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Abstract: Flash floods, produced by heavy seasonal rainfall and characterized by high speeds
and destructive power, are among the most devastating natural phenomena and are capable of
causing great destruction in very little time. In the absence of hydrological data, morphometric
characterization can provide important information on preventive measures against flash floods.
A priority categorization of hydrographic units in the Cafiete River basin was carried out using
morphometric analysis together with a weighted sum analysis (WSA) based on a statistical correlation
matrix. The delineation of the drainage network was performed based on Digital Elevation Model
(DEM) data from the Shuttle Radar Topography Mission (SRTM). The Cafiete River basin was
subdivided into 11 sub-basins, and 15 morphometric parameters were selected. The priority category
(very high, high, and moderate) of each sub-basin was assigned according to the value of the
composite factor obtained through WSA. The results of this analysis showed that 26.08% of the total
area is under a very high flash flood risk (sub-basins 3, 9, and 11), 38.46% is under a high flash flood
risk (sub-basins 5, 7, 8, and 10), and 35.45% is under a moderate flash flood risk. This study concludes
that flash floods predominate in sub-basin 3 and that downstream areas present characteristics of
river flooding (sub-basins 9 and 11).

Keywords: flash flood; morphometric parameter; morphometric characterization; weighted sum

analysis; basin prioritization

1. Introduction

Flash floods are among the most devastating natural phenomena and are capable of
causing great destruction in very little time [1]. These natural disasters are most often
caused by extreme rainfall events (climate change), which occur during a short time in
a relatively small area, resulting in excessive discharge, landslides, and mudflows [2].
Climate change is one of the greatest threats to the entire world, affecting Earth’s natural
balance and ecosystems and disrupting all life [3]. This phenomenon is often measured
by changes in primary variables such as temperature and precipitation [4]. The prediction
and control of flash floods have been very difficult due to the highly dynamic nature of the
climate and their sudden appearance; under these circumstances, a greater emphasis on
prevention and protection studies in areas vulnerable to natural disasters is necessary [2].

In the absence of hydrological data, morphometric analysis can provide important
information on the hydrological characteristics of a basin [5,6]. Quantitative morphometric
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assessment of a basin is a very effective method for interpreting various aspects of its
drainage network and evaluating its hydrological behavior [7-9]. Studies on basin sub-
unit prioritization that have been conducted based on morphometric analysis have aided
planners and decision-makers in the development of management plans [10-15]. Thus, to
achieve good drainage basin management, it is necessary to study their morphometry [5,7].

Various studies have evaluated susceptibility to flash floods in drainage basins based
on an analysis of morphometric parameters, and quantitative assessment of the morpho-
metric characteristics of a basin has allowed its hydrological response behavior to be
defined [1,9,16-20]. Remote sensing and Geographic Information Systems (GIS) are ideal
tools for morphometric analysis based on the treatment and quantification of topographic
data [7,9,10,21-25]. Recent publications on basin prioritization have used various method-
ologies such as principal component analysis (PCA) [26-29], weighted sum analysis (WSA),
also known as multicriteria analysis [9,16,18,22-24,28], simple additive weighting (SAW),
and the technique for order of performance by similarity to ideal solution (TOPSIS) [30].
All these methodologies, together with statistical techniques, have allowed ranked priority
scores to be assigned to each sub-basin according to its relationship with flash flood risk [20].
However, there are differences among the various applied methodologies in the quantity
and types of parameters used in their analyses.

This investigation aims to identify zones vulnerable to flash floods based on the
characterization of morphometric parameters (linear aspects, area, and relief), use weighted
sum analysis (WSA) based on a statistical correlation matrix, and set a priority category for
each hydrographic unit. In addition, in the absence of hydrological data, the alternative
is to use topographic data as an input to identify flash flood risk zones by analyzing
morphometric characteristics. The methodology adopted in this study is to use GIS tools,
programming, and statistical analysis in mapping flash flood risk zones. The results
show morphometric characteristics of 11 fourth-order sub-basins with very high, high,
and moderate susceptibility to flash floods. The article is organized as follows: Section 2
presents information on the location of the study area, the morphometric parameters
considered, the dataset, and the methodology. Section 3 presents and discusses the results.
Finally, the conclusions of this study are described in Section 4.

2. Materials and Methods
2.1. Study Area

The Cariete River basin is part of the Peruvian Pacific slope, located between geo-
graphic coordinates 11°58’ and 13°10" south and 76°25' and 75°30" west, in the Canete
and Yauyos provinces, in the Department of Lima, Perti. The river basin covers an area of
6192 km?2. It has a maximum altitude of 5800 masl in the central Andes, and the river flows
into the Pacific Ocean at 0 masl (Figure 1). The 79.5% of the basin located above 2500 masl
is classified as wet. The Canete River originates at Ticllacocha Lake and is located in the
foothills of the Ticlla and Pichahuarco ranges at an altitude of 4429 masl. After flowing
235.67 km, with an average slope of 1.85%, it empties into the Pacific Ocean. Along its
path, the Cariete River receives the contributions of numerous tributaries, including, on its
right bank, the Miraflores, Yauyos, Huantuya (Carania), and Aucampi rivers and, on its left
bank, the Alis, Laraos, Huantan, Tupe, Cacra, and Huangascar rivers, primarily [31,32].

2.2. Morphometric Parameters

These indicators are necessary to understand and estimate the hydrological and mor-
phological characteristics of a basin; they also allow an interpretation of linear aspects, area,
and relief of a drainage basin [1,14,15,20,33-35]. Remote sensing and Geographic Informa-
tion Systems (GIS) are effective tools for delineating and understanding the morphometry
of any drainage basin [7,9,35,36].

The morphometric parameters used in the study are presented in Tables 1-3.
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Table 1. Linear morphometric parameters and formulas with references.

Item Morphometric Parameter Unit Formula and Definition Reference
1 Stream order (u) Dimensionless Hierarchical range [371]
2 Stream length (L;) Km Stream length [38]
Ly =1.312 x A0-568
3 Basin length (L) Km Ly = basin length (km) A = basin [39,40]
area (km?2).
Table 2. Morphometric parameters related to area and formulas with references.
Item Morphometric Parameter Unit Formula and Definition Reference
1 Basin area (A) Km? Estimated in GIS
2 Basin perimeter (P) Km Estimated in GIS [41]
Stream frequency or flow Fs = ENu/A
3 fre uqenc (}; ) (Km*Q) N, = total number of stream segments [42]
4 Vs of order “u” and A = basin area (km?)
. . D;=XL/A
1 d
4 Drainage density (Dy) (Km ) L = total stream length; A = basin area [42]
Fr=A/L}
5 Form factor ( Ff) Dimensionless A = basin area [42]
Ly, = basin length
C, =4mA/ P?
6 Circularity ratio (C;) Dimensionless A =Dbasin area (km?) [43]
P =basin perimeter (km)
Tr=N;/P
7 Texture ratio (T,) Dimensionless Nj = total number of first order streams [38]
P = basin perimeter
E,=2\/(A/m)/Ly
8 Elongation ratio (E;) Dimensionless A =7Tbis;nlirea [41]
Ly = basin length
9 Shape factor (Sf) Dimensionless Sf = Li/A [42]
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Figure 1. Map showing the location of the Cafiete River drainage system.
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Table 3. Morphometric parameters related to relief and formulas with references.

Item Morphometric Parameter Unit Formula and Definition Reference

R=H-h
R = basin relief, H = maximum elevation
in meters
H = minimum elevation in meters
R, =H/Ly
2 Relief ratio (Ry) Dimensionless R, = relief ratio, H = basin relief, [41]
Ly = basin length
3 Average slope (As) Degrees Estimated in GIS

1 Basin relief (R) Meters [41]

2.3. Data Used

In this study, Shuttle Radar Topography Mission (SRTM) Digital Elevation Model
(DEM) data were used to delineate the basin, extract the drainage/stream network, and
subdivide the catchment area into sub-basins. The SRTM V3 (SRTM Plus) product is pro-
vided by the National Aeronautics and Space Administration (NASA) and has a resolution
of 1 arc-second (approximately 30 m) [44].

The DEMs were downloaded from Google Earth Engine (GEE), a cloud-based platform
that facilitates access to a catalog of petabytes of publicly available geospatial data, includ-
ing satellite and aerial images, environmental, meteorological, climate, and topographic
variables, land cover, etc. [45-47]. GEE is accessed using an application programming
interface (API) accessible by the internet and an associated web-based integrated develop-
ment environment (IDE) that allows the quick creation of prototypes and visualization of
results [45,47-49]. In this study GEE was accessed using the Kaggle web platform, which of-
fers a customizable Jupyter Notebooks interface, using Python programming language [50].
A rectangular region that covers the entire Cafiete River basin was downloaded. Data
Availability shows the codes that were used.

2.4. Methodology

The methodology adopted in this study is described by the following steps: (1) Ex-
traction of drainage network and sub-basin delineation. (2) Morphometric analysis using
the QGIS tool. (3) Assignment of preliminary ranking of sub-basin priority. (4) Weighted
sum analysis and final ranking, y. (5) Mapping of areas vulnerable to flash floods. Figure 2
presents the methodological diagram of this research.

2.4.1. Extraction of Drainage Network and Sub-Basin Delineation

The drainage network extraction and basin delineation were carried out following
DEM processing methods (cell filling, flow direction, flow accumulation, stream order defini-
tion, stream segmentation, and basin delineation) using the QSWAT complement in QGIS
3.16 [51,52]. To define the streams in the study area, a threshold value corresponding to 1%
(192,777 cells) of the DEM cell count was used. The Cafiete River basin was subdivided into
11 sub-basins, designated as SC-1 to SC-11, and the entire drainage network was classified
as a fourth-order catchment basin using the Strahler method [37].

2.4.2. Morphometric Analysis

A morphometric analysis is necessary to ascertain the sub-basin prioritization. This
process is advantageous as the derived basin variables are in the form of ratios or dimension-
less numbers, providing an effective comparison independent of scale [1,14,14,20,24,34,35].
Morphometric analysis offers a complete representation of the drainage network, geometry,
and topography of the basin, allowing an interpretation of linear aspects, area, and relief of
the basin, respectively [9].
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Figure 2. Methodological diagram for mapping of areas vulnerable to flash floods.

Each of these parameters can directly or indirectly influence the surface runoff of the
drainage basin [9], facilitating the understanding of how they influence flash flood risk.
Tables 1-3 show a list of morphometric parameters that describe the dimensionless and
multidimensional characteristics of the basin, which are grouped into 3 aspects. First, linear
morphometric characterization: stream order (u), stream length (L,), and basin length (Ly),
shown in Table 1 [37-39]. Second, morphometric characterization of area: basin area (A),
basin perimeter (P), stream frequency, also known as flow frequency (Fs), drainage density (D),
form factor (Fy), circularity ratio (C,), drainage texture (T;), elongation ratio (E;), and shape
factor ( Sf), shown in Table 2 [38,41-43]. Finally, basin relief (R), relief ratio (R,), and average
slope (As) are morphometric relief parameters, shown in Table 3 [41].

2.4.3. Preliminary Ranking of Sub-Basin Priority

The preliminary ranking (PR) approach was used, in which morphometric parameters
were divided into two groups according to their ability to (directly or indirectly) influence
the adversity of the morphometric parameter conditions or degree of susceptibility to flash
floods [16,18,19,22,24]. The first group of parameters (capable of direct influence) consisted
of: basin relief (R), relief ratio (R,), drainage density (D), stream frequency (F;), circularity ratio
(C;), drainage texture (T;), and average slope (As). The second group of parameters (capable
of indirect influence) consisted of: elongation ratio (E;), form factor (Fs), and shape factor (Sp).

The preliminary rankings of the parameters in the first group were assigned in such a
way that for each parameter the sub-basin with the highest value was classified as 1, that
with the next highest value was classified as 2, and so on for the remaining sub-basins. The
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opposite was done for the parameters in the second group, assigning rankings in such a
way that for each parameter the sub-basin with the lowest value was placed in position
1, that with the next lowest value was placed in position 2, and so on for the remaining
sub-basins [16,18,22].

2.4.4. Weighted Sum Analysis and Final Ranking

Weighted sum analysis (WSA) is a well-known method that provides consistency in
addressing complicated problems to compare land surface processes in related entities such
as drainage basins [26]. WAS, also known as multi-criteria decision making, is widely used
to select the best alternatives among multiple options. Based on preliminary rankings, the
correlation matrix and correlation coefficients were calculated [16,18]. The composite pa-
rameters (WSA.,) were calculated using the following equation (Equation (1)) [9,16,22,26]:

WSAcp = PRy X Wi + PRy X Wy + ...+ PRy X Wiy 1)

where WS A, = composite parameter used for weighted sum analysis; PR = preliminary
priority ranking of each morphometric parameter (p1, p2, ... pn); and W = weights of
the morphometric parameters obtained by means of the correlation matrix, which was
calculated using the following equation (Equation (2)):

. Correlation coef ficient sum
Parameter weights (W) = Correlation total

@

Therefore, sub-basin priority was assigned by taking the WS A, (+) values (capable
of direct influence) corresponding to the first group and subtracting the WSA., (—) values
(capable of direct influence) corresponding to the second group, following the equation
(Priority = WSAy(+) — WSA¢p(—)). Subsequently, final ranking values were assigned,
one for the lowest priority value, two for the following value, and so on. Finally, to
categorize the priority type, the maximum category (very high) corresponds to the lowest
priority levels [9,18,22]. Finally, a model was formulated to assess the final priority using
the WS A, value of each parameter, as shown below:

Priorizacion = (R + Ry + Dy + Fs + Cy + T, + Ag) — (Er +F+S f) ®)

3. Results and Discussion

The identification of areas in drainage basins vulnerable to flash floods using morpho-
metric parameters is considered one of the most effective methods to characterize various
geohydrological properties of a basin [14,24]. Therefore, this study has used different
morphometric parameters that govern the hydrological response of a basin to prioritize the
sub-basins of the Cafiete River in terms of their vulnerability to flash floods.

3.1. Morphometric Analysis of the Basin

The morphometric analysis was carried out for 11 sub-basins, and the drainage net-
work of the entire study area was considered a fourth-order basin (Figure 3). The mor-
phometric analysis covered 15 parameters for each sub-basin, which was necessary to
determine its dimensions, shape and area, and the characteristics of the drainage network.
The results reveal that SB-9 is the smallest, with an area of 31.49 km2, while SB-11 is the
largest, with an area of 1175.47 km? (Table 4). More than half of the sub-basins have areas
greater than 400 km?, with only SB-9 having an area smaller than 50 km?. Most of the
sub-basins are large, with areas greater than 300 km?. The area of a sub-basin directly
affects its susceptibility to flash floods [16,19].
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Figure 3. Sub-basins and drainage network of the Cafiete River.
Table 4. Area, perimeter, and length of each sub-basin.
Sub-Basin Perimeter (km) Area (km?) Length (km)
SB-1 197.09 943.30 64.20
SB-2 158.45 448.58 42.09
SB-3 137.14 364.68 37.42
SB-4 145.79 419.96 40.54
SB-5 162.71 586.76 49.03
SB-6 118.83 324.56 35.02
SB-7 183.65 596.71 49.50
SB-8 204.97 616.61 50.43
SB-9 30.01 31.49 9.31
SB-10 167.51 517.64 45.66
SB-11 281.88 1175.47 72.75

Basin perimeter (P) values for the study area vary from 30.01 km (SB-9) to 281.88 km
(SB-11). Basin length (L;,) is understood as the maximum length and is calculated from the
farthest point on the basin border to the confluence point; the values vary from 9.31 km
(SB-9) to 72.75 km (SB-11). The values are presented in Table 4.

Figure 3 and Table 5 show that there are 97 first-order streams, 41 second-order streams,
18 third-order streams, and 37 fourth-order streams. Table 5 also shows that the greatest
number of streams was found in SB-11 (49), and the smallest number of streams was found
in SB-9 (1).
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Table 5. Number of streams in each sub-basin by stream order.

Stream  op.  SB» SB-3 SB4 SB-5 SB-6 SB7 SB8 SB-9 SB10 SB-11
Order (u)
Istorder 15 8 6 5 7 4 10 10 0 8 24
2nd order 5 6 2 4 1 3 4 5 0 3 8
3rd order 9 1 0 0 0 0 0 4 0 4 0
4th order 0 0 5 0 7 0 7 0 1 0 17
Total 29 15 13 9 15 7 21 19 1 15 49

Table 6 shows the lengths of the first- to fourth-order streams of the 11 sub-basins,
determined using the GIS technique [51], which indicates that the total length of all streams
varies from a minimum of 7.68 km (SB-9) to a maximum of 247.19 km (SB-11), and that
the total length of all streams in the basin is 1113.75 km. The drainage length values show
a significant interrelationship with drainage flow discharge and the erosion phase of the
river basin [18]. In addition, it is seen that the five sub-basins with fourth-order streams
(SB-3, SB-5, SB-7, SB-9, and SB-11) are possibly susceptible to flash floods [16,19]. Drainage
length is a parameter that is directly related to the hydrological reaction of a watershed
and its importance is approximately equal to half the reciprocal of the drainage density [19].

Table 6. Stream length in each sub-basin by stream order.

Stream SB-1 SB-2 SB-3 SB-4 SB-5 SB-6 SB-7 SB-8 SB-9 SB-10 SB-11
Order (u) (km) (km) (km) (km) (km) (km) (km) (km) (km) (km) (km)
1st order 88.01 35.04 32.84 36.10 66.93 29.11 41.07 54.75 0.00 59.13 128.42
2nd order 31.80 29.39 11.92 30.52 7.66 22.31 29.79 17.16 0.00 14.11 39.91
3rd order 54.55 10.43 0.00 0.00 0.00 0.00 0.00 41.79 0.00 28.51 0.00
4th order 0.00 0.00 19.35 0.00 36.67 0.00 29.95 0.00 7.68 0.00 78.86

Total 174.36 74.86 64.11 66.62 111.26 51.43 100.80 113.70 7.68 101.74 247.19

Drainage density (D) and stream frequency (F;) were calculated for all sub-basins
(Table 7). In the analysis of the sub-basin and drainage network map (Figure 3), the Cafiete
River basin was found to be a fourth-order basin, with a dendritic drainage pattern. D,
and F; are significant parameters that contribute to the hydrological responses in each
sub-basin [19]. The Fs and D, values in each sub-basin are directly proportional; therefore,
a greater stream number corresponds to a greater stream length. The high value of Fs in
sub-basins 3, 7, and 11 indicates that they produce more runoff in comparison to the other
sub-basins. Meanwhile, high D; values are observed in sub-basins 9 and 11, indicating a
well-developed network, which is conducive to high runoff concentrations that give rise
to flash floods. The low value of D in sub-basins 4 and 6 indicates that they have highly
permeable subsoil material, with dense plant cover and a low relief [53]. Therefore, high
values of D; and F; are likely to increase susceptibility to high surface runoff and flash
floods [19].

Table 7. Morphometric parameters that represent area and form aspects of the sub-basins.

Drainage Stream Circularity Texture Elongation Form Shape
Sub-Basin Density Frequency Ratio Ratio Ratio Factor Factor
D) (F) (C)) (T, (E,) (Fp) (Sp)

SB-1 0.185 0.031 0.305 0.076 0.540 0.229 4.369
SB-2 0.167 0.033 0.225 0.050 0.568 0.253 3.949
SB-3 0.176 0.036 0.244 0.044 0.576 0.260 3.840
SB-4 0.159 0.021 0.248 0.034 0.570 0.255 3.914
SB-5 0.190 0.026 0.279 0.043 0.558 0.244 4.096
SB-6 0.158 0.022 0.289 0.034 0.580 0.265 3.779
SB-7 0.169 0.035 0.222 0.054 0.557 0.244 4.106
SB-8 0.184 0.031 0.184 0.049 0.556 0.242 4.124
SB-9 0.244 0.032 0.439 0.000 0.680 0.363 2.752
SB-10 0.197 0.029 0.232 0.048 0.562 0.248 4.027

SB-11 0.210 0.042 0.186 0.085 0.532 0.222 4.502
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The circularity ratio (C;) is influenced by stream length and frequency, geological struc-
tures, land use and cover, climate, relief, and basin slope [35]. For a perfectly circular basin,
the value of the circularity ratio is 1 [43]. In this study, the C, values of the sub-basins range
from 0.184 to 0.439 (Table 7); all the values are less than 1, which indicates that the area is
characterized by an elevated relief and that the drainage system is structurally controlled.

Infiltration capacity is the only important factor that controls the texture ratio (T,) [9].
The texture ratio in the sub-basins range from 0.00 to 0.085 (Table 7). The highest relief
values are attributed to the pronounced slopes of the sub-basins, which makes them more
prone to flood risk [16,24]. Meanwhile, the lowest Tr values indicate that the basin is flat,
with slope values close to zero degrees [35].

The elongation ratio (E,) is the measure of basin dimensions or basin shape [41]. Ac-
cording to [37], a sub-basin with an Er value above 0.9 is classified as circular, those with Er
values between 0.9 and 0.8 are classified as oval, those with Er values between 0.7 and 0.8
are classified as less elongated, those with Er values between 0.5 and 0.7 are classified as
elongated, and those with Er values below 0.5 are classified as more elongated. In this study,
the Er values vary between 0.532 and 0.680, indicating that the sub-basins are classified
as elongated.

The form factor (Fy) is a dimensionless ratio of the area of a basin to the square of
its length [42] and can be effectively related to flood occurrence, erosion intensity, and
sediment transport capacity in a basin [1]. The lower the form factor value, the longer the
basin. Basins with a high form factor have high, short-duration maximum flows, while those
with a low form factor have lower, longer-duration maximum flows [16,35]. In this study
the sub-basins have Ff values ranging from 0.222 to 0.363 (Table 7), indicating that they
have elongated shapes and suggesting lower, longer-duration maximum flows.

The shape factor (S¢) is a dimensionless ratio of the square of the length of a basin
to its area [42]. Its values indicate the opposite of those of Ff, with a maximum Sf value
corresponding to a minimum Ff value. The Sf values for each sub-basin vary between
2.752 (SB-9) and 4.502 (SB-11) (Table 7).

Basin relief (R) is defined as the change between its highest- and lowest-elevation
points [9,18]. Table S1 (Supplementary Materials) details the minimum and maximum
height values and other statistics for each sub-basin. R shows the potential energy of
a drainage basin, which significantly influences the channel gradient and aspect and
landform evolution; therefore, it directly affects surface runoff, flood patterns, and sediment
transport [9,18,24]. The highest and lowest R values are found in SB-11 (4420.00 m) and
SB-2 (2061.00 m) (Table 8). Maximum R values are indicative of the potential energy of a
given sub-basin to move water and sediment along the slope.

Table 8. Morphometric parameters that represent sub-basin relief aspects.

Sub-Basin Basin Relief (R) Relief Ratio (R,) Average ?lope (Ap)
(m) ©)
SB-1 2906.00 0.045 22.590
SB-2 2061.00 0.049 20.816
SB-3 3287.00 0.088 27.833
SB-4 2844.00 0.070 22.800
SB-5 4127.00 0.084 27.959
SB-6 3309.00 0.094 19.485
SB-7 4063.00 0.082 27.023
SB-8 4156.00 0.082 22.011
SB-9 2405.00 0.258 34.042
SB-10 3963.00 0.087 21.225
SB-11 4420.00 0.061 23.243

The relief ratio (R,) is estimated as the ratio of basin relief to basin length. According
to [41], there is a correlation between the hydrological characteristics of a basin and the
relief ratio. Therefore, it is presented as an indicator of the intensity of the erosion process in
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the basin [9,16]. High R values are characteristic of mountainous regions. The R values for
all the sub-basins (Table 8) are between 0.045 (SB-1) and 0.258 (SB-9). Average slope refers
to the amount of inclination of the physical feature or the topographic form with respect
to the horizontal. Table S2 (Supplementary Materials) details the slope raster statistics
in degrees for each sub-basin. Slope analysis is very important in morphometric studies.
Slope elements are, in turn, controlled by climate-morphogenic processes in areas with
rocks of varying resistance [1,54]. The average slopes of the sub-basins vary from 19.485°
(SB-6) to 34.042° (SB-9) (Table 8). The pronounced slopes also favor a faster movement of
surface runoff.

3.2. Assignment of Preliminary Sub-Basin Priority Rankings

The seven morphometric parameters (R, R,, Dy, Fs, C;, Ty, and A;) are directly pro-
portional to soil degradation and water factors. The rankings were assigned from greatest
to lowest priority, i.e., rank 1 for the sub-basin with the maximum parameter value and
rank 11 for the sub-basin with the minimum parameter value. For example, parameter R
(Table 8) with the maximum value of 4420.0 m (SB-11) was assigned the highest priority
(rank 1), the next descending value was assigned rank 2, and this went up to the minimum
parameter value of 2061.0 m (SB-2), which was assigned the lowest priority (rank 11). The
assignment of the rankings for the six parameters R,, Dy, Fs, C;, T;, and A; was assigned in
a similar way as explained above, the results are shown in Table 9.

Table 9. Preliminary priority rankings.

Sub-Basin R R, Dy F; C, T, As E, Fy S¢
SB-1 8 11 5 7 2 2 7 2 2 10
SB-2 11 10 9 4 8 4 10 7 7 5
SB-3 7 3 7 2 6 7 3 9 9 3
SB-4 9 8 10 11 5 9 6 8 8 4
SB-5 3 5 4 9 4 8 2 5 5 7
SB-6 6 2 11 10 3 10 11 10 10 2
SB-7 4 7 8 3 9 3 4 4 4 8
SB-8 2 6 6 6 11 5 8 3 3 9
SB-9 10 1 1 5 1 11 1 11 11 1

SB-10 5 4 3 8 7 6 9 6 6 6
SB-11 1 9 2 1 10 1 5 1 1 11

The three remaining parameters (E;, Ff, and Sy) have an inverse relationship with soil
degradation and water factors. Rankings were assigned from lowest to highest priority,
i.e., rank 1 for the sub-basin with the lowest parameter value and rank 11 for the sub-basin
with the highest parameter value. For example, parameter E, (Table 7) with a minimum
value of 0.532 (SB-11) was assigned the highest priority (rank one), and the next higher
value was assigned rank two; the maximum parameter value of 0.680 (SB-9) was assigned
the lowest priority (rank 11). The assignment of the rankings for the next two parameters
(Frand Sy) were similarly assigned, the results are shown in Table 9.

A correlation matrix of the 10 morphometric parameters capable of directly or indi-
rectly influencing the vulnerability to flash floods is presented in Table 10. It was estimated
based on the preliminary priority rankings (Table 9), and the correlation coefficients were
obtained in a process carried out using Python code (Data Availability shows the codes
used). The statistical correlation matrix shows that basin relief has a positive correlation
with relief ratio, drainage density, stream frequency, texture ratio, average slope, elongation ratio,
and form factor and an inverse correlation with circularity ratio and shape factor. The relief
ratio has a positive correlation with basin relief, drainage density, circularity ratio, average slope,
and shape factor and an inverse correlation with stream frequency, texture ratio, elongation
ratio, and form factor. The drainage density, stream frequency, circularity ratio, texture ratio,
average slope, elongation ratio, form factor, and shape factor correlations were also calculated
and are shown in Table 10.
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Table 10. Correlation matrix of the morphometric parameters.
R R, Dy F, G T, A, E, F S
R 1.000 0.009 0.282 0.173 —0.564 0.373 0.082 0.636 0.636 —0.636
Ry 0.009 1.000 0136  —0155 0345  —0782 0255 0709 —0709  0.709
Dy 0.282 0.136 1.000 0327  0.064 0.145 0.518 0.282 0282  —0.282
Fs 0.173 —0.155 0.327 1.000 —0.482 0.564 0.318 0.282 0.282 —0.282
Cr —0.564 0.345 0.064 —0.482 1.000 —0.600 0.227 —0.545 —0.545 0.545
T, 0.373 —0.782 0.145 0.564 —0.600 1.000 —0.173 0.873 0.873 —0.873
As 0.082 0.255 0518 0318 0227 —0173  1.000  —0.064 —0.064  0.064
E, 0636  —0709 0282 0282  —0545 0873  —0.064  1.000 1.000  —1.000
Fr 0.636 —0.709 0.282 0.282 —0.545 0.873 —0.064 1.000 1.000 —1.000
S¢ —0.636 0.709 —0.282  —0.282 0.545 —0.873 0.064 —1.000 —1.000 1.000
Sum 1.991 0100 2755 2027  —0555 1400 2.164 1.755 1755  —1.755
Weight (w) 0.171 0.009 0.237 0.174 —0.048 0.120 0.186 0.151 0.151 —0.151

The final weights for each parameter were calculated by dividing the correlation
coefficient sum of each parameter by the overall correlation total (Equation (2)). The final
weight of R (weight = 0.171) was obtained though division (1.991/11.636). The final weights
of the other morphometric parameters were obtained in a similar manner; the results are
shown at the bottom of Table 10. The value 11.636 was obtained by summing the sum row
(penultimate row Table 10).

3.3. Final Ranking Using Weighted Sum Analysis

The WSA,, values of the morphometric parameters (Equation (1)) were calculated
according to their importance using the weighted sum model. This process used the
preliminary priority values (Table 9) and final weights of each morphometric parameter
(Table 10). For example, the WSA., value of R (SB-1) was obtained by multiplying
8 x 0.171 = 1.37, and similarly for the following WS A, values of R of the other sub-basins;
WSAcp of Ry was multiplied 11 x 0.009 = 0.09. Therefore, for each parameter there is a
corresponding weighting (w). The WS A, values are shown in Table 11.

Table 11. WS A, values in each sub-basin.

Sub-Basin R R, D, Fs C, T, As E, F¢ Sf
SB-1 1.37 0.09 1.18 1.22 —0.10 0.24 1.30 0.30 0.30 —1.51
SB-2 1.88 0.09 2.13 0.70 -0.38 0.48 1.86 1.06 1.06 -0.75
SB-3 1.20 0.03 1.66 0.35 —0.29 0.84 0.56 1.36 1.36 —0.45
SB-4 1.54 0.07 2.37 1.92 —0.24 1.08 1.12 1.21 1.21 —0.60
SB-5 0.51 0.04 0.95 1.57 -0.19 0.96 0.37 0.75 0.75 —1.06
SB-6 1.03 0.02 2.60 1.74 —-0.14 1.20 2.05 1.51 1.51 —0.30
SB-7 0.68 0.06 1.89 0.52 —0.43 0.36 0.74 0.60 0.60 —-1.21
SB-8 0.34 0.05 1.42 1.05 —0.52 0.60 1.49 0.45 0.45 —1.36
SB-9 1.71 0.01 0.24 0.87 —0.05 1.32 0.19 1.66 1.66 -0.15

SB-10 0.86 0.03 0.71 1.39 —0.33 0.72 1.67 0.90 0.90 —0.90
SB-11 0.17 0.08 0.47 0.17 —0.48 0.12 0.93 0.15 0.15 —1.66

Based on the results of the composite weighted sum WS A, of the different parameters
(Table 11), a model was formulated to evaluate the final priority ranking (equation 3). The
parameters were categorized into two groups: first group WSA., (+), parameters that
have the ability to directly influence flash floods; second group, WSA., (—), parameters
that have the ability to indirectly influence flash floods. The priorities ranking (prioritiza-
tion) is obtained by subtracting the two groups WSAy (+) — WSA., (—); the sub-basin
with the lowest composite value receives the highest priority (one), that with the next
lowest composite value receives the second rank, and so on for the classification of each
hydrological unit.

The final classification of priorities was carried out in such a way that the lowest
composite factor value received priority rank 1, the next lowest value received priority rank
2, and so on for the 11 sub-basins. As observed in Table 12, the highest priority rank (1)
was assigned to SB-9, followed by SB-3, SB-11, SB-5, SB-7, SB-10, SB-8, SB-2, SB-6, SB-4, and
SB-1. Figure 4 shows the final map of priority classifications of the 11 studied sub-basins.
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Table 12. Final ranking and sub-basin priority areas.

Sub-Basin WSA, (+) WSA, (-) Priority Priority Level  Priority Type Area (%)

SB-1 5.31 —0.90 6.22 11 Medium 15.65
SB-2 6.75 1.36 5.40 8 Medium 7.44
SB-3 4.34 2.26 2.08 2 Very high 6.05
SB-4 7.85 1.81 6.04 10 Medium 6.97
SB-5 421 0.45 3.76 4 High 9.74
SB-6 8.50 271 5.78 9 Medium 5.39
SB-7 3.84 0.00 3.84 5 High 9.90
SB-8 4.42 —0.45 4.88 7 High 10.23
SB-9 4.29 3.17 1.12 1 Very high 0.52
SB-10 5.06 0.90 4.15 6 High 8.59
SB-11 1.47 —-1.36 2.83 3 Very high 19.51
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Figure 4. Map of zones vulnerable to flash floods in the Cariete basin.

From the results shown in Table 12, there are composite parameter values WS A, that
have the ability to directly or indirectly influence the degree of susceptibility to flash floods.
Based on the composite factor value, the 11 sub-basins of the Cariete River basin were
classified into three priority categories: very high, high, and medium [9]. In Table 12 it can
be seen that three sub-basins (SB-9, SB-3, and SB-11) are in the “very high” category, four
sub-basins (SB-5, SB-7, SB-10, and SB-8) are in the “high” category, and four sub-basins
(SB-2, SB-6, SB-4, and SB-1) are in the “medium” category. The final priority category map
of the 11 sub-basins (Figure 4) shows that the “very high” category accounts for 26.08% of
the total area, the “high” category for 38.46%, and the “medium” category for 35.45%.

These results show that 64.55% of the sub-basins (seven sub-basins) are in zones with a
very high or high propensity to soil erosion, indicating that there are potential areas to carry
out soil protection measures for efficient basin management and development. In addition,
with the final priority classification of the 11 sub-basins (Figure 4), and considering the
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continuity of the flow wave or flood that starts in SB-3 and moves downstream and is
produced by a maximum rainfall event over the central region of the sub-basin, SB-5 and
SB-7 could also be considered very high categories, as they follow the continuity of SB-3.
Therefore, these results will be of great help to policy-makers, planners, and managers to
address vulnerable areas through specific action plans for flood risk reduction.

4. Conclusions

Through the morphometric characterization carried out by interpreting the linear, area,
and relief aspects of a hydrological basin, it was possible to identify areas vulnerable to
flash floods in the occurrence of extreme events, as a methodological technique in basins
with an absence of hydrological data and to know the hydrological behavior in a basin. In
addition, the important role of GIS tools and statistical approaches in developing research
was shown.

The results show that SB-3, SB-9, and SB-11 are susceptible to floods and soil loss. Flash
floods predominate in the upstream sub-basin (SB-3), while the downstream sub-basin
(SB-9 and SB-11) present characteristics of river floods. Both are destructive in the study
area, affecting the human population and their residential units, farmland with standing
crops, and infrastructure (highways, bridges, sewers, and water supply systems).

In addition, the sub-basins located in the middle part of the basin (SB-5, SB-7, SB-8,
and SB-10) are categorized as high risk and the remaining sub-basins (SB-1, SB-2, SB-4,
and SB-6) as medium risk. Thus, the Cafiete River basin has sub-basins that present a
very high, high, and moderate susceptibility to flash floods. Finally, it can be affirmed that
the hydrological response and specifically the risk of flash floods and extreme events in a
river basin depends on its morphometric characteristics. Therefore, this methodology is
presented as an alternative to decision-makers in the application of suitable drainage basin
management techniques in terms of soil and water conservation measures, allowing them
to safeguard the study area and mitigate its degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w15061053/s1; Table S1: DEM statistics for each sub-basin;
Table S2: raster statistics of slope in grade for each sub-basin. Python codes: CorrelationAnalysis and
DownloadDEM_CodeKaggle.
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