events depends,
on one hand, on the rain properties (intensity, duration, frequency, and so on) and, on the
other, on the basin’s morphological and geological features.

Therefore, morphometric characterization is significant in hydrological research and
in studies regarding the management and conservation of natural resources. Such is the
case of the Adnan et al. [9] research, which estimated the morphometric parameters of the
Karnaphuli and Sangu basins in Bangladesh to assess the region’s susceptibility to flash
flood events and obtain a flood risk map for the area.

In the case of Gajbhiye et al., Malik et al., Nitheshnirmal et al., and Rahmati [10-13],
they determined the morphometric parameters in different drainage basins to assess the
susceptibility to erosion and concluded that it was necessary to establish effective practices
for land use and water resource management in these basins. In a similar manner, using
geographic information systems and the morphometric characteristics of a basin, potential
rainwater harvesting (RWH) zones can be determined through multi-criteria decision anal-
ysis, which involves establishing suitability criteria and Boolean logic [14,15]. Regarding
the study of the rain-runoff phenomenon in hydrographic basins, Jena and Tiwari [16]
performed a correlation analysis between morphometric parameters and the features of
the unit hydrographs of the Tarafeni and Bhairabbanki basins in India, thus obtaining
nonlinear regression models to generate synthetic unit hydrographs.

Meanwhile, Viramontes-Olivas et al. [17] analyzed the morphometric parameters of
the San Pedro Chonchos river basin in Chihuahua, Mexico, noticing that drainage density is
influenced by vegetation cover and lithology, since it regulates infiltration rates and feeding
of the subsurface flow, thus reducing the effects and impact of possible floods in the basin.

The geomorphological features of a basin can also be used to determine the homoge-
neous regions in which hydrological response to a precipitation event is similar. In that
aspect, from the correlation of these features with the hydrological variables, it becomes
possible to transfer hydrological information in sites with missing or incomplete data [18].
Hence, based on the methods proposed by Horton [4,19], Schumm [20], Strahler [21], and
Shreve [22], the characterization of multiple basins has been successfully achieved to obtain
reliable information on the hydrological response and physical characteristics of the soil,
such as permeability and even from the present parent rock.

Nonetheless, these methods are usually complex and time-consuming (weeks, even
months) when used to analyze large areas, especially when there are basins that can
exceed 1000 km? [23]. As a result, in recent years, hydrological research has been supported
through geographic information systems (GIS) since it is a technique specialized in handling
large data sets, allowing time optimization for its analysis and understanding of the
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spatial distribution of the variables to analyze. This represents an improvement in the
systematization of the description, comparison, and classification of hydrographic basins
regardless of their extension, this being of great use and applicability in hydrology [24-29].

Consequently, this study aims to; (1) determine the morphometric parameters of the
Sinu river basin in Colombia through GIS and existing cartography to characterize its
drainage network and morphology; (2) analyze the morphometric parameters relationship
with erosion and floods in the Sinu river basin; and (3) based on the obtained results,
determine the areas with rainwater harvesting potential within the basin as an alternative
to mitigate floods and drought situations in the study area. Moreover, considering the
lack of hydrological information in the basin, these analyses provide valuable information
to improve hydrological models and to integrally manage the basin’s water resources,
since these results can be the foundations for decision-making standards and guidelines
focused on sustainable development, natural resource conservation, land use planning
and management, flood risk mitigation, and water supply for the communities of the
study area.

2. Area of Study

The Sind river basin is located in the northwestern part of Colombia, between 9°30' N
to 7°05’ N and 76°35' W to 75°15' W. It has an area of 13,972 km?, in the jurisdiction of
the departments of Cérdoba, Sucre, and Antioquia, and according to the provisions of the
Regional Autonomous Corporation of the Sinti and San Jorge Valleys, CVS (for its acronym
in Spanish), it is divided in accordance with its geographical and biotic characteristics in
three zones: the upper, middle and lower Sint zones or regions, CVS [30].

The geographical location, municipalities, and departments in which the Sinu river
basin is located can be seen in Figure 1. Mainly, the basin consists of elevations below
300 masl in the lower and middle Sinu region, while in the upper Sint region there are
heights higher than 1000 masl. The Sint river has its source in this area, specifically in the
Nudo del Paramillo at an altitude of 3400 masl, crossing the basin from south to north until
reaching its mouth at the Caribbean Sea in Boca de Tinajones through three mouths called
Mireya, Medio, and Corea, in the municipality of San Bernardo del Viento, CVS [30].

Conversely, the main population centers of the basin are: Tierralta and Valencia in the
upper basin, Monteria (capital of the Cordoba department) in the middle, and Lorica in the
lower basin. Furthermore, in the upper basin there is also the URRA hydroelectric plant
and the Paramillo National Natural Park [31].

According to the Agustin Codazzi Geographical Institute, IGAC (for its acronym in
Spanish) [32], there are different types of landscapes in the basin distributed within the two
large geo-structures, where the region’s great geomorphological diversity is evident. In
the mountain range (Cordillera), landscapes of high hills and ridges represent 19.72% of
the area, while in the sedimentation mega basin, the greatest diversity of landscapes are
found, with a predominance of lowland landscape, occupying 70.02% of the basin, and the
hillside, 7.99% of the territory.

Figure 2 presents the map of the chronostratigraphic units (CSU) and geological faults
of the study area, identified by bearing in mind the International Chronostratigraphic
Chart [33], corresponding to a code formed by the geochronological age notation separated
with a hyphen of an acronym that indicates the rock type and its formation environment (V:
volcanic, H: hypabyssal, P: plutonic, VC: volcanoclastic, S: sedimentary, and M: metamor-
phic) followed by a lower case letter representing its composition, metamorphism grade,
or accumulation environment depending on whether igneous, metamorphic, or sedimen-
tary rocks are involved, respectively, e.g., u: ultramatfic, 1g: low grade of metamorphism,
ct: continental-transitional [34]. In the case of the study area, it is evident that UC Q-al,
e3e4-Sm, and n6n7-Sm prevail, corresponding, respectively to alluvial and alluvial plain
deposits, grainy-decreasing conglomeratic lithic arenites and intercalations of mudstones,
and calcareous arenites and coarse-grained to conglomeratic quartz sandstones.
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It is estimated that the 2010-2011 flood event affected 178,124 people in the Sint River
basin, representing 18% of the population of the affected municipalities, and 30,257 houses,
representing 15.9% of the households. In addition, it is estimated that 50-60% of this
population was in a critical condition, with percentage of unmet basic needs (UBN) values
of 40%, suggesting that the greatest impacts were received by municipalities with highly
deficient structural conditions [35].
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Figure 1. Location of the Sinti river basin in Colombia. The map shows the position of Monteria city
as the most representative urban area, the Sinti river, and the Urra hydroelectric dam.
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Figure 2. Chronostratigraphic units (CSU) and geological faults of the study area.

This impact caused by floods in the Sint basin is closely linked to the development
of activities in potentially floodable zones (PFZ). The National Water Study prepared
by the Institute of Hydrology, Meteorology, and Environmental Studies, IDEAM (for its
acronym in Spanish) [36] estimated that for the Sint basin, about 76% of the PFZ has been
transformed into agricultural territories or artificial zones. According to information from
CVS [37], the points identified by drainage erosion problems and those present threats
due to flooding on the Sind river are located in the municipalities of Tierralta and Valencia
in the upper Sinu sub-basin; Monteria, Cereté, and San Pelayo in the middle Sind, and
Cotorra, Lorica, and San Bernardo del Viento in the lower Sint sub-basin, occurring mostly
in Lorica (24%), Tierralta (22%), and Monteria (21%). The largest number of people who
have been affected due to flood events are in the San Pelayo Municipality, followed by the
Lorica and Cotorra municipalities. Regarding economic affectations, they are related to
the productive and agro-industrial system and the most affected municipalities are: San
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Pelayo, San Bernardo del Viento, and Tierralta. Finally, in terms of territorial effects, the
municipalities in the basin with the largest number of flooded hectares are usually Cotorra
and Lorica.

3. Materials and Methods

For the morphometric analysis of the basin through GIS, the use of a digital eleva-
tion model (DEM) was required, which, according to Felicisimo [38], is a numerical data
structure that represents the spatial distribution of altitude on the earth’s surface, i.e., it
is a set of matrices resulting from superimposing a grid on the terrain and extracting the
average altitude of each cell, so they are a regular square mesh network with equally spaced
rows and columns. To delimit the watershed, different elevation models were used: SRTM
from the Shuttle Radar Topographic Mission with 30-m resolution, the ALOS PALSAR
RTC with 12.5 m resolution, and the Hydroshed Digital Elevation Model developed by
the United States Geological Survey—USGS, which was validated by the Inter-American
Development Bank (IDB) in the framework of the Integrated Model of Climate Change and
Water Resources with a 460 m x 460 m resolution [39,40].

To evaluate the accuracy of the DEM, the generation of stream definition was per-
formed using several thresholds, and the result was compared with the official cartographic
plates, determining that, since most of the study area is characterized by being flat and
with little slope, there was a considerable difference between the real drainage network
and the one obtained using the GIS tools, especially when generating the main stream, the
Sind river in this case. Additionally, control points were taken in order to estimate the
mean squared error (MSE) of the elevations, concluding that the DEMs had MSEs in the
order of 5 to 20 m in some sectors, especially in the middle and lower basin of the Sint
river. Finally, it was found that none of the digital elevation models (DEMs) satisfactorily
represented the drainage network; however, although the HydroSHED Digital Elevation
Model was the one that best represented the basin polygon, no significant differences were
found regarding the other analyzed models, the reason for which it was decided to use the
ALOS PALSAR RTC DEM to delineate the basin and use the digitized drainage network of
the cartographic plates to estimate the basin morphometric parameters. This DEM made it
possible to know the spatial distribution of the terrain elevations in the study area and, from
this, estimate slopes and other relief aspects. In this manner, with the GIS, it was possible
to determine the directions of flow, the delimitation of sub-basins, and the schematization
of streams that drain it from a threshold.

The methodology used to obtain the drainage network of the Sind river basin is shown
in Figure 3, where the input parameters are shown in blue, the procedures carried out
on the information in yellow, and the files names generated at each step in green. Thus,
through GIS, a filling of the sinks was carried out to correct errors that could occur due to
the data resolution or the rounding of elevations to the nearest integer value, and, once
a DEM without sinks was obtained, the flow direction from the differences in elevation
and slope was determined [41]. Later, to outline the water courses that drain the Sinu river
basin, flow accumulation was estimated, which is just the number of cells on the slope that
flow towards each cell, and thus the streams were defined.

Afterwards, the order of the streams was established with the Horton classification
system [4] to subsequently generate the polygons of the sub-basins and make manual
corrections to calibrate the model, obtaining a total of 65 sub-basins: 6 corresponding to the
lower Sing, 18 to the middle Sind, and the remaining 41 to the upper Sint region (Figure 4).

With the information generated from the terrain modeling, the morphometric pa-
rameters were estimated from the methods and formulas proposed by Horton [4,19],
Schumm [20], Strahler [21], and Mueller [42] (Table 1). Results were also used to de-
termine the potential rainwater harvesting areas using GIS-based multi-criteria decision
analysis [14,43]. Finally, the existing cartography for the area was consulted to compare
and validate the results of the morphometric parameters of the drainage network, such as
drainage density and channel frequency, with those obtained from the modeling data, given



ISPRS Int. ]. Geo-Inf. 2022, 11, 459 7 of 24

that these parameters are sensitive to scale and, thus, results of the parameters estimated
from the analysis with a threshold of 25 km? would not be the same as those estimated
when using the 1:25,000 scale cartographic plates from the IGAC [44].

e
/ Processing 28 2 .>\
Catchment

Polvgon
Processing

Adjoint 513
Adioint
Catchment

Catchment

>

Rasterto >

Figure 3. Flowchart of the methodology for watershed characterization through GIS.

The morphometric parameters calculated can be defined as follows:

Table 1. Morphometric Parameters used in the Study.

Morphometric Parameter Formula/Definition Reference
Drainage network
Stream order Hierarchical rank. [4,21]
Stream length (L) Main channel length of the stream (km) [4]
Stream length (L) Total stream length (km)/GIS software analysis [4]
Number of streams (Nj,) Total stream number of a given order/GIS [4]
software analysis
. Shortest distance between the beginning and the
Stream axial length (L) outlet of a stream (km)/GIS software analysis [42]
Drainage density (D) Dy = A%, km/km? [4]
Length of overland flow (Lof) Ly = ﬁ, km [4]
. 2
Constant of channel maintenance (Cy,) Cp = D%i’ % [20]
Stream frequency (F) F= %, streams /km?> [4]
Average stream length (Ly,) Ly = IE,—‘; [4]
Sinuosity (S) S= LLR [42]
Bifurcation ratio (Ry) Ry = NNL [4]
1 1 1 — Z(Ru/R U )(N11+Nu )
Mean bifurcation ratio (Rp,,) Rym = ( Ib\lui-ls- Ny i1 [20]
Stream length ratio (R)) R, = LLu [4]
u—1
Basin geometry
Basin area (Ay) Plan area of the watershed (km?) [4]
Basin perimeter (P) GIS software analysis (km) [4]
Basin length (Lc) Maximum basin length .(km) /GIS software [19]
analysis.
Form factor (Fy) Fr= Z‘é [19]
Circularity ratio (R;) Re = % [45]

an
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Table 1. Cont.

Morphometric Parameter Formula/Definition Reference
Elongation ratio (R,) R, = % [20]
- __F
Compactness coefficient (K;) Ke =3 NeTn [19]
Basin relief
Minimum basin height (H,,;;) GIS software analysis (masl). [20]
Maximum basin height (Hpax) GIS software analysis (masl). [20]
Mean basin slope (Sc) GIS software analysis (%). [20]
Basin relief (H) H = Hypax — Hyin [20]
. . H
Relief ratio (Fpy) Fy=1 [20]
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Figure 4. Characterization of the Sind river basin in Colombia through GIS. The drainage network of
the basin and the 65 sub-basins obtained are shown.

3.1. Stream Order

The stream order makes it possible to explain the hydrological behavior of a basin,
since it is directly proportional to the area, the cross section of the course, and the flow that
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it transports. This way, it is expected that the channels of higher order drain larger areas
and, thus, transport a much higher flow [6,46].

3.2. Number of Channels of Order u (N,,)

According to the stream number law established by Horton [4], “the number of streams
of different orders in any basin tends to be estimated as inverse geometric series, of which
the first term is unity and the ratio is the bifurcation ratio”.

3.3. Length of Channels of Order u (L)

Length of channels of order u is calculated by measuring the length of all streams of a
given order within the catchment [4].

3.4. Drainage Density (Dy)

Drainage density corresponds to the total length of streams per unit area and makes
quantitative determination of whether a basin is well or poorly drained possible [4]. This
parameter is related (together with the number of channels of order u) to aspects such as
soil erosion and runoff, since the flow is directly proportional to the drainage density, which
translates into rapid runoff that implies an increase in the peak flow of the hydrograph.
Additionally, drainage density has an inverse relationship with infiltration, since high
infiltration tends to inhibit the development of longer drainages, i.e., the lowest drainage
densities correspond to regions with permeable soil types, dense vegetation, and low
relief, while the high drainage density prevails in regions with impermeable soils, sparse
vegetation, and high relief [10,21,47].

3.5. Overland Flow Length (Lor)

Horton [4] defined the length of the overland flow as the distance that the water must
travel on the ground surface before reaching the channels of the drainage network, and
also estimated that it is approximately equal to half the reciprocal of the density drainage.

3.6. Constant of Channel Maintenance (Cy,)

This parameter corresponds to the inverse of the drainage density and makes it
possible to estimate the amount of area in km? necessary for the maintenance of 1 km of
channel [20,48].

3.7. Stream Frequency (F)

Stream frequency was defined by Horton [4] as the number of stream channels per
unit area.

3.8. Sinuosity of Currents (S)

Considering that all watercourses must adjust to the terrain irregularities along their
route, Mueller [42] proposed sinuosity as an index that allows these variations in the course
of the channel to be measured from the ratio between the stream total length (km) and the
shortest distance between its beginning and mouth (km).

3.9. Bifurcation Ratio (Ry)

The bifurcation ratio is the ratio of the number of channels of a specific order and the
number of streams of the next order [4]. It is a parameter that reflects both the complexity
of the ramifications in the basin and its geometric shape, and it is also related to factors
such as slope and area physiography.

3.10. Length Ratio (R;)

According to Horton's research [4], length ratio is the result of dividing average length
of the flow of any order by average length of the next lower order.
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3.11. Form Factor (Fy)

The shape factor of the basin is a parameter that makes it possible to know the
geometry of the basin and is also related to the flows of the drainage network [19].

3.12. Circular Ratio (R.)

Miller [45] defines this parameter as the ratio between area of the basin and area of a
circle that has the same circumference as the basin perimeter and in this manner, if it takes
values close to the unit, it indicates that the shape of the basin resembles a circle.

3.13. Elongation Ratio (R,)

The elongation ratio corresponds to the ratio between the diameter of a circle with the
same basin area (D) and the maximum basin length (L.), and like R, it has a maximum
value of one for perfectly round basins [20]. The R, generally varies from 0.6 to 1.0 and
depends on climate and the geology of the study area. Furthermore, these values can be
grouped into: circular for R, > 0.9, oval for 0.9 > R, > 0.8, and less elongated when
R, < 0.7 [49].

3.14. Compactness Coefficient (K,)

According to Horton’s research [19], compactness coefficient is the relationship be-
tween the basin’s perimeter and a circle with the same area, thus, the closer the result is to
the unit, the more circular the basin will be.

3.15. Mean Slope of the Basin (S.)

The study of slope distribution is important because it provides data for activities
such as planning of engineering works, reforestation, mechanization of agriculture, and
others [50]. Additionally, it makes the evaluation of the volumes and direction of surface
runoff possible [51].

3.16. Relief Factor (Fy)

The basin relief features play an important role in the development of the drainage
network, superficial flow, permeability, and susceptibility to soil erosion. The basin relief
(H) is then defined as the difference between maximum and minimum height.

3.17. Hypsometric Curve of the Basin

The hypsometric curve is the graphic representation of the basin relief, where its
ordinate represents elevation in meters above sea level, and its abscissa, the area in km?
that is between two levels.

3.18. Rainwater Harvesting Potential Index (RWHPI)

According to the conducted literature review, rainwater harvesting (RWH) is one of the
most usual practices as an alternative to mitigate water scarcity and other environmental
problems; moreover, as stated by Singh et al. [14], the planning and implementation of
water harvesting projects is a multi-criteria and multi-objective problem because it depends
on several factors.

In order to identify sites where the implementation of water harvesting techniques
is viable, GIS tools were used to delimit the potential water harvesting zones follow-
ing the methodology of rainwater harvesting potential index (RWHPI) proposed by
Singh et al. [14]. Thus, the runoff coefficient, slope, and drainage density layers were used.

4. Results
4.1. Drainage Network

The DEM was used to determine the basin relief analysis including the hypsometric
curve and slope calculation. From the information mentioned, it was found that the
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maximum order of the basin is 5, corresponding in this case to the courses of 4 and 5 order
for the Sint river (Figure 5).
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Figure 5. Stream order of the drainage network of the Sint river basin (Colombia), schematized
by GIS.

In the analysis, the Sint river basin shows an order of 5 value with a dendritic drainage
pattern, characterized by having a tree-like distribution with tributary branches in many
directions and with variable angles [52]. It was also found that 66.2% of the sub-basins
are of orders 1 and 2 (Table 2). Overall, the number of streams tends to decrease as the
order increases, as does the number of sub-basins corresponding to each order. On the
other hand, it was shown that the area of the sub-basins of order 5 was greater than those
of order 1, despite the fact that the amount is much smaller. Consequently, it can be said
that the stream order is directly proportional to the drained area under normal conditions,
and thus to the flow rate, as previously described.
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Table 2. Stream order of the Sinu river basin.

Order Stream Number of  Sub Sub-Basins Total Streams  Average Stream  Stream Length Bifurcation
Number  Sub-Basins (km?) Length (km) Length (km) Ratio (Ry) Ratio (Ryp)
1 166 22 4290.49 680.47 4.10
8.30 7.22
2 23 21 4952.43 782.76 34.03
1.05 3.83
3 6 8 1183.88 214.21 35.7
1.19 2.00
4 3 6 832.1 127.39 42.46
11.41 3
5 1 8 2712.76 484.66 484.66
199 65 13,971.7 2289.50 5.50 7.60

Additionally, during the analysis it was found that the number of streams progressively
decreased as the order increased (Table 2). Out of the total of 199 streams found in the
basin, 83% (166) are of order 1, 11.5% (23) of order 2, 3% (6) are of order 3, 1.5% (3) of order
4, and the main current is order of 5.

The values of the total and average length of the channels for each order can be seen in
Table 2, where it is evident that 54.4% (1245.5 km) of the streams in the basin are of orders 1
and 2. These results corroborate the law of Horton stream lengths [4], which states that:
“the average stream lengths of each order in a drainage basin tend to approximate a direct
geometric series in which the first term is the average length of streams of order 1”. This is
because, when making the graph of the logarithm of the length means against the stream
order (Figure 6), it is evident that the points tend to a straight line. In this manner, it can be
stated that the drainage network of the Sint river complies with what was established by
Horton [4] in terms of the behavior of the quantity and average length of the streams of a
certain order. This implies that in the study area, the streams of order 1, having a lower
mean length than the others, prevail in the areas where the steepest slopes are found.

[ ]
i
o
=
[=Ts]
g
'_‘CJ
g o7
(3}
[«F}
7
[ ]
% v .
[U‘.—1
z
Z
[=1s]
3 =7
[ ]
T T T T T
1 2 3 4 5

Stream order

Figure 6. Horton’s law of stream length for Sint river basin, Colombia.

The obtained values of R; for the different stream orders in the study area can be seen
in Table 2, where it is evident that they range from 1.05 to 11.41.

In addition, the highest R, was 7.22 and was calculated between the first and second
order streams (Table 2), indicating that the longest overland flow lengths and the highest
flows occur in these channels. The weighted average of the bifurcation ratio Ry, allows a
representative value to be determined for the entire study area, estimated by multiplying
the bifurcation ratio for each successive pair of orders times the total number of flows
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involved in the ratio and taking the mean of the sum of these values [20,21]. For the study
area, the Ry, was 7.6, which is higher than the arithmetic average of the estimated R;, (4.01).

When estimating drainage density from the results of the terrain modeling, it was
found that it ranges between 0.06 km/ km? and 0.24 km/km? for the 65 sub-basins obtained,
0.16 km/km? being the value obtained when analyzing the basin as a single area.

That said, it is necessary to clarify that this parameter is sensitive to the used threshold,
so its interpretation must be carried out considering the other basin morphometric features.
As a result, it was decided to corroborate the values obtained for these parameters using
the cartographic plates at a scale of 1: 25,000 from the IGAC [44]. In this sense, when
estimating the drainage density of the Sind river basin from the available cartography; it
was found that Dd is 1.59 km/km?, i.e., the drainage density obtained through modeling is
not consistent with the one from the cartography. This is due, as explained above, to the
resolution of the DEM and the threshold used in the analysis, since these parameters are
sensitive to scale, as mentioned by Londofio [53] in his research. Even though these values
are higher than those obtained from the terrain modeling, according to what is mentioned
by the CVS [30], it can be affirmed that the Sint river basin shows a low drainage density
for the magnitudes of flows found.

On the other hand, the Lor provides information on the hydrological response and
the basin topography. In the case of the study area, it was found that the Lor has a
value of 0.31 km (Table 3), while in the sub-basins it ranges between 0.14 km and 29 km,
reflecting that there is a significant variation in the basin relief features such as elevations
and slope (See Figures 7 and 8). Correspondingly, Figure 7 shows that the upper Sinu is
characterized by elevations higher than 150 masl, classified as hillside, mountain range,
and ridges, whereas in the lower and middle Sint there is a predominance of elevations
below 350 masl (lowland and hillside).

Table 3. Morphometric Parameters: Drainage network of Sinu River Watershed.

Morphometric Parameter Results
Drainage network
Stream order 5.00
Stream length (L) in km 243.80

Stream length (L,) -
Number of streams (N, ) -

Stream axial length (L,) in km 184.90
Drainage density (D) km/km? 1.59
Length of overland flow (Lor) in km 0.31
Constant of channel maintenance (Cy,) in km/km? 0.63
Stream frequency (F) in channels/km? 1.82
Average stream length (Ly;) in km -
Sinuosity (S) 1.32
Bifurcation ratio (R;) -
Mean bifurcation ratio (Ry,,) 2.88

Stream length ratio (R;) -

The C,; depends on factors such as relief and lithology, which in the case of the study
area ranges between 0.28 km/km? and 59 km/km? for the sub-basins, with prevailing
values of less than 10 km/km?. The value obtained for the entire basin (total area) was
0.63 km/km?, which is below the average of the values obtained in the sub-basins. This
confirms what was previously described, where it was established that there are areas in
the basin more susceptible to erosion due to the high slopes.

When analyzing the stream frequency (F) for the case under study, it was found
that in the sub-basins of the Sind river, values lower than 4 channels/km? prevail, with
the arithmetic mean being 1.68 channels/km? and the value for the entire basin being
1.82 channels/km? (Table 3).
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In the study area, it was found that the stream sinuosity of the Sind river is 1.32,
indicating that the stream is sinuous according to what was found by Ahmed [52]. Addi-
tionally, it was observed that 87.7% (57) of the main streams of the sub-basins obtained in
the modeling have a sinuosity lower than 1.25, indicating that their alignments tend to be
straight and that the runoff speed is relatively high compared to the rest of the sub-basins.
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Figure 7. Elevation map of the Sind river basin, Colombia.
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Figure 8. Slope distribution map of the Sint river basin, Colombia.

4.2. Basin Geometry

The calculated geometry parameters can be found in Table 4. In the case of this research,
the Fy for the sub-basins ranged between 0.186 and 0.721, with 90.8% (59 sub-basins) being
less than 0.57, while the entire basin has an Fy of 0.22, indicating that it has an elongated
shape. Similarly, the R values obtained for the 65 sub-basins vary between 0.17 and 0.49,
0.17 being for the complete basin. Additionally, the study area has an R, of 0.53, making
it an elongated basin, while the sub-basins have values that oscillate between 0.49 and
0.96, where 81.5% (53 sub- basins) show an R, of less than 0.79. The estimated value of K,
was 2.43, while in the sub-basins values were between 1.42 and 2.40. This way, it becomes
evident that all the sub-basins have elongated shapes according to this parameter.
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Table 4. Morphometric Parameters: Geometry of Sint River Watershed.

Morphometric Parameter Results
Basin geometry
Basin area (A4,) in km? 13,971.70
Basin perimeter (P) in km 1025.90
Basin length (L.) in km 252.40
Form factor <Ff) 0.22
Circularity ratio (R.) 0.17
Elongation ratio (R,) 0.53
Compactness coefficient (K) 2.43

4.3. Basin Relief

The relief of the basin was analyzed through GIS, the basin average slope was esti-
mated as the average of the values of the slope grid generated from the elevation map
(Figure 7), obtaining a value of 5.5%. Similarly, the map of the slopes of the study area
was obtained (Figure 8) in which it can be observed that the upper Sinu basin is where the
highest slopes occur, which may be responsible for the highest flows, while in the lower
and middle Sind basins, they decrease, forming extensive plains.

Additionally, H is 3493 m above sea level and 0 m above sea level, respectively, so the
relief of the basin is 3493 m (Table 5).

Table 5. Morphometric Parameters: Relief of Sint River Watershed.

Morphometric Parameter Results
Basin relief
Minimum basin height (H,,;,,) in masl 3493
Maximum basin height (Hyax) in masl 0.00
Mean basin slope (S.) in percentage 5.50
Basin relief (H) 3493
Relief ratio (Fy) 13.83

Similarly, Schumm [20] defined the relief factor (Fy) as the ratio between the basin re-
lief (H) and its maximum length (L.). For the Sind river basin, the estimated Fyy was 13.83.

On the other hand, Figure 9 shows the hypsometric curve of the Sind river basin,
where the highest slopes occur at the maximum elevations, which translates into areas
with steep and mountainous terrain. Similarly, it is evident that most of the terrain has
gentle slopes and uniform heights, which, according to Richardson et al. [54], suggests the
existence of plains within the basin.

1500 2500 3500

Elevation (masl)

500
1

0
I

T T T T T T
0 20 40 60 80 100

Cumulative Area (%)

Figure 9. Hypsometric curve of the Sint river basin.
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4.4. Rainwater Harvesting Potential Index (RWHPI)

The obtained results for RWHPI were classified using the quantile technique. Thus,
for the Sind river basin, the potential rainwater harvesting zones are classified as (a)
‘Very high’” (RWHPI = 0.266-0.334), (b) ‘High” (RWHPI = 0.265-0.259), (c) ‘Moderate’
(RWHPI = 0.250-0.258), and (d) ‘Poor’ (RWHPI = 0.189-0.249). Figure 10 shows the rain-
water harvesting potential zones for the Sint river basin.
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Figure 10. Map of the Sint River Basin depicting Rainwater Harvesting Potential Zones.

5. Discussion
5.1. Drainage Network

The results of the morphometric parameters of the drainage network allow us to
understand the basin hydrological behavior. First, the number of channels of order u is
relevant, given that, if two basins are compared, the number of channels is an important
factor, because if there is a greater number of streams, it can be inferred that there is better
drainage and thus less permeability and infiltration, as mentioned by Rai et al. [6].

In accordance with the research of Ahmed et al. [55] and Rai et al. [6], the obtained
results from the analysis of drainage density indicate that it is a basin with poor drainage
where surface runoff cannot be quickly evacuated and, therefore, it is highly susceptible
to floods. This parameter is also related to aspects such as soil erosion and runoff, since
flow is directly proportional to drainage density, which translates into rapid runoff that
implies, in turn, a flow of greater magnitude. Furthermore, it has an inverse relationship
with infiltration, since high infiltration tends to inhibit the development of longer drains,
i.e., as mentioned by Strahler [21], Bhagwat et al. [47], and Gajbhiye et al. [10,13], the lowest
drainage densities correspond to regions with permeable soil types, dense vegetation, and
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low relief, while high drainage density prevails in regions with impermeable soils, sparse
vegetation, and high relief.

Figure 11 shows the histogram built to analyze the drainage density behavior in the
65 sub-basins, finding that values less than 1.6 km/ km? predominate in the basin and that
there are some sub-basins where the value of Dd is less than unity. These results indicate
that there are areas within the basin, such as the middle and lower Sint areas, characterized
by permeable soils and floodplains, while the upper Sind is a region where impermeable
soils with scarce vegetation that favor erosive processes and rapid flows prevail. It should
be noted that for the variation analysis of the morphometric parameters in the sub-basins
of the study area, histograms were constructed for each.
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Figure 11. Histogram for drainage density analysis in the Sint river basin.

Similarly, according to the research of Gayen et al. [56], Abboud and Nofal [57],
Rai et al. [23], and Ameri et al. [7], it can be stated that the areas where the length of the
overland flow is greater, are more susceptible to erosion and also reflect the presence
of steep slopes. While the regions where this parameter is lower, are areas where less
rain is required to generate significant flows. With these results, the heterogeneity of the
geomorphological features of the basin is confirmed and it is inferred that the areas with
the greatest susceptibility to erosion correspond to the upper Sint, while the middle and
lower Sind are susceptible to flooding due to the fact that less precipitation is required to
generate surface runoff.

Likewise, the variation in the results of the constant of channel maintenance corrobo-
rates the previous statement, due to the fact that values that exceed the mean value allow
us to infer that a larger area is required to produce surface runoff towards the drainage
network, which, as reported by Bhagwat et al. [47], favors losses by evaporation and in-
filtration. Otherwise, it happens with values below the average, since these favor rapid
runoff and minimize the likelihood of these losses to occur. From the above, it follows that
the high values correspond to the lower and middle Sint where the terrain is relatively flat,
while the low values are linked to the upper Sint where slopes are higher.

According to what was found by Ozdemir and Bird [58] and Ameri et al. [7], the stream
frequency is related to relief, vegetation cover, soil infiltration capacity, and susceptibility
to erosion of a basin. Thus, it can be inferred that the areas where the highest drainage
frequencies occur imply the presence of rocky surfaces, with low infiltration capacity
and susceptibility to erosion. In the case of the Sind river basin, values of F less than
1.68 channels/km? predominate in the middle and lower Sint regions, where the low slope
and the uniformity of the elevations inhibit the generation of water currents, while the
upper Sinu shows higher values of F due to the high slopes, coinciding with what was
found when analyzing D,.
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Furthermore, the bifurcation ratio between the first and second order streams is much
higher than those obtained for the rest of the orders, so it is indicative that in the areas
where streams of these orders predominate, runoff is faster than in the rest of the basin, and
thus, said areas are more susceptible to flooding during precipitation events, as mentioned
by Hajam et al. [59]. Additionally, according to the research by Magesh et al. [60], Ry,
values range between 3 and 5 for basins where the influence of the geological structure on
the drainage network is negligible, so it is inferred that the characteristics of the drainage
network of the Sinu river basin are strictly linked to geology and relief. Similarly, as
reported by Arulbalaji and Gurugnanam [61], R, variation, which in this case ranges from
2 to 7.22, indicates that there is geological heterogeneity in the basin, so that the lowest R;,
values indicate high permeability while higher R, imply low permeability.

Moreover, there was a significant variation in the values obtained for length ratio,
which, according to Singh et al. [59], is indicative of the fact that there is an important
change in the hydrological characteristics of the underlying rock surfaces over the areas
of consecutive flow orders. In other words, the behavior of the Rl indicates that there is
geological heterogeneity in the basin and also, according to Bali et al. [62], that there are
considerable differences in the topography and slope of the different sub-basins in the
study area.

It can be stated that the obtained results for the parameters of the drainage network
are consistent with the available information for the study area. The estimated parameters
for the middle and lower Sinu indicate that these are areas characterized by low relief,
slope, and susceptibility to floods such as the one occurred in 2010 [37] in accordance with
the topography, given that, as mentioned in the study area description, lowland landscapes
prevail in the region. Moreover, the prevalence of alluvial deposits (Q-al) confirms the
erosion and sedimentation processes inferred from the estimated parameters, since these
deposits are the result of erosion and deposition of materials associated with the dynamics
of rivers, in times of both high flow and dry periods, and which are typical of meandering
rivers such as the Sind river [63].

5.2. Basin Geometry

The geometric parameters of the basin show that it has an elongated shape. In the
investigations of Javed et al. [64], Igbal et al. [1], Patel et al. [65], and Nanda et al. [66], it is
established that the basins with a high Fy (circular) have a maximum flow of greater mag-
nitude and shorter duration, while the basins with a low Fy (elongated) have a maximum
flow of lesser magnitude with a longer duration. This means that there is an inversely
proportional relationship between concentration time and Fr. The obtained results for
this parameter indicate that the sub-basins are characterized by having elongated shapes,
and thus, high concentration times compared to circular basins that have the same area.
Nonetheless, the variation in the obtained values implies that there are areas within the
basin that are more susceptible to flooding, such as the middle and lower Sinu basins.

As for the obtained results for the circular ratio, it is established that the basin, in
addition to having an elongated shape, shows variation in the R, values, which, considering
that it is influenced by multiple characteristics such as length and frequency of the channels,
geology, climate, and slope, reflects the heterogeneity of the physical features of the area of
study, as mentioned by Ameri et al. [7].

The elongation ratio allows to study a basin hydrological response, since for a given
precipitation, the less elongated basins will have a higher peak discharge and higher flow
velocities [67]. Consequently, according to the results of Magesh [60], the results obtained
indicate the presence of steep slopes in the study area, as observed in the upper Sind area
(Figure 8).

Additionally, considering that the regions with circular shapes require less time to
produce a maximum flow, and that low values of compactness coefficient imply greater
susceptibility to erosion, the variation in the results confirms that there is an important
variability in the relief of the study area [7,64].
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5.3. Basin Relief

According to Reddy et al. [68] and Sreedevi et al. [50], high values of H, such as the one
obtained, indicate that there are conditions of low infiltration and high surface runoff in the
Sinu river basin. Additionally, the obtained the results for relief factor reflects the presence
of steep slopes and consequently, the high intensity of erosion processes that occur on the
slopes and the sediment load downstream according to the work of Thomas et al. [69].

The results shown in the slope maps allows us to infer that the areas where the slope
is low is where the mirrors or surface water bodies of the basin are located (lower and
middle Sint), while the highest percentage of the flow of the main currents comes from the
southern area where the elevations and slopes are higher, favoring high drainage density
and channel frequency [65,68].

Similarly, the hypsometric curve reflects the geomorphology of the area, with the
upper Sinu region being the area characterized by the presence of steep mountains and
the middle and lower Sind, the areas of plains. According to Strahler [21,70], through
features such as the area under the hypsometric curve, slope, inflection point, and sinuosity,
information about the geology of the basin can be inferred, given that we generally have
the same family of curves for a specific geological and climatic combination. In the case
of the Sint river basin, it is inferred that having an upwardly concave hypsometric curve,
active fluvial and alluvial sedimentary processes prevail, the reason for which the material
has been eroded and deposited in the lower parts of the basin. Moreover, these types of
curves indicate that the basin area is concentrated in the lower parts, which implies the
presence of deep boxed valleys characteristic of foothills and savannahs.

5.4. Rainwater Harvesting Potential Zones

According to the analysis conducted, more than 70% of the basin area has character-
istics suitable for rainwater harvesting. Particularly, it was identified that the areas with
a ‘very high’ RWHPI correspond mainly to the middle and lower Sint regions. Most of
the upper Sind is characterized by a ‘High” RWHPI; however, it is also evident that most
of the zones with ‘Poor” RWHPI are concentrated in the upper Sint, specifically in the
region close to the middle Sind. On the other hand, the zones with ‘moderate” RWHPI are
scattered in small patches throughout the middle and lower Sinu. Finally, it is important to
note that the areas with a ‘very high” RWHPI coincide with the presence of water bodies
such as reservoirs and swamps.

6. Conclusions

The morphometric analysis carried out from the terrain modeling in the Sinu river
basin through GIS, the existing cartography review, and the estimation of physiographic
parameters made it possible to establish the following conclusions:

The obtained results for morphometric parameters, such as hypsometric curve of the
basin, D, F, stream order, and Lo corroborated that the lower and middle Sinu sub-basins
are susceptible to floods as evidenced by the flood events that have historically occurred
in the study area. Concomitantly, the results indicate that the upper Sinu sub-basin is
susceptible to erosive processes, which was confirmed by the review of the available
information on the geology and geomorphology of the study area, establishing that the
basin is framed within two large geo-structures: the mountain range or Cordillera (upper
Sind) and the sedimentation mega-basin (middle and lower Sind). Thus, it is established
that the prevalence of alluvial deposits in the basin is due to the material resulting from
erosive processes in the upper Sintu that ends up being transported to the rest of the basin.
Therefore, the results validate the basin geological heterogeneity.

The results allow us to affirm that the study area shows favorable characteristics for
implementing water catchment techniques that contribute to the integrated management
of the basin’s water resources. However, so far, adequate management has not been carried
out, leaving all this water to be lost when it reaches the ocean, even though there are
problems in most of the lower and middle Sinu basins, especially during the dry season,
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where dead animals and the lack of water availability for human consumption are evident
in some sectors. Considering the characteristics of the study area, techniques such as
furrows and ridges built along contour lines and dams would be strategies that would
make it possible to take advantage of and store water resources during the winter season
to be used during the dry season. From the review of the results and the literature, it
can be inferred that, under normal conditions, there is a directly proportional relationship
between drainage order and flow, since stream order is directly proportional to watershed
size, channel dimensions, and stream flow. Nonetheless, sometimes smaller areas have
greater flow due to rainfall behavior or other factors. Runoff is a complex variable that
depends on multiple conditions. In the specific case of the Sinti river basin, it was possible
to establish that, due to flow regulation by the Urra hydroelectric plant (upper Sina), flows
remain stable throughout the basin.

Finally, these findings will help for the further modeling of an integrated watershed
for sustainable hydrological and hydrograph models that, besides, will help understand the
relationship between hydrological variables and geomorphological parameters as guidance
and decision-making instruments for the competent authorities to establish actions for the
sustainable development of the watershed, flood control, water supply planning, water
budgeting, and disaster mitigation within the Sinti river basin.
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